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Abstract 

Emerging contaminants are a class of pollutants in water of growing prominence due to 

their endocrine disrupting properties, persistence in the environment and potential adverse 

effects on humans and the environment.  Adsorbents such as activated carbons and 

biochars are used in wastewater treatment applications, however new synthesis precursors 

and pathways are constantly required to develop new functional adsorbents in 

environmentally and economically sustainable ways. Brewer’s Spent grain has been 

identified as a precursor material of interest, due to its low cost, homogeneity and high 

carbon and nitrogen content capable of being upcycled into biochars. However, no 

systematic optimisation process or full characterization of biochars from brewer’s spent 

grain has been carried out.  Here we show the optimisation of brewer’s spent grain biochar 

through utilisation of design of experiments and fully characterise the optimal adsorbent 

composition, textural properties, and adsorption behaviour with the surrogate pollutant 

methyl orange dye. Through screening design of experiments, we found that hold 

temperature and hold time were the only factors of statistical significance, but washing 

with the chemical activating agent hydrochloric acid was required to alter the surface 

chemistry of the materials. The optimal synthesis conditions for the biochar were at 900°C 

and a hold time of 2.5 hours giving a yield of 7.6%, a surface area of 1433 m2 g-1, small 

mesopore and large micropore sizes and a variety of aromatic, oxygen and nitrogen 

containing functional groups on the surface. Notably, silica present within the feedstock is 

mobilised to the surface after pyrolysis, presenting another possible site for adsorption.  

Methyl orange dye adsorption on the surface followed the Temkin isotherm model, 

indicating heterogenous adsorption behaviour. Thermodynamic studies indicated an initial 

physisorptive mechanism with enthalpy of -51.9 kJ mol-1 followed by a chemisorptive 

mechanism after an uptake of approximately 270 mg g-1. These results demonstrate the 

suitability of brewer’s spent grain biochars for use in water remediation applications, 

creating a circular economic pathway to upcycle the waste material from the brewing 

industry. These materials present an environmentally friendly and cost-effective method of 

biochar production as compared to other non-renewable precursor derived biochars such 

as those derived from peat and coal. It also presents a local waste route to Scotland as 

compared to imported biomass waste, further advancing sustainability initiatives.   
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1 Introduction 

1.1 Water Resources  

Water is the fundamental building block of life here on Earth. While water covers 

approximately 71% of the surface of the globe, less than 2.5% of the water present on Earth 

is freshwater (1). Of this fresh water, 98.8% is locked away as ground water or as glaciers 

and icecaps, unavailable currently as a resource to humans. This final 0.03% of the Earth’s 

water makes up all the surface water on Earth: every lake, river and swamp; piece of 

ground ice and flake of permafrost; all of the water in the atmosphere, and is the primary 

component of every living thing on Earth. 

This tiny fraction of the Earth’s water is arguably humanity’s greatest and oldest resource, 

with the first great civilisations born upon the banks of the great river valleys of the ancient 

world in Mesopotamia, and the Nile, Indus and Yellow river valleys. Human history is a story 

of our relationship with water, not only as a drinking water source for us and livestock but 

as an irrigation source for crops and later transportation routes for early industrial 

societies. We rely on water resources that are absolutely imperative to almost all aspects of 

modern life, but our unsustainable management of freshwater reserves threatens to cause 

ever greater strain on this limited resource.  

In 2022, 2.2 billion people lived without safely managed drinking water and 3.5 billion 

without safely managed sanitation (2), according to the United Nations. While these 

numbers have decreased since 2015, there is a long way to go in solving many of the issues 

surrounding clean water and sanitation. International tensions caused by conflicts involving 

water shortages have already broken out in many areas affected by water scarcity. Many 

conflicts have arisen over water resources, such as recently in Kyrgyzstan and Tajikistan in 

2021, where a disagreement over the management of shared irrigation water resulted in 

open conflict (3), also between Egypt and Ethiopia over damming of the Nile river (4) which 

Arab media has reported as a threat to 150 million Egyptian and Sudanese citizen’s lives (5). 

These examples illustrate the need for international cooperation and good management of 

our existing water resources. 

These problems are but symptoms of some of the greatest challenges being faced by 

humanity today: climate change, population growth and rapid industrialisation. All three of 

these issues disproportionally affect the global south and less economically developed 
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countries, which also have the poorest quality of water due to lack of water treatment 

infrastructure (6). Increasing industrialisation and population growth are the main causes of 

another cause of strain on current water resources: anthropogenic pollution. The United 

Nations World Water development report 2017 estimates that more than 80% of global 

wastewater is discharged without sufficient treatment (7). The report also states that, while 

high income countries on average treat 70% of generated wastewater, this drops to 8% for 

low-income countries, indicating the need for development of low energy and low-cost 

technologies to help in the treatment of wastewater streams. As water monitoring and 

analysis techniques have become more widespread and common, a new designation of 

pollutants, named emerging contaminants, have been identified. Their increasing 

prevalence in wastewater streams is a new area of concern requiring new modern solutions 

to remove them. 

1.2 Emerging Contaminants 

Emerging contaminants, or substances of emerging concern, are defined by the British 

Geological Survey as pollutants that are not yet regulated but may be of concern to human 

or environmental health. They are largely not new chemicals, but their prevalence and use 

has become more widespread with advancing chemical technologies and increasing 

standard of living within countries. These chemicals have likely been present in wastewater 

systems for a long time but their presence has only now been noticed due to advances in 

monitoring technologies and due to their adverse effects downstream.  Emerging 

contaminants classification is a complicated issue, as they can be grouped by their uses, 

their physico-chemical or biological properties, or by their impact on the people and the 

environment (8). Some of the classes of emerging contaminants found to affect Scotland 

are: 

• Industrial Pollutants: A wide range of chemicals that include petroleum derived 

hydrocarbons from fuels, lubricant and combustion by-products (9); metals such as 

iron, copper and zinc (10); and other industrial chemicals such as textile dyes (11), 

and disinfectants and their by-products (12). 

• Pharmaceuticals: A wide variety of therapeutic chemicals used for both human and 

animal treatment. Examples include common medicines like paracetamol and 

ibuprofen; antidepressants, anti-inflammatories, analgesics, and antibiotics (13). 
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• Personal Care Products: This group encompasses many chemicals used in routine 

human activities such as sunscreen and UV-filtering chemicals (14); antimicrobial 

chemicals, like Triclosan (15) found in soaps and shampoos; and recreational drugs 

such as nicotine and its metabolites (16). 

• Hormones and Endocrine Disrupting Chemicals:  Hormones used for therapeutic 

purposes may fall into the pharmaceutical category listed above and many of the 

other families of emerging contaminants have endocrine disrupting effects. It does 

however feel pertinent to mention hormones and endocrine disruptors in their own 

right. Many synthetic hormones, such as oestradiol and estrone used in 

contraceptive medicine and hormone replacement therapies, are found in 

significant concentrations in waterbodies (17). Other non-hormonal endocrine 

disruptors include phthalates, used in the plastics industry (18); butyl parabens, 

found in cosmetics (19); and a wide variety of flame retardants (20, 21). 

• Per- and Poly-fluoroalkyl Substances (PFAS): A family of chemicals identified for 

their heat resistance and chemical resistance and used in a variety of applications 

including paints, coatings and most famously for non-stick cookware.  While the 

most prevalent PFAS chemicals such as perfluorooctanoic acid (PFOA) and 

perfluorooctane sulphonate (PFOS) are now banned in Europe, they are still found 

in the environment from leaching from products created using them prior to the 

ban (22). Traditional wastewater treatment plants have significant trouble in 

remediating PFAS from water (23), which is an ongoing area of research (24, 25). 

• Pesticides: Pesticides are a blanket term for many chemicals that have the effect of 

targeting a range of pest species. They can include herbicides, fungicides, 

insecticides, acaricides, and molluscicides, for use in arable and livestock farming as 

well as in companion animal veterinary medicine and domestic gardening (26). 

While effective in their target environment, when removed from their intended 

surroundings can have unintentional consequences. Pesticides can enter aquatic 

environments from many routes including runoff from fields, through soil leeching, 

and via domestic sewer systems. 

• Food Additives: Many food additives fall under the umbrella of flavourings, 

preservatives, and antimicrobial agents.  Some common food additive emerging 

contaminants include caffeine (9) and artificial sweeteners like sucralose and 

aspartame (27). 
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• Microplastics: Microplastics are defined as small plastic particles less than 5 mm, 

they can be made of many different chemical species. Even smaller, micro 

(nano)plastics (MNP), defined as being smaller than 100 µm, have been shown to 

affect nutrient absorption in plants and accumulation in plant organs including 

fruits and leaves (28). MNP have also been known to accumulate in aquatic 

organisms as well, leading to issues with reproduction, growth, and behaviour (29). 

These pollutants can also bioaccumulate and biomagnify up the food chain, 

potentially transferring to humans and other animal species leading to chronic 

health conditions (30).   

• Nanomaterials: This group of materials are split into two subgroups: Nanomaterials 

(NMs) having one dimension in the range of 1-100 nm and nanoparticles (NPs), 

which have all of their dimensions in this range. NMs have a wide range of 

applications including building materials, targeted drug delivery systems and 

cosmetics. These materials are further broken down into organic NMs such as 

proteins and carbohydrates; synthetic carbon NMs like fullerenes and carbon 

nanotubes; and inorganic NMs made of metallic or ceramic compounds such as 

titanium dioxide used in sunscreens and paints. While organic and carbon NMs are 

thought to be biodegradable, inorganic NMs are not and can lead to health risks 

including  inflammatory responses and DNA damage in living organisms (31) .   

These pollutants are typically found at low concentrations, but are still at levels found to be 

at concentrations of significance to cause harm or adverse effects in humans or animals. 

Despite these low levels, many emerging contaminants manage to bypass traditional 

physical, chemical or biological wastewater treatment procedures due to their unique 

physicochemical makeup (32). This fact shows a dire need for new technologies capable of 

removing specific pollutants from water streams. 

1.3 Water Remediation Technologies 

Many water remediation technologies exist in industry today, with each having advantages 

and disadvantages based on application, scale and, capital and running costs. Wastewater 

treatment procedures can broadly be split into 4 categories: physical, chemical, biological, 

and electrochemical, which are further broken down into different technologies that will be 

briefly described, and their advantages and disadvantages addressed (33, 34).  
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1.3.1 Physical Treatment 

Physical treatment processes are generally low energy and the simplest forms of 

wastewater treatment processes. They utilise physico-chemical interactions, such as 

adsorption, filtering and molecular sieving, to separate water from pollutant molecules, no 

chemical interactions take place during these processes. The most common examples are 

adsorption processes, membrane filtration, and reverse osmosis: 

• Membrane Filtration: Membrane filtration utilises a thin physical barrier, which 

selectively allows certain molecules to pass through depending on their size. 

Membrane filtration can be separated into ultrafiltration (UF) and microfiltration 

(MF), depending on the pore size of the membrane medium, which determines the 

size of the molecules prevented from passing through (35). Many varieties of 

membrane media exist, giving them high separation selectivity and efficiency. 

However, membrane technologies suffer from fouling problems, requiring regular 

replacement and significant downtime, leading to higher costs of the wastewater 

treatment process (36). They suffer also from scaling issues and require high 

pressure to maintain flowrate through the membrane system. 

• Reverse Osmosis: Osmosis is the phenomena seen when a solvent passes 

spontaneously from an area of high solvent concentration (low solute 

concentration) to an area of low solvent concentration (high solute concentration) 

due to the differences in chemical potential. Reverse osmosis (RO) forces this 

process in the opposite direction by applying a pressure gradient across a semi-

permeable membrane (37). Like membrane filtration described above, the size and 

selectivity for separation are dependent on the membrane material utilised in the 

RO process. Unlike membrane filtration process, all of the water does not pass 

through the membrane but is separated into two streams: the permeate (the 

purified water, which passes through the membrane) and the concentrate (the 

remaining water, which does not pass through the membrane and contains all of 

the blocked pollutant molecules).  The concentrate is allowed to flow away from 

the membrane and is collected and recycled for further treatment. RO systems 

suffer many of the same set-backs as membrane filtration systems in that they are 

prone to fouling and have large energy costs associated with the large pumping 

pressures required (38). RO systems have high initial capital costs (39), and may 

have high concentrate flowrates depending on the rejection rate of the system. 
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• Adsorption: Water purification utilising adsorbents dates back thousands of years, 

with documents from the Indus valley civilisation as far back as 450 BC detailing the 

use of sand and charcoal filters for treatment of drinking water (40). Adsorption 

processes occur at the surface of the adsorbent material, with target molecules 

adhering to, and being immobilised on, the surface. Adsorption is an efficient and 

low energy process, which is well understood with wide applicability for many 

target pollutants, depending on the adsorption media utilised. Adsorption can be 

limited by the capacity of the material, selectivity towards target species and ability 

to be regenerated. Adsorption phenomena will be discussed in greater detail in 

Chapter 3. 

1.3.2 Chemical Treatment 

Chemical wastewater treatment methods involve the reaction of chemical species or 

electron transfer between added chemical media and the target wastewater species. These 

chemical reactions allow for improved separation of the pollutants from purified water but 

also conversion of the pollutants into benign or less environmentally hazardous chemical 

species. Bleaching, coagulation/ flocculation, ion exchange and advanced oxidation process 

are some of the most common chemical treatment processes: 

• Bleaching: Bleaching or chlorination is the addition of chlorine (Cl2) or chlorine 

dioxide (ClO2) to water as an oxidising agent (41, 42). These chemicals are effective 

for the disinfection and germicide of many bacteria, viruses, and parasites. 

Bleaching, however, has several issues, such as the need for chemical storage and 

utilisation, as well as unwanted by-products such as chloroform and halogenated 

hydrocarbons from the chemical interaction of chlorine species with pollutant 

molecules. Bleaching also incurs high running costs due to the cost of the chemical 

agents and potential requirements for downstream dechlorination processing. 

• Coagulation/ Flocculation: Coagulation/ flocculation is a chemical treatment 

technique used to help in the process of sedimentation in wastewater streams. The 

chemicals added during the process promote the agglomeration of pollutant 

molecules into larger particles, which can then sediment and be removed (43). The 

process utilises two types of chemicals: inorganic hydrolysing metal coagulants 

(44), such as the aluminium based aluminium sulphate, sodium aluminate or 

aluminium chloride, or iron-based coagulants such as ferric salts like ferric sulphate 
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or ferric chloride; and organic polymeric flocculants both of which have drawbacks 

and advantages (45). Inorganic coagulants require high doses, leading to high costs. 

Synthetic organic coagulants are non-biodegradable and require further processing 

to avoid environmental damage after use, while natural organic coagulants have 

short shelf lives leading to waste. All coagulants lead to significant sludge 

formation, requiring costly disposal and storage.  

• Ion Exchange: Ion exchange is the transfer of ions from the ion exchange material 

such as a resin and the liquid phase (46). It is commonly used in water softening 

where calcium and magnesium ions in the liquid phase are displaced by sodium 

ions from within the resin. The resins are also used to exchange more harmful 

cation pollutant ions such as cadmium, lead (47) and chromium (48) as well as 

potentially harmful anionic pollutants such as nitrate and perchlorate (49). Ion 

exchange resins are classified into anionic exchange resins which use anions, 

cationic exchange resins which exchange cations and amphoteric exchange resins 

where both ions of positive and negative charges can be substituted. Ion exchange 

resins are low energy and generally easily regenerated, but have limited pollutant 

range (only charged pollutants) and can become fouled by adsorption of organic 

contaminants (50). 

• Advanced Oxidation Processes: Advanced oxidation processes (AOPs) utilise 

generation of oxidising agents through various means to help in the chemical 

treatment of wastewater (51). A few AOPs include:  

o Photocatalysis: The utilisation of light absorption on photocatalytic 

materials to generate hydroxyl and superoxide ions for oxidation of 

pollutants. Examples include titanium oxide and zinc oxide (52).  

o Fenton’s Process: The use of an iron catalyst and hydrogen peroxide, which 

degrades into hydroxyl radicals for the oxidation of targeted pollutants 

(53). 

o Ozonation: The addition of ozone, a powerful oxidising agent which reacts 

with pollutants through many mechanisms depending on the pH of the 

aqueous environment (54). 

o Sonolysis: The use of ultrasonic waves to create hydroxyl and hydrogen ions 

for oxidation and reduction of pollutant molecules. Direct pyrolytic 
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cleavage of the pollutants due to the sound waves can also occur 

depending on the target molecules (55). 

o Wet Air Oxidation: A high temperature (150-400 °C) and high pressure (2-

40 MPa) (56) liquid phase oxidation process used to treat wastewater. At 

these reaction conditions, reactive species such as hydroxyl radicals are 

generated for the oxidation of the target pollutant species (57).  

Advanced oxidation processes have many advantages including their effective 

treatment of difficult to remove pollutants and low sludge formation. However, 

many of the processes can lead to toxic by-products of the oxidation process, which 

remain untreated. Many of the processes require expensive chemicals or incur high 

energy costs, which present a barrier to economic feasibility (58). 

1.3.3 Biological Treatment 

Biological treatment is the utilisation of living creatures, such as fungi, algae or microbes or 

chemicals derived from living creatures like enzymes to degrade pollutants in water 

streams (59). Biological treatments can be broadly split into two categories depending on 

their use of oxygen in the reaction process as aerobic and anaerobic degradation: 

• Aerobic: These processes require the use of microorganisms to consume organic 

compounds in an oxygen rich environment into carbon dioxide, water and other 

metabolites. Examples include activated sludge processes, sequencing batch 

reactors and rotating biological reactors (60). These are cost effective and highly 

efficient methods of dealing with organic material in wastewater systems. 

However, high sludge production, odour issues and temperature and weather 

perturbations are regular problems encountered by these processes. 

• Anaerobic: These processes take place in the absence of oxygen, producing value 

added chemicals such as methane. Technologies include anaerobic digestion and 

completely stirred tank reactors (60). These technologies have high removal rates, 

low sludge production and provide a valorisation pathway for the products. 

However, small changes in process operating conditions and feedstocks can lead to 

vast differences in products presenting a barrier to scale-up for this process. 
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1.3.4 Electrochemical Treatment 

Electrochemical methods involve the generation of redox reactions at the anode and 

cathode of an electrochemical cell. Treatment of both organic pollutants through oxidation 

at the anode and reduction of metal ions at the cathode is possible, giving a wide variety of 

targeted pollutants through these methods (61). The oxidation of organics can be either 

direct, occurring at the surface of the electrode and not involving other chemical species or 

indirect, with participation of oxygen containing species in the aquatic environment to form 

oxidising ions such as hydroxyl (33). A few electrochemical treatment technologies are 

discussed below: 

• Electrocoagulation: Electrocoagulation utilises typically iron or aluminium 

electrodes to generate coagulant chemicals through sacrificial anode oxidation (62). 

This process then follows a similar mechanism as coagulation discussed above, but 

produces less sludge while still maintaining a high removal efficiency.  

• Electroflotation: This technology utilises the hydrogen and oxygen gas bubbles 

generated through electrolysis of water. These bubbles create electoflocs, which 

are agglomerations of pollutants which are carried to the surface creating a bubbly 

suspension of pollutants which can easily be removed (63). This technology is often 

utilised in combination with electrocoagulation to increase pollutant removal 

efficiency. 

• Electrodeposition: This technique exposes wastewater to direct electrical current, 

causing organic pollutants to be oxidised at the anode, and positively charged 

species like metal ions to be reduced at the cathode (64). This process has a high 

removal efficiency, but incurs high energy costs to maintain the high electric 

currents, and is inefficient for low concentration pollutant applications (65). 

• Electrocatalysis: Electrocatalysis involves the use of a catalyst material to reduce 

the activation energy of redox reactions carried out through passing electrical 

currents through the wastewater solution (66). Electrocatalytic anodes, such as 

platinum and ruthenium oxide, can be used for the oxidation of organic 

contaminants (67).  

1.3.5 Summary 

In real word applications, these wastewater treatment technologies are used in series to 

meet consent standards due to their various strengths and target species. In this work, 
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adsorption was identified as a technology with potential for investigation due to its 

applicability to target many emerging contaminant species, as the sorbents used are 

tuneable and exhibit high removal efficiencies. Their low energy demand under operation, 

minimal chemical use, and economic viability, also make them attractive for use as a 

sustainable technology. 

1.4 Research Approach 

This research aims to develop sustainable adsorbents for use in water remediation 

applications. In order to achieve this goal, several frameworks for achieving sustainability 

and environmentally grounded concepts have been consulted to ensure that from the 

outset this work maximises economic, environmental and social utility.  

1.4.1 UN Sustainable Development Goals 

The United Nations sustainable development goals are a series of aims set out by all United 

Nations member states agreed as a framework for the improvement of health, to 

encourage economic growth and to reduce poverty while tackling climate change and 

becoming better caretakers of our natural environment. This work attempts to address 

some aspects of several sustainable development goals, the goals and the attempted 

impact are detailed below. 

• 6. Clean Water and Sanitation: This work aims to develop biochar adsorbents for 

use in water remediation applications, helping to develop new highly functional 

and tuneable materials for a use in a variety of applications 

• 12. Responsible Consumption and Production: This work utilises the renewable 

waste feedstock brewer’s spent grain as the biomass precursor for the biochar 

materials rather than depletable sources like fossil fuels. The work also follows the 

Green Chemistry Principles of chemical synthesis to further this goal. 

• 13. Climate Action: The synthesis process of this work attempts to minimise energy 

consumption and waste products wherever necessary in attempt to lower the 

environmental impact of the synthesis process. Adsorbent technology is also 

inherently low energy separation technology as compared to other water 

remediation techniques. 

• 14. Life Below Water: Pollutants in wastewater systems can also affect the physical 

hydrosphere and biosphere. Adsorption technologies help to reduce the biological 
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and chemical oxygen demands of our waterways, reducing environmental strain 

and helping to reduce pollution in marine environments  

1.4.2 Circular Economy 

The circular economy is a concept with growing interest especially within Scotland. The 

concept of a circular economy lays out a plan for minimising waste products overall in the 

goal of a net-zero future. It states that as much as reasonably practical, waste streams and 

co-products from one process should be utilised as feedstocks by another process to 

minimise waste to landfill, reduce environmental impact and preserve virgin resources. It 

also generates additional revenue streams from products previously regarded as waste and 

reduces feedstock costs for downstream producers. In light of this, it is possible to create 

value from waste streams to support the development of sorbent materials for use in 

adsorption processes, addressing a range of applications. 

Many families of adsorbents are widely used in research and industry, such as metal 

organic frameworks (MOFs), zeolites, metal organic polyhedra (MOPs), mesoporous silica, 

clays, and porous carbon adsorbents such as activated carbons and biochars. It is important 

to couple an adsorbent system application to the target species at the conditions where the 

separation process is to take place. Mesoporous materials are highly advantageous for 

liquid phase separations due to the wide pores allowing for effective diffusion through the 

matrix, while a high micropore volume is advantageous for gas phase separations where 

high surface area is most important. Surface chemistry and attraction of an adsorbent to a 

target species are also important but not the only factors of which researchers should be 

aware. For example, many MOFs are not stable in water, due to the low energy 

coordination bonds holding the ligands and metal centres together, making them generally 

unsuitable for aqueous separations (68). Thermal stability is also a factor to consider, if the 

adsorption process is to be carried out at elevated temperatures, for example in post-

combustion flue gas remediation.  

In the interest of environmental impact, cost savings, and process safety, the synthesis 

route of each adsorbent should be considered before an adsorbent is chosen. By following 

the principles of green chemistry and engineering, more environmentally conscious, 

economically sustainable and safer materials can be obtained (69). These green chemistry 

principles will be discussed in greater detail in Section 1.4.5. 
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1.4.3 Activated Carbon and Biochar 

In this work, activated carbons and biochar materials have been investigated, as they offer 

unique advantages compared with other porous material adsorbents. Biochars are known 

to have highly porous structures with large surface areas, a wide variety of surface 

functional groups and pore size distributions, which are highly tailorable, depending on the 

synthesis conditions and precursor materials chosen. Biochars are highly thermally stable 

and stable in aqueous conditions. They can be easily mixed with binders to produce pellets, 

or ground to powders, depending on the requirements of the application. Biochars have the 

ability to be disposed of safely and easily at the end of their lifecycle, through composting 

or combustion, due to their high carbon content. 

While many activated carbon materials have been traditionally synthesised from fossil fuel 

feedstocks, such as coal, peat, or bitumen, a concerted effort to move away from these 

practices has been undertaken in recent years. Such materials are increasingly synthesised 

from renewable waste materials or by-products from agriculture, forestry, and the food 

and drink industries. Materials, such as peanut shells, coconut shells, and waste wood, have 

begun to be used in recent times. These precursor materials can be bought in large 

quantities for low prices. Local waste sources can be utilised to further reduce transport 

costs, making waste precursor materials highly covetable for upcycling into biochar 

materials. 

Biochars can be broadly split into two subcategories: physically activated and chemically 

activated. Chemically activated carbons are produced through pyrolysis of a precursor 

material impregnated with a chemical activating agent, such as potassium hydroxide, zinc 

chloride, phosphoric acid or potassium carbonate, under an inert atmosphere. Physical 

activation, on the other hand, takes place at relatively higher temperatures in an 

atmosphere of an oxidising agent, such as superheated steam or carbon dioxide gas. 

Activated carbons from a single precursor material can have widely different structures, 

behaviours and interactions with adsorbates, depending on the type of activation and the 

activating agent(s) used. 

1.4.4 Biochar from Brewer’s Spent Grain 

Brewer’s spent grain (BSG), or draff, is a major co-product of the brewing and distilling 

industry with major potential for valorisation (70). In Scotland alone it is estimated that over 

45,000 tonnes of BSG are produced every year, based on BSG being 85% of the total by-
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products of breweries (71, 72). The traditional waste route for BSG is as feed for cattle and 

other ruminants, with the rest being sent to landfill (73). As a nitrogen rich and high carbon 

content lignocellulosic biomass (74), it has great potential to be upcycled into higher value 

products. 

BSG is a material of increasing interest to industry and academia in recent years with 

several new avenues for utilisation noted. BSG has applications in a variety of sectors, 

including upcycling into materials for soil remediation (75, 76), upcycling into fine 

chemicals, such as sugars (77), phenols (78), and fermentation products like ethanol (79) 

and lactic acid (80) as well as alternative ingredients in food stuffs like bread (81), muffins 

(82) and cookies (83). However, many recent studies have been investigating BSG as a 

precursor material for biochars and activated carbons, for use as adsorbents in remediation 

studies. BSG is used in its raw form as an adsorbent, however, pyrolysis vastly increases the 

surface area of the material, increasing its capacity and allowing for greater modification of 

the surface to target specific pollutants (84-86). Upcycling of BSG into a high-quality 

adsorbent could be used to tie multiple waste streams together, providing a circular 

economic pathway for the BSG and providing a renewable, low cost and environmentally 

conscious solution to water remediation issues. 

Table 1.1 and Table 1.2 show a non-exhaustive list of publications converting BSG into 

biochars, the activating agents used and the pollutant species targeted. While not a 

biochar, the study “Recycling of Brewer’s Spent Grain as a Biosorbent by Nitro-Oxidation for 

Uranyl Ion Removal from Wastewater” is included in the table to show how the raw 

biomass can be utilised as an adsorbent. However, the low surface areas recorded are a 

barrier to their effective implementation in wastewater treatment systems despite the low 

processing cost. 

A great number of activation methods are employed within the literature. In chemical 

activation, zinc chloride salt solution, phosphoric acid, hydrogen peroxide and sodium and 

potassium hydroxide are the most common chemical activator agents used. In physical 

activation, steam and carbon dioxide are the oxidising gases flown over the BSG during 

pyrolysis. Some studies use a combination of both chemical and physical methods. A wide 

range of surface areas can be achieved using the various recipes listed above, it is not 

simple enough to say one method of BSG biochar production is the best. There is a complex 
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interplay of the synthesis parameters taking place, giving rise to a variety of surface areas, 

pore size distributions and surface characteristics in the materials listed above. 

The highest surface area found to date was for a char chemically activated with sodium 

hydroxide, pyrolysed at 800 °C, this had a very large surface area of 3286 m2 g-1 and 

extreme microporosity, making up 73% of the pore volume (87). Biochars obtained through 

physical activation methods were also created in this study with steam and carbon dioxide 

at 800°C, exhibiting surface areas of 636 m2 g-1 and 551 m2 g-1, respectively. Both showed 

the same extreme character of microporosity, at 65 and 68%, respectively but also 

contained a significant mesopore volume. The biochars in this study, however, were not 

subjected to any remediation tests on any target pollutant material but the results here 

show good promise for being highly effective in liquid phase adsorption systems due to 

their high surface areas and presence of mesopores within the porous matrix.  

In other studies, many target pollutants have been tested: problematic metal ions such as 

chromium, uranium, cadmium and strontium; organic dyes such as methylene blue, 

tartrazine yellow and reactive red; emerging contaminants such as the pharmaceutical 

acetaminophen, the emerging contaminant pesticide pymetrozine, and the common food 

additive caffeine, have all be investigated to varying effectiveness showing the wide variety 

of potential applications for biochars derived from BSG. 
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Table 1.1: Publications utilising BSG as a feedstock for production of biochar materials 

Article Activation 

type 

Activating 

agents 

Synthesis conditions Surface 

area 

(m2 g-1) 

Target species Ref 

Adsorption of caesium on different types of 

activated carbon 

Physical Steam 800 °C, 30- 45 min, 10-15 mL H2O 686-758 Caesium  (88) 

Acetaminophen removal by calcium 

alginate/activated hydrochar composite beads: 

Batch and fixed-bed studies 

Physical and 

chemical 

Steam, KOH, N2 Physical: 220 °C, 10 °C min-1, 16 hrs, 

Chemical: 800 °C, 10 °C min-1, 1 hr, 

1:4 w/w ratio KOH, 150 mL min-1 N2 

1872 Acetaminophen (89) 

Removal of the pesticide Pymetrozine from 

aqueous solution by biochar produced from 

Brewer’s spent grain at different pyrolytic 

temperatures 

Physical N2 300-700 °C, 2-4 hrs, 10 °C min-1 6-25 Pymetrozine (90) 

Mild hydrothermally treated brewer's spent 

grain for efficient removal of uranyl and rare 

earth metal ions 

Physical Steam, NaOH 100-175 °C, 1-24 hrs <2 La3+, Eu3+, Yb3+ and UO2
2+ (91) 

Adsorptive desulphurization of model oil by Ag 

nanoparticles-modified activated carbon 

prepared from brewer’s spent grains 

Chemical H3PO4 300 °C, 20 °C min-1, 30 mins, 0.3M 

H3PO4, 1 hr 300 °C 

412 Dibenzothiophene (92) 

Adsorption of food dye using activated carbon 

from brewers' spent grains. 

Chemical H2O2, H3PO4 400C, 10 °C min-1, 5 hrs 166-768 Tartrazine yellow dye (93) 

Recycling of Brewer’s Spent Grain as a 

Biosorbent by Nitro-Oxidation for Uranyl Ion 

Removal from Wastewater 

Chemical H2O2, KMnO4, 

H3PO4/NaNO2 

No pyrolysis <2 U(VI) (94) 

Removal of cobalt and strontium by adsorption 

using Brewer’s spent grain formed by pyrolysis 

Physical N2 450, 650, 850 °C, 5 °C min-1, 1 hr 2-394 Cobalt, strontium, 

Nickel, manganese, 

Cadmium and Sodium 

(95) 
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Table 1.2: Publications utilising BSG as a feedstock for production of biochar materials (continued) 

Article Activation 

type 

Activating 

agents 

Synthesis conditions Surface area 

(m2 g-1) 

Target species Ref 

Production, characterization and 

application of activated carbon from 

brewer’s spent grain lignin 

Chemical H3PO4 1:1, 2:1, 3:1 g g-1, 300, 450, 

600 °C 

33-692 Nickel, Calcium, Magnesium, Zinc, 

Iron, Chromium, Aluminium, Silicon, 

phenols sugars  

(96) 

Optimization of one-pot H3PO4-activated 

hydrochar synthesis by Doehlert design: 

Characterization and application 

Chemical H3PO4 10 °C min-1, 100-200 °C, 4-24 

hrs 

9 

 

 

 

Methylene blue dye (97) 

Adsorption kinetics of Cr(VI) ions onto 

biochar from brewer’s spent grain 

Chemical KOH, H3PO4 600 °C, 3 hr, KOH: 1:3 ratio, 

H3PO4: 1:2 ratio 

0-7 CR(VI) (98) 

Use of brewing industry waste to produce 

carbon-based adsorbents: Paracetamol 

adsorption study 

Physical N2 400, 500, 550 °C, 20 mL min 

N2 

238-364 Acetaminophen (99) 

Properties of activated carbon obtained 

from brewer’s spent grains 

Physical and 

chemical 

Steam, CO2, 

NaOH 

Physical: 800 °C with steam 

and CO2, Chemical: 800 °C 

with 1:3 NaOH 

551-3286 - (87) 

Activated hydrochar produced from 

brewer's spent grain and its application in 

the removal of acetaminophen 

Physical and 

chemical 

Steam, KOH Physical: 220 °C, 10 °C min-1, 

16hr 

Chemical: 1:4 KOH, 800 °C 

10 °C min-1, 1 hr 

10-1513 Acetaminophen (100) 

Chromium adsorption studies using 

brewer’s spent grain biochar: kinetics, 

isotherm and thermodynamics 

Physical and 

chemical 

ZnCl 500- 700 °C, 30-180 mins, 

ZnCl concentration 5-20% 

284-412 Chromium (101) 

Low-cost adsorbents prepared from 

brewer’s spent grain for pollutants removal 

Physical and 

chemical 

H3PO4 Physical: 550 °C, 1 hr 

Chemical: 300 °C, 1.5 hr, 

4.22:1 (w/w) 

0-147 Methylene blue dye and Reactive red 

120 dye, chromium (VI), caffeine, 

phosphates and ammonium 

(102) 
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1.4.5 Green Chemistry & Engineering Principles 

Green Chemistry is the practice of reducing or eliminating the generation of harmful 

substances at all stages of chemical processes lifecycle:  synthesis, use and end of life (103). 

This concept has led to the adoption of The Twelve Principles of Green Chemistry by many 

scientists and engineers as a framework to fit their work to the global goal of sustainability. 

The green chemistry principles encapsulate all three pillars of sustainability: Environmental; 

Economic and Social with the overall goal of increasing process efficiency, reducing waste 

products, decreasing hazards to name a few. During the design phase of any chemical 

process, each of the principles should be considered and strived towards. The green 

chemistry principles considered in this work are listed as follows: 

• 2. Atom Economy: This principle calls for the incorporation of all reactant material 

to be part of the final product. This could take the form of running at stoichiometric 

amounts of reactants, or reduction of excess where possible. In this work this 

principle will take the form of maximising yield of biochar where possible, reducing 

the fraction of lignocellulosic biomass which is converted to pyrolytic compounds. 

These could be considered by-products or co-products which may have uses in 

other applications, but for this work only the solid biochar adsorbents are 

considered as the main product. The amount of gas required in the synthesis will 

also be reduced to an optimum value while maintaining adsorbent characteristic 

integrity, increasing the atom economy of the process. Consequently, chemical 

activation has also been ruled out for the initial design of this synthesis due to the 

increased waste production associated with these methods which is contrary to 

improving atom economy. 

• 3. Less Hazardous Chemical Syntheses: This principle encourages process safety to 

be considered in the design of all chemical processes, be this through more benign 

operating conditions i.e. low temperature and pressure or through minimising 

intermediates or products harmful to both the environment or human or animal 

health. In this work, the pyrolysis hold temperature will be minimised while 

maintaining adsorbent characteristic integrity, this leads to inherently less 

hazardous syntheses. Once again, the eradication of chemical activators from the 

synthesis (many of which are irritants and inherently hazardous like strong acids 

and bases) is partially due to this principle. 
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• 4. Designing Safer Chemicals: This principle urges that where possible the design of 

chemical products should be non-toxic while retaining functionality. In this work, 

chemical activators, which may be retained by the porous matrix and leech into the 

environment during use were not considered for the initial design. Biochar 

materials may pose some hazards as a dust, they are generally seen as benign. 

• 5. Safer Solvents and Auxiliaries: This principle imposes the reduction, or 

elimination, of harmful solvents in chemical synthesis that may be toxic, flammable 

or corrosive. This may come in the form of solvent-free systems, use of water only, 

use of supercritical fluids or ionic liquids. In this work, only water is used as a 

solvent when necessary.  

• 6. Design for Energy Efficiency: This principle necessitates the minimisation of 

environmental and economic impact from energy requirements of chemical 

processes. In this work hold temperature, hold time will be minimised and ramp 

rate will be maximised in the interest of energy efficiency while maintaining 

adsorbent performance of the synthesised materials. 

• 7. Use of Renewable Feedstocks: This principle incentivises the transition away 

from depleting feedstocks such as fossil fuels wherever technically possible. This 

principle is imperative to the work carried out here, opting for a local high-volume 

waste product in brewer’s spent grain rather than the traditional alternatives for 

carbonaceous adsorbent feedstocks like coal, virgin wood or peat.  

• 10. Design to Degradation: This principle addresses how the end-of-life plans of a 

synthesised chemical must be considered in its design. Materials should, where 

possible, be designed to degrade into benign products once their function is 

complete. This principle is key to the decision to use biochar materials in opposition 

to other synthetic adsorbents. MOFs and zeolites both have cases where their 

degradation products can lead to environmental and health hazards, while biochar 

materials can be safely combusted or allowed to reintegrate into soil in some 

applications.  

Another framework for the design and implementation of sustainable process are the 

Principles of Green Engineering (69). While green engineering principles and green 

chemistry principles both have the same goal of minimising waste, developing safer 

production methods and helping with the design of inherently sustainable processes, green 

engineering principles take a broader perspective at the task. Green engineering looks at 
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the whole life cycle of a product, including procurement, use and end of life plans and is not 

only interested in chemical syntheses but all types of engineering: from chemical synthesis 

to manufacturing to architectural design. While there is significant cross-over between the 

two frameworks, the green engineering principles highlight some new areas of though. The 

principles of green engineering which are pertinent to this study are listed as follows: 

• 2. Prevention Instead of Treatment: This principle stipulates the design provision 

that preventing the production of by-products rather than separation from the 

desired products saves money, time and resources. This principle can also be 

understood in a process safety context, that in the hierarchy of controls elimination 

and substitution of a hazard are more desirable that controlling or protecting 

against a hazard once it has been created. This principle encapsulates principles 2 

and 3 from the green chemistry principles and is employed in this work through the 

maximisation of yield and the optimisation of process parameters to their safest 

possible configurations while maintaining adsorption characteristic integrity of the 

synthesised material.  

• 3. Design for Separation: As product separation and purification are highly energy 

intensive process, this principle is imperative to minimise the energy, time and 

economic costs involved with these processes. Adsorption process are at their most 

fundamental a separation process: in this case of pollutants from water. Adsorption 

is inherently a low energy process, able to perform spontaneously at low 

temperature and pressure unlike many other liquid separation processes such as 

distillation. Physisorptive adsorption process even expel heat into their 

surroundings due to their inherent thermodynamic properties. In the development 

of materials for adsorption processes, this work furthers this principle as an 

alternative process to high energy separation process.  

• 4. Maximise Mass, Energy, Space and Time Efficiency: This principle mandates not 

only the maximisation of atom efficiency and energy efficiency as per principles 2 

and 6 of green chemistry, but also for the efficiency of time and space. As discussed 

above, the synthesis process will be optimised to minimise temperature to save 

energy and maximise yield, reduce gas flowrates and not use chemical activation 

agents to increase atom economy while maintaining operational integrity as an 

adsorbent media. However, time efficiency will also be maximised by increasing 

ramp rate and reducing hold time in the reactor. Space efficiency, while not 
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optimised in this work is inherently lower through the choice to investigate 

adsorbent technologies which have an inherently lower plant footprint than bulky 

technologies such as some biological treatment apparatus. 

• 6. Conserve Complexity: This principle supports the need for simplicity in 

processes, as complicated materials require greater costs on reactants, energy and 

time as well as greater care in end of life recycling. In this work, the choice to omit 

chemical activators in the initial design stage is due to this principle. The choice to 

proceed with a single step pyrolysis process, rather than multistep processes seen 

in literature is also due to this principle.  

• 7. Durability Rather than Immortality: While this principle encapsulates some of 

what is covered by principle 10 of the green chemistry principles it goes slightly 

further than just calling for designers to consider the end of life plans for a material. 

This principle stipulates that all materials should be designed with an inherent life 

span, as materials which persist beyond their useful lifespan present problems by 

accumulating in the environment. An example of this are single use non-recyclable 

plastics, which after use take significant effort to properly dispose of and as a result 

are accumulating in land-fill sites across the world. The principle is followed in this 

work by choosing activated carbons, a biodegradable adsorbent material which can 

be combusted or composted depending on the application after their lifespan as an 

adsorbent material has expired. This is counter to other adsorbent materials like 

MOFs or zeolites which may degrade into harmful by-products or persist in the 

environment after their commercial lifespan has passed. 

• 10. Integrate Local Material and Energy Flows: This principle advocates for the 

utilisation of feedstocks and energy local to the site of production to minimise 

energy, environmental impact, costs and uncertainties caused by global supply 

chains. This work implements this principle by utilising the local, inexpensive 

feedstock BSG for the biomass component of the adsorbents rather than exotic 

biochar precursors such as coconut which must be imported from across the world. 

• 12. Renewable Rather than Depleting: This principle promotes the use of 

renewable feedstocks rather than finite resources wherever possible in a chemical 

process. This is not only due to the inherent sustainability positives in utilising a 

regenerative feedstock but as finite non-renewable precursor stocks dwindle, the 

price is likely to rise increasing operational costs and procurement issues. In this 
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work BSG is utilised as the biomass feedstock in opposition to finite biochar 

precursors like coal and peat. 

Within all of these frameworks, there is a common theme that the use of materials should 

be minimised, and this approach has been adopted within this study to create the bio-

based sorbents. By choosing a design of experiments approach, it is possible not only to 

reduce the raw materials used but also the energy invested in its processing, while also 

permitting the full parameter space to be mapped. 

Using design of experiments to screen and optimise carbonaceous adsorbents is an area of 

emerging focus within the literature, and has been shown to be an effective way of 

understanding the synthesis parameters of a material and the responses in material 

characteristics (104). While work investigating the pyrolysis of brewer’s spent grain for 

adsorbent manufacture has been shown, only surface level work utilising a design of 

experiments approach has been carried out (96). Brewer’s spent grain derived activated 

carbon has been shown to be an effective material for the adsorption in liquid phase 

applications as shown in Table 1.1 and Table 1.2. The integration of three perspectives: the 

implementation of the design of experiments method and green chemistry guiding 

principles; the utilisation of brewer’s spent grain as a precursor material; and the 

application of the derived biochar materials as a renewable and environmentally conscious 

liquid phase adsorbent constitutes the distinctive contribution of this research. 

1.5 Design of Experiments 

1.5.1 Basics of Design of Experiments 

Design of experiments (DoE) is a statistically informed method of experimental planning, 

utilising information from wider literature and preliminary experiments and is initiated 

prior to commencing a study. It is preferable to a traditional “one factor at a time” 

experimental procedure due to much more information being elucidated by performing 

less experiments in many cases, saving both time and money spent in the laboratory.  

Some basic terminology imperative to understanding the process of DoE is detailed below: 

• Factor: An experimental variable under investigation, e.g. Temperature, pH or 

residence time. Factors are split into three subtypes:  

o Design Factors: One which is controlled during the DoE process. 
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o Constant Factors: Factors which are kept at the same value for all 

experiments in the design. 

o Nuisance Factors: Which are further subdivided into uncontrolled (e.g. 

ambient temperature), controlled (e.g. raw material batch) and noise (e.g. 

instrument variation). 

• Factor Level: The value of a factor, e.g. 300 K, 4 hours, pH 7 

• Response: A measured parameter e.g. yield, surface area 

• Effect of a Factor: The average response when a factor is changed from a low level 

to a high level 

• Interaction Between Factors: These occur when the effect of a factor on a 

response depends on the level of another factor. These interactions can be 

synergistic, antergistic or have no effect. 

Design of experiments has 3 main use cases:  

1. Screening: The process of determining the factors of significance to a response 

variable 

2. Optimisation: The process of finding the best set of conditions for a chosen 

response variable 

3. Robustness Testing: The process of assessing the variability of a response at 

selected experimental conditions 

In this work only screening and optimisation DoE were investigated and so only they will be 

discussed in the rest of this chapter. 

1.5.2 Full Factorial Designs 

Full factorial designs consist of all of the combinations of each factor at each factor level. 

They allow for the estimation of all main effects and all interactions between factors. The 

number of experiments in a full factorial design can be found from Equation 1.1 below. 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑠 = 𝑙𝑒𝑣𝑒𝑙𝑠𝑘 (1.1) 

Where k is the number of factors. 

For a typical screening experiment with 2 factor levels the number of experiments doubles 

with every additional factor added. For this reason, full factorial designs are suitable for 

screening factors when the total number of factors is low. Factors are denoted as x1, x2, x3 
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etc. while response variables, for a given set of factor levels, are denoted as y1, y2, y3 etc. In 

a 2-level factorial design the levels are denoted as (+) and (-) representing the factor level at 

the maximum and minimum of the factor range. 

Table 1.3 shows the 8 factor combinations for a 2 level, 3 factor (denoted as 23) full factorial 

design and Figure 1.1 displays the factor combinations, levels and responses as a 3D 

diagram. 

 

Figure 1.1: 32 full factorial design factor combinations diagram 

Table 1.3: 32 full factorial design factor combinations 

Experiment x1 x2 x3 Response 

1 + + + y1 

2 + + - y2 

3 + - + y3 

4 + - - y4 

5 - + + y5 

6 - + - y6 

7 - - + y7 

8 - - - y8 

 

The model equation of this design would take the form shown below in Equation 1.2. 

𝑦 = 𝑏0 + 𝑏1𝑥1 + 𝑏2𝑥2 + 𝑏3𝑥3 + 𝑏12𝑥1𝑥2 + 𝑏13𝑥1𝑥3 + 𝑏23𝑥2𝑥3 + 𝑏123𝑥1𝑥2𝑥3 (1.2) 

Where b0 is the offset term, b1 is the coefficient of the effect of x1, b12 is the interaction 

coefficient for factor x1 and x2 and b123 is the coefficient of the 3-factor interaction term of 

x1, x2 and x3. 
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The effect of a parameter can be estimated as the average response as the factor moves 

from a low to a high-level while. For example, to estimate the effect on x1 as described in 

Table 1.1 above, we would average the change in the responses while the other factors stay 

constant i.e. from y5 to y1, y6 to y2, y7 to y3, and y8 to y4. This is demonstrated in Figure 1.2 

below. 

 

Figure 1.2: Estimation of effects of x1 schematic 

 

This could be written as:  

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1 =
(𝑦1 – 𝑦5 ) + (𝑦2 – 𝑦6 ) + (𝑦3 – 𝑦6 ) + (𝑦4 – 𝑦8 )

4
 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1 =  
𝑦1 + 𝑦2 + 𝑦3 + 𝑦4 − 𝑦5 − 𝑦6 − 𝑦7 − 𝑦8

4
 

More generally this can be written as: 

𝐸𝑓𝑓𝑒𝑐𝑡 of 𝑥𝑖 =  
∑𝑦(+) − ∑𝑦(−)

2𝑘−1
(1.3) 

Where i is the factor. 

Or: 

𝐸𝑓𝑓𝑒𝑐𝑡 of 𝑥𝑖 =  
∑𝑦𝑗 𝑥𝑖,𝑗

2𝑘−1
(1.4) 

Where j is the experiment number. 

The effect is the average response between the highest value (-) to (+); in the above 

example, this would be a step of 2 (the distance from -1 to 1). To determine the coefficients 

of the model (which are the effects when the step size is 1, i.e. the value of the response 
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when the factor is 1 and all other factors are 0) we must divide by the step value, which in 

this example is 2. 

So, 

𝑏𝑖 =  
∑𝑦𝑖  𝑥𝑖,𝑗

2𝑘
(1.5) 

 

To determine the level of an interaction term, the levels of the components of the 

interaction should be multiplied together. The offset term is the value of the response 

when all factors are set to 0, it is always included at (+) for every experiment to allow for its 

calculation. For the 23 full factorial design, this is demonstrated in Table 1.4 below. 

Table 1.4: 23 full factorial design factor combinations and interactions levels 

Experiment Offset x1 x2 x3 x1x2 x1x3 x2x3 x1x2x3 Response 

1 + + + + + + + + y1 

2 + + + - + - - - y2 

3 + + - + - + - - y3 

4 + + - - - - + + y4 

5 + - + + - - + - y5 

6 + - + - - + - + y6 

7 + - - + + - - + y7 

8 + - - - + + + - y8 

 

Calculating the effects for the full factorial design above would give the following: 

Main effects 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1 =
(𝑦1 + 𝑦2 + 𝑦3 + 𝑦4 − 𝑦5 − 𝑦6 − 𝑦7 − 𝑦8)

4
 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥2 =
(𝑦1 + 𝑦2 − 𝑦3 − 𝑦4 + 𝑦5 + 𝑦6 − 𝑦7 − 𝑦8)

4
 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥3 =
(𝑦1 − 𝑦2 + 𝑦3 − 𝑦4 + 𝑦5 − 𝑦6 + 𝑦7 − 𝑦8)

4
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Two factor interactions 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1𝑥2 =
(𝑦1 + 𝑦2 − 𝑦3 − 𝑦4 − 𝑦5 − 𝑦6 + 𝑦7 + 𝑦8)

4
 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1𝑥3 =
(𝑦1 − 𝑦2 + 𝑦3 − 𝑦4 − 𝑦5 + 𝑦6 − 𝑦7 + 𝑦8)

4
 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥2𝑥3 =
(𝑦1 − 𝑦2 − 𝑦3 + 𝑦4 + 𝑦5 − 𝑦6 − 𝑦7 + 𝑦8)

4
 

Three factor interaction 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1𝑥2𝑥3 =
(𝑦1 − 𝑦2 − 𝑦3 + 𝑦4 − 𝑦5 + 𝑦6 + 𝑦7 − 𝑦8)

4
 

Offset 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑂𝑓𝑓𝑠𝑒𝑡 =
(𝑦1 + 𝑦2 + 𝑦3 + 𝑦4 + 𝑦5 + 𝑦6 + 𝑦7 + 𝑦8)

4
 

1.5.3 Fractional Factorial Designs 

As stated before, full factorial designs are good for determining all of the main effects and 

all of the interaction effects but only when the number of factors is low. In reality, it is 

found that interactions of 3 or more factors are usually insignificant and can be discarded 

from the screening process. For this reason, is it is possible to use what is called fractional 

factorial design which uses a fraction of the number of experiments. The number of 

experiments in a fractional factorial design is described by Equation 1.6. 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑠 = 𝑙𝑒𝑣𝑒𝑙𝑠𝑘−𝑚 (1.6) 

Where m is the degree of fractionation of the design, 1 for a half, 2 for a quarter etc. 

The effect of a factor can be found using Equation 1.7. 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥𝑖 =  
∑𝑦𝑗 𝑥𝑖,𝑗

2𝑘−𝑚−1
(1.7) 

And similarly, the coefficient of a factor or interaction can be found using Equation 1.8 

𝑏𝑖 =  
∑𝑦𝑖  𝑥𝑖,𝑗

2𝑘−𝑚
(1.8) 

The exact experiments which should be used in a fractional factorial design are not chosen 

at random. They must be chosen in a statistically designed manner, so as to minimise the 
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effects of confounding. Confounding is when two effects cannot be separated from each 

other due to an insufficient number of degrees of freedom in calculating the effects. For 

example, a 23-1 half factorial using half of the design from Table 1.4 above could be 

described by Table 1.5 below. Figure 1.3 displays the factor combinations, levels and 

responses as a 3D diagram. 

 

Figure 1.3: 32-1 half factorial factor combination diagram 

Table 1.5: 23-1 half factorial design factor combinations and interactions levels 

Experiment Offset x1 x2 x3 x1x2 x1x3 x2x3 x1x2x3 Response 

1 + + + + + + + + y1 

4 + + - - - - + + y4 

6 + - + - - + - + y6 

7 + - - + + - - + y7 

 

Calculating the effects would give the following: 

Main effects 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1 =
(𝑦1 + 𝑦4 − 𝑦6 − 𝑦7)

2
 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥2 =
(𝑦1 − 𝑦4 + 𝑦6 − 𝑦7)

2
 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥3 =
(𝑦1 − 𝑦4 − 𝑦6 + 𝑦7)

2
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Two factor interactions 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1𝑥2 =
(𝑦1 − 𝑦4 − 𝑦6 + 𝑦7)

2
 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1𝑥3 =
(𝑦1 − 𝑦4 + 𝑦6 − 𝑦7)

2
 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥2𝑥3 =
(𝑦1 + 𝑦4 − 𝑦6 − 𝑦7)

2
 

Three factor interaction 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1𝑥2𝑥3 =
(𝑦1 + 𝑦4 + 𝑦6 + 𝑦7)

2
 

Offset 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑂𝑓𝑓𝑠𝑒𝑡 =
(𝑦1 + 𝑦4 + 𝑦6 + 𝑦7)

2
 

We can clearly see that each of the effects on a factor or interaction has a corresponding 

effect with the same value. These factors are said to be confounded. Table 1.6 summarises 

the confounding in this design. 

Table 1.6: 23-1 half factorial confounded variables and the magnitude of the combined effect 

Confounded Variables Magnitude of effect 

x1 + x2x3 

 

(𝑦1 + 𝑦4 − 𝑦6 − 𝑦7)

2
 

x2 + x1x3 

 

(𝑦1 − 𝑦4 + 𝑦6 − 𝑦7)

2
 

x3 + x1x2 

 

(𝑦1 − 𝑦4 − 𝑦6 + 𝑦7)

2
 

Offset + x1x2x3 

 

(𝑦1 + 𝑦4 + 𝑦6 + 𝑦7)

2
 

 

It should be noted that if the magnitudes of effects from Section 1.5.2 are summed for the 

confounded variable pairs in Table 1.6, it will be found to be equal to the confounded 

magnitude of effect. The model equation in Equation 1.2 has 8 unknown coefficients and so 

8 experiments are required to determine all of the coefficients. With a half factorial design 

with only 4 experiments only 4 sets of confounded coefficients can be determined. The 
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equations are algebraically consistent, but there are not enough degrees of freedom in this 

fractional factorial example to determine the magnitude of the effect for every factor 

interaction. 

The resolution of a fractional factorial design gives the extent to which the factors are 

confounded. The most common resolutions seen are: 

1. Resolution III: main effects may be confounded with 2 factor interactions 

2. Resolution IV: main effects may be confounded with 3 factor interactions, and 2 

factor interactions may be confounded with other 2 factor interactions 

3. Resolution V: assuming no 3 factor or higher interactions, main effects and 2 factor 

interactions can be estimated with no confounding. 

Table 1.7 below describes the resolutions of all fractional factorial designs based on the 

number of factors, number of experiments and degree of fractionation. 

In this work, any fractional factorial designs must be in resolution V or higher to allow for all 

main effects and 2 factor interactions to be estimated without confounding. 

Table 1.7: Full and fractional factorial design resolutions for designs with up to 9 factors 

Number of Factors 

 2 3 4 5 6 7 8 9 

Number of 

Experiments 

4 22 23-1       

8  23 24-1 25-2 26-3 27-4   

16   24 25-1 26-2 27-3 28-4 29-5 

32    25 26-1 27-2 28-3 29-4 

64     26 27-1 28-2 29-3 

128      27 28-1 29-2 

256       28 29-1 

512        29 

 

As stated above, the combinations chosen for a half factorial design must be chosen with 

care. In this work the National Institute for Standards and Technology (NIST) Engineering 

Statistics Handbook section on DoE was consulted to ensure any fractional factorial designs 

chosen were the optimal choice to minimise confounding (105). 
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1.5.4 Multivariate Analysis 

While Equations 1.5 and 1.8 accurately calculate the coefficient values for our full and 

fractional factorial systems, the process can be quite time consuming and altering the step 

size for more complicated DoE systems can lead to complications in the calculation. For this 

reason, multivariate analysis using matrix algebra is used.  

From the model equation for a 32 full factorial design, Equation 1.2, we can separate the 

coefficient from the factor levels in vector notation as shown in Equation 1.9. 

𝑦 = (1 𝑥1 𝑥2 𝑥3 𝑥1𝑥2 𝑥1𝑥3 𝑥2𝑥3 𝑥1𝑥2𝑥3)

(

 
 
 
 
 
 

𝑏0

𝑏1

𝑏2

𝑏3

𝑏12

𝑏13

𝑏23

𝑏123)

 
 
 
 
 
 

(1.9) 

 

Then, substituting in the full factorial combinations for each set of experimental conditions 

𝑦1

𝑦2

𝑦3

𝑦4

𝑦5

𝑦6

𝑦7

𝑦8

=
=
=
=
=
=
=
=

(+ + + + + + + +)
(+ + + − + − − −)
(+ + − + − + − −)
(+ + − − − − + +)
(+ − + + − − + −)
(+ − + − − + − +)
(+ − − + + − − +)
(+ − − − + + + −)(

 
 
 
 
 
 

𝑏0

𝑏1

𝑏2

𝑏3

𝑏12

𝑏13

𝑏23

𝑏123)

 
 
 
 
 
 

 

 

Which can then be rewritten in matrix notation as shown in Equation 1.10. 

(

 
 
 
 
 

𝑦1

𝑦2
𝑦3

𝑦4
𝑦5

𝑦6
𝑦7

𝑦8)

 
 
 
 
 

=

(

 
 
 
 

+ + + + + + + +
+ + + − + − − −
+ + − + − + − −

+ + − − − − + +
+ − + + − − + −
+ − + − − + − +
+ − − + + − − +
+ − − − + + + −)

 
 
 
 

(

 
 
 
 
 
 

𝑏0

𝑏1

𝑏2

𝑏3

𝑏12

𝑏13

𝑏23

𝑏123)

 
 
 
 
 
 

(1.10) 
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This is more generally written as Equation 1.11. 

𝑦 = 𝐷. 𝑏 (1.11) 

Where, 𝐷 is the design matrix. 

So, for known responses at each set of experimental condition, we can then solve for the 

coefficients of the model equation through matrix algebra using software such a MATLAB 

or Microsoft Excel. 

For a Square Matrix D, the model coefficient matrix b can simply be found through Equation 

1.12. 

𝑏 = 𝐷−1𝑦 (1.12) 

 

Where, 𝐷−1 is the inverse of matrix D. 

For more complicated DoE systems, in which D is not a square matrix like optimisation 

models discussed later in Section 1.1.6, the model coefficient matrix b can be found by 

Equation 1.13. 

𝑏 = 𝐷+𝑦 (1.13) 

 

Where 𝐷+ is the pseudo- inverse of matrix D. 

The pseudo-inverse can be found by: 

𝐷+ = (𝐷𝑇𝐷)−1𝐷𝑇 (1.14) 

 

Where, 𝐷𝑇 is the transpose of matrix D. 

Note that the number of rows in D (i.e. The number of experiments ran) must be greater 

than or equal to the number of columns in D (i.e. The number of model coefficients) for 

proper calculation of the model coefficients matrix b. 
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1.5.5 Screening and Lenth’s Analysis 

The screening process is the act of determining the factors of significance to a process. 

Reducing the number of factors before optimisation allows for a vastly reduced number of 

experiments, reducing laboratory time and money spent on reagents. The standard method 

of determining factor significance involves running replicates of a data set, determining the 

variance of the data set and then using a method such at the root mean square formula to 

provide an estimation of fit. This however requires time consuming replications which can 

be avoided. 

Lenth’s analysis is a method for determining the factors of significance (106). It allows us to 

determine the pseudo standard error of factorial experiments without repetition of any 

experimental points. It is commonly used in many statistical software packages such as 

Minitab and Design-Expert. From this pseudo standard error, we calculate a critical value 

for the model coefficients calculated through multivariate analysis using a critical t-value for 

a given confidence interval and degrees of freedom. Any model coefficients with a 

magnitude lower than this critical value are assumed to be non-significant at this 

confidence interval.  If a main effect is found to be non-significant it can be assumed that 

the interaction is also non-significant. A two-tailed critical t-value should be used for the 

analysis. The offset model coefficient should not be included in the analysis. 

The method of Lenth’s analysis is as follows: 

1. Rank the magnitude of the coefficients from smallest to largest. 

2. Calculate the median of the magnitude of the coefficients. 

3. Calculate the pseudo standard error using Equation 1.15. 

𝑃𝑆𝐸 = 1.5 × 𝑀𝑒𝑑𝑖𝑎𝑛 (1.15) 

4. Exclude any values from the data-set which exceed 2.5 × 𝑃𝑆𝐸𝑖 

5. Recalculate the median of the new data-set 

6. Recalculate the pseudo standard error using Equation 1.15. 

7. Calculate the degrees of freedom using Equation 1.16. 

𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝐹𝑟𝑒𝑒𝑑𝑜𝑚 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠

3
 (1.16) 

8. Calculate the critical t-value for the confidence interval chosen and the degrees of 

freedom using a 2-tail t-table. Note in this work a significance level of 0.05 or 95% 

confidence interval was used. 
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9. Calculate the critical value for the model using Equation 1.17. 

𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 = 𝑡𝛼,   𝐷𝑜𝐹 × 𝑃𝑆𝐸 (1.17) 

The factors with coefficients with a magnitude greater than this critical value are said to be 

significant for this significance level and factor range investigated. They should be included 

in optimisation designs moving forward. Factors with coefficients less than this critical value 

should be set to a value to maximise key performance indicators for the process. For 

example, if residence time was deemed to be insignificant to the process, time should be 

minimised to allow for maximum production rate saving time and money. 

1.5.6 Optimisation Designs 

Two main types of optimisation design exist: Box-Behnken Designs and Central composite 

designs. In this work Central composite designs were chosen due to their simpler design 

and ease of design and calculation by hand, their ability to handle high numbers of factors 

and their better applicability at the extreme edges of the design space in comparison to 

Box-Behnken designs.  

1.5.6.1 Central Composite Designs 

The process of optimisation is that of determining the optimal factor levels for a certain 

response variable. While screening designs assume a linear relationship between factors 

and responses, optimisation designs consider non-linearity that we expect in more complex 

systems. For this reason, greater than 2 levels are required for the calculation of quadratic 

terms in the model equation. While we could use a full factorial design with 3 levels, the 

number of experiments greatly increases with increasing factors so more creative designs 

are incorporated. 

In this work the Central Composite Designs (CCD) were considered. Central composite 

designs are comprised of 3 different types of points: 

1. Factorial points, similar to those described above in Section 1.5.2 

2. Axial points, also known as the “star points”  

3. Centre points, repeated centre points, the number depends on the number of 

factors 

CCD designs are recommended for 2-6 factors. Beyond this, the number of experiments 

becomes very large, hence the reason screening is carried out. The designs discussed here 
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are from the NIST database and in the interest of brevity and conceptualisation in 3D space, 

2 factor and 3 factor designs will be used as examples moving forward. 

CCD designs have 3 subtypes which all have their own specific use cases: 

1. Central Composite Circumscribed (CCC) 

2. Central Composite Inscribed (CCI) 

3. Central composite Face-Centred (CCF) 

The model equation for CCD models with 2 factors is shown in Equation 1.18, while the 

model equation for 3 factors is shown in Equation 1.19. 

𝒚 = 𝒃𝟎 + 𝒃𝟏𝒙𝟏 + 𝒃𝟐𝒙𝟐 + 𝒃𝟏𝟏𝒙𝟏
𝟐 + 𝒃𝟐𝟐𝒙𝟐

𝟐 + 𝒃𝟏𝒙𝟏𝒙𝟐 (𝟏. 𝟏𝟖) 

𝒚 = 𝒃𝟎 + 𝒃𝟏𝒙𝟏 + 𝒃𝟐𝒙𝟐 + 𝒃𝟑𝒙𝟑 + 𝒃𝟏𝟏𝒙𝟏
𝟐 + 𝒃𝟐𝟐𝒙𝟐

𝟐

+𝒃𝟑𝟑𝒙𝟑
𝟐 + 𝒃𝟏𝟐𝒙𝟏𝒙𝟐 + 𝒃𝟏𝟑𝒙𝟏𝒙𝟑 + 𝒃𝟐𝟑𝒙𝟐𝒙𝟑 (𝟏. 𝟏𝟗)

 

Each consists of the offset term, main effects, quadratic effects and two factor interactions. 

1.5.6.2 Central Composite Circumscribed Designs 

CCC designs give the best estimation of the whole design space and consist of 5 factor 

levels for each factor: −𝛼𝐶𝐶𝐶, -1, 0, 1 and 𝛼𝐶𝐶𝐶. They consist of a square in 2D or cube in 3D 

of factorial points on the permutations of 1 and -1, axial points extending from each edge in 

2D and face in 3D at a distance of α from the centre point and a repeated centre point- 4 

repetitions for 2D and 5 repetitions for 3D. α for CCC designs can be calculated from 

Equation 1.20. 

𝜶𝑪𝑪𝑪 = 𝟐
(
𝒇𝒂𝒄𝒕𝒐𝒓𝒔

𝟒
)

(𝟏. 𝟐𝟎) 

 

As the name implies, the design is a square or cube with a side length of 2 (centre point to 

face size of size) circumscribed by a circle or sphere of axial points.  

The factor combination table for a CCC with 2 factors is shown in Table 1.8 and for 3 factors 

in Table 1.9. A schematic representation of a 2 factor and 3 factor design are shown in 

Figure 1.4 and Figure 1.5. Note that the 2-factor schematic could also be treated as an 

orthogonal view of any one of the faces of the 3-factor schematic. 
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Table 1.8: 2 factor CCC factor combination table 

Experiment Point type x1 x2 

1 Factorial -1 -1 

2 Factorial -1 1 

3 Factorial 1 -1 

4 Factorial 1 1 

5 Axial -1.414 0 

6 Axial 1.414 0 

7 Axial 0 -1.414 

8 Axial 0 1.414 

9 Centre 0 0 

10 Centre 0 0 

11 Centre 0 0 

12 Centre 0 0 

13 Centre 0 0 

 

 

Figure 1.4: 2 factor CCC schematic 
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Table 1.9: 3 factor CCC factor combination table 

Experiment Point type x1 x2 x3 

1 Factorial 1 1 1 

2 Factorial 1 1 -1 

3 Factorial 1 -1 1 

4 Factorial 1 -1 -1 

5 Factorial -1 1 1 

6 Factorial -1 1 -1 

7 Factorial -1 -1 1 

8 Factorial -1 -1 -1 

9 Axial 1.682 0 0 

10 Axial -1.682 0 0 

11 Axial 0 1.682 0 

12 Axial 0 -1.682 0 

13 Axial 0 0 1.682 

14 Axial 0 0 -1.682 

15 Centre 0 0 0 

16 Centre 0 0 0 

17 Centre 0 0 0 

18 Centre 0 0 0 

19 Centre 0 0 0 

20 Centre 0 0 0 

 

 

Figure 1.5: 3 factor CCC schematic 

CCC designs as stated above give the best estimations for the design space. However, due 

to the axial points extending beyond the factorial design space, errors can occur from the 

factor ranges chosen. For example, if a full or fractional factorial screening design is being 
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retrofitted into the optimisation design where  residence time was chosen as a factor with a 

range of 0.5 hours to 2.5 hours, corresponding to -1 and +1 in the design matrix. If  𝜶𝑪𝑪𝑪 is 

calculated for a three-factor system, a value of 1.682 would be equivalent to an upper limit 

of 3.182 hours but a lower limit at -1.682 of -0.182 hours, which is an impossible 

experimental condition. These errors can arise in a variety of factors, some may be deemed 

to be outside of a safe operating condition such as high temperature or pressure, some may 

be out with physical or operational feasibility such as long run times outside of site or 

laboratory opening hours, or numerical errors such as the example described above. The 

other CCD designs have ways of combating these range issues but come at penalties which 

will be described in the following sections. 

1.5.6.3 Central Composite Inscribed Designs 

The Central Composite Inscribed (CCI) designs differ from CCC designs described above by 

the entire design being enclosed within the -1 to +1 range while maintain 5 factor levels: -1, 

−𝛼𝐶𝐶𝐼, 0, 𝛼𝐶𝐶𝐼 and 1. 𝛼𝐶𝐶𝐼 can be calculated using Equation 1.21 below. 

𝜶𝑪𝑪𝑰 =
𝟏

𝟐
(
𝒇𝒂𝒄𝒕𝒐𝒓𝒔

𝟒
)

(𝟏. 𝟐𝟏) 

As the name suggests, the design is a circle in 2D or sphere in 3D with a square or cube 

inscribed within respectively. The designs consist of a square in 2D or cube in 3D of factorial 

points on the permutations of 𝛼𝐶𝐶𝐼 and -𝛼𝐶𝐶𝐼, axial points extending from each edge in 2D 

and face in 3D at a distance of 1 from the centre point and a repeated centre point- 4 

repetitions for 2D and 5 repetitions for 3D. 

The factor combination table for a CCI with 2 factors is shown in Table 1.10 and for 3 

factors in Table 1.11. A schematic representation of a 2 factor and 3 factor design are 

shown in Figure 1.6 and Figure 1.7. Note that the 2-factor schematic could also be treated 

as an orthogonal view of any one of the faces of the 3-factor schematic. 
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Table 1.10:  2 factor CCI factor combination table 

Experiment Point type x1 x2 

1 Factorial -0.707 -0.707 

2 Factorial -0.707 0.707 

3 Factorial 0.707 -0.707 

4 Factorial 0.707 0.707 

5 Axial -1 0 

6 Axial 1 0 

7 Axial 0 -1 

8 Axial 0 1 

9 Centre 0 0 

10 Centre 0 0 

11 Centre 0 0 

12 Centre 0 0 

13 Centre 0 0 

 

 

Figure 1.6: 2 factor CCI schematic 
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Table 1.11: 3 factor CCI factor combination table 

Experiment Point type x1 x2 x3 

1 Factorial 0.595 0.595 0.595 

2 Factorial 0.595 0.595 -0.595 

3 Factorial 0.595 -0.595 0.595 

4 Factorial 0.595 -0.595 -0.595 

5 Factorial -0.595 0.595 0.595 

6 Factorial -0.595 0.595 -0.595 

7 Factorial -0.595 -0.595 0.595 

8 Factorial -0.595 -0.595 -0.595 

9 Axial 1 0 0 

10 Axial -1 0 0 

11 Axial 0 1 0 

12 Axial 0 -1 0 

13 Axial 0 0 1 

14 Axial 0 0 -1 

15 Centre 0 0 0 

16 Centre 0 0 0 

17 Centre 0 0 0 

18 Centre 0 0 0 

19 Centre 0 0 0 

20 Centre 0 0 0 

 

 

Figure 1.7: 3 factor CCI schematic 

CCI offers the advantage of being entirely encapsulated within the -1 and +1 limits, ensuring 

no factor range issues as described in the CCC section above. It also has the advantage of 5 

factor levels and so estimates main and quadratic effects well. However, it does have issues 
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with the estimation of values in the corner regions outside of the design space which may 

make it undesirable for designs where the optimal conditions are expected at the very 

extremes of the factor ranges. 

1.5.6.4 Central Composite Face-Centred Designs 

The Central Composite Face-Centred Design differs from both the CCC and CCF design as it 

only has 3 factor levels instead of 5. The entire design is enclosed with the -1 to +1 range 

with factor levels of -1, 0 and 1. The design is named after the face centred cubic crystal 

structure seen in nature, which the 3D design mimics. The designs consist of a square in 2D 

or cube in 3D of factorial points on the permutations of 1 and -1, axial points sitting on each 

edge in 2D and face in 3D at a distance of 1 from the centre point and a repeated centre 

point, 4 repetitions for 2D and 5 repetitions for 3D. 

The factor combination table for a CCF with 2 factors is shown in Table 1.12 and for 3 

factors in Table 1.13. A schematic representation of a 2 factor and 3 factor design are 

shown in Figure 1.8 and Figure 1.9. Note that the 2-factor schematic could also be treated 

as an orthogonal view of any one of the faces of the 3-factor schematic. 

Table 1.12: 2 factor CCF factor combination table 

Experiment Point type x1 x2 

1 Factorial -1 -1 

2 Factorial -1 1 

3 Factorial 1 -1 

4 Factorial 1 1 

5 Axial -1 0 

6 Axial 1 0 

7 Axial 0 -1 

8 Axial 0 1 

9 Centre 0 0 

10 Centre 0 0 

11 Centre 0 0 

12 Centre 0 0 

13 Centre 0 0 

 

The CCF design is fully encapsulated within the -1 to 1 range and so no factor level issues 

can arise like with CCC design. The CCF design also has excellent estimation of the corners 

with comparison to CCI, allowing for good estimation of the response variable in the 
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extremes of the factor levels. However, due to only having 3 factor levels, the CCF design 

gives poor estimation of the quadratic effects in the model equation.  

Table 1.13: 3 factor CCF factor combination table 

Experiment Point type x1 x2 x3 

1 Factorial 1 1 1 

2 Factorial 1 1 -1 

3 Factorial 1 -1 1 

4 Factorial 1 -1 -1 

5 Factorial -1 1 1 

6 Factorial -1 1 -1 

7 Factorial -1 -1 1 

8 Factorial -1 -1 -1 

9 Axial 1 0 0 

10 Axial -1 0 0 

11 Axial 0 1 0 

12 Axial 0 -1 0 

13 Axial 0 0 1 

14 Axial 0 0 -1 

15 Centre 0 0 0 

16 Centre 0 0 0 

17 Centre 0 0 0 

18 Centre 0 0 0 

19 Centre 0 0 0 

20 Centre 0 0 0 

 

 

Figure 1.8: 2 factor CCF schematic 
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Figure 1.9: 3 factor CCF schematic 

1.5.6.5 Central Composite Design Summary 

As shown above, each of the CCD have their strengths and weaknesses and for this reason 

prior understanding and knowledge of the system being investigated through DoE is 

imperative to choosing the correct optimisation design. The pros and cons of the CCD 

design systems are summarised in Table 1.14 below. 

Table 1.14: Advantages and shortcomings of each CCD design 

Design Potential factor range 

issues 

Estimation of design 

space? 

Estimation of quadratic 

effects 

CCD Factor ranges must be 

checked for safety, 

operational and 

mathematical issues prior 

to proceeding  

Good estimation of whole 

design space 

Good estimation due to 5 

factor levels 

CCI No problems with factor 

ranges 

Poor estimation of 

extremes of factor levels 

Good estimation due to 5 

factor levels 

CCF No problems with factor 

ranges 

Good estimation of whole 

design space 

Poor due to only 3 factor 

levels 

 

In this work all DoE planning and calculation was carried out by hand on Microsoft Excel 

utilising matrix multiplication functions. This was to allow complete control of the design 

process at every stage and to show that DoE is not reliant on proprietary software for 

effective implementation. 
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1.5.7 Design of Experiments Development 

1.5.7.1 Choice of Factors 

For the synthesis of the biochars from brewer’s spent grain, factor selection was initially 

approached in two ways. The first was from an extensive literature review of the synthesis 

parameters currently investigated for biochar production in a tube furnace. The planning 

step was investigation of the experimental set-up at the University of Strathclyde research 

labs. The equipment available, safety concerns and practical limitations were major 

contributors to the factors chosen for investigation in this study. 

The ten factors identified as possibilities for investigation are as follows 

1. Tube Furnace Set-Point Temperature: The maximum temperature at which the 

tube furnace will be held at during the synthesis procedure. 

2. Tube Furnace Residence Time at Set-Point: The time the tube furnace will be held 

at the set-point temperature. 

3. Tube Furnace Temperature Ramping Rate: The rate at which the tube furnace will 

be heated at to reach the set-point temperature. 

4. Inert Gas Flowrate: The flowrate at which the inert gas is fed into the tube furnace. 

The inert atmosphere is to ensure no combustion takes place in the furnace, only 

pyrolysis. The inert gas will be used during the ramping and cooling phases of the 

synthesis process 

5. Activating Gas Flowrate: The flowrate at which the activating gas is fed into the 

tube furnace. The activating gas is introduced during the isothermal step once the 

set-point temperature has been met for the duration of the residence time. The 

activating gas helps to promote the porous nature of the biochar and contributes 

to the surface chemistry of the material. 

6. Activating Gas Species: Steam and carbon dioxide where both noted in the 

literature as activating gases for the production of biochar from lignocellulosic 

biomass. 

7. Chemical Activating Species: Many chemical activators were noted in the 

literature including potassium hydroxide, phosphoric acid, sodium hydroxide and 

zinc chloride. The stage at which the chemical activators are introduced is also an 

important factor to consider, either prior or post pyrolysis. These also help to 
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develop the biochar porous matrix and contribute to the surface chemical 

environment of the produced biochar. 

8. Biomass Moisture Content: Biochar can be produced as an as-received biomass or 

undergo drying prior to pyrolysis. 

9. Biomass Particle Size: Biomass can be pelletised, powdered, sieved or ground to a 

uniform size prior to processing. 

10. Crucible Mass Loading: The mass of biomass loaded into the tube furnace for 

pyrolysis. 

The first 5 factors listed: Tube furnace set point temperature, referred to in the future as 

“hold temperature”; tube furnace residence time, referred to from now on as “hold time”; 

tube furnace temperature ramping rate, referred to from now on as “ramp rate”; inert gas 

flowrate and activating gas flowrate, were all chosen as design factors due to their ease of 

control and prevalence in the literature. The 5 unchosen from the list above were 

designated as constant factors, for the reasons detailed below. 

Activating Gas Species: Carbon dioxide gas was chosen as the only activating gas to be 

investigated in this work due to the safety concerns. The risk of super-heated steam and 

condensation build up around the non-insulated Carbolite tube furnace used in this work 

was deemed an unresolvable hazard and so was eliminated from the process. 

Chemical Activating Species: All chemical activation was initially eliminated from the 

process for both process safety reasons and to better align the synthesis of these biochars 

with the green chemistry and engineering principles as discussed in Section 1.4.5. 

Biomass Moisture Content: Due to the biological nature of the lignocellulosic biomass used 

in this work and concerns around sample degradation due to fungal and bacteria growth, 

the biomass was frozen shortly after procurement. This unfortunately led to local sample 

variation, with ice aggregating at the base of the freezer containers, which would have led 

to sample heterogeneity between samples as well from the as-received basis. For this 

reason, all biochar was dried according to ASTM E871-82 as described in Section 4.2.1 to 

ensure, as much as reasonably practicable, that the biomass material was homogenised 

prior to pyrolysis. This had the added bonus of allowing the biomass material to be shelf 

stable for longer, allow for reduced use of the laboratory ovens and allow for greater speed 

of synthesis of the biochar materials. 
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Particle Size: This was chosen to be constant due to the pre-milled nature of the BSG as 

received from Tennent Caledonian brewers. Due to the milling process of the malted barley 

prior to the mashing process, the spent grain received was already fine milled and a 

homogenous particle size. In the interest of scale-up and reducing pre-processing, the 

particle size was taken as received and unmodified prior to drying and then pyrolysis. 

Crucible Mass Loading: Due to the narrow bore of the tube furnace requiring a small 

crucible with a small volume alongside pre-screening experiments showing low yields for 

even low temperature pyrolysis, the mass loading was chosen to be the maximum volume 

of the crucible to maximise the mass of biochar produced for further characterisation. This 

was approximately 1.6g of dried brewer’s spent grain which was used for every run carried 

out in this work. 

1.5.7.2 Design Factor Range Selection 

For the 5 design factors selected, the range of variables chosen were chosen to maximise 

the design space while ensuring safe and feasible ranges for the experimental equipment 

and local laboratory rules and regulations. 

A local laboratory rule limited the allowable experimental conditions due to safety 

concerns. Cylinders of gases could not be run overnight due to the potential risk of a 

release while the laboratory was unmanned by competent laboratory user or technical 

staff. This is due to the risk to non-technical or untrained staff at the university who may 

have access out with normal laboratory opening times being exposed to asphyxiant gases. 

This therefore limited the furnace operation times from 9am till 5pm including sample 

preparation, purging, ramping, isothermal step and cooling. This had the knock-on effect 

which was noted as a quirk of the experimental set-up due to gas contraction during 

cooling. If there was no flow through the bubbler airlock system, which ensures a non-

oxidising atmosphere was maintained within the pyrolysis tube of the tube-furnace, the 

contracting gas within the tube will cause water to be sucked into the tube. This would 

compromise the samples for accurate yield testing and potentially change the surface 

chemistry of the biochar samples through reaction with steam. For this reason, the bubbler 

stem had to be removed from the water reservoir prior to lab closure and gas cylinder shut-

off. However, oxygen could not be introduced to the pyrolysis chamber while the furnace 

was at an elevated temperature as auto-ignition could occur not only ruining the biochar 

samples but causing a safety risk to operators and technical staff. For this reason, the 
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temperature of 450 °C (the minimum ignition temperature of carbon black of 500 °C with 

an extra safety allowance of 50 °C) was taken as the temperature at which oxygen could be 

safely allowed to enter the pyrolysis chamber (107). 

Hold temperature range limits were determined through pre-screening runs on the 

experimental set-up. At temperatures below 500 °C, the biochar still had a brown colour, 

not the expected black of a biochar material and was determined completely non-porous 

through BET surface area analysis. At temperatures above 900 °C the biochar yield was 

extremely low; the materials had a very ashy grey appearance indicating almost all of the 

carbonaceous material had been volatilised in the pyrolysis process. These materials were 

also found to have very low surface areas. For this reason, 500-900 °C was set as the 

operating range for the hold temperature for the screening DoE.  

The ramp rate lower limit was set as 5 °C min-1 to avoid unnecessarily long ramping times. 

The upper limit of 20 °C min-1 was chosen due to the tendency for the temperature to 

overshoot its set-point at ramping rates above this. As a safety feature on the tube furnace, 

a high alarm set at 25 °C above the set-point for the isothermal step, is included in 

programming which forces a shut-down of the heating regime if reached.  The value of 

20 °C min-1 limited overshoot to a maximum of a few degrees, ensuring this high alarm was 

never tripped during the course of this work. 

The hold time upper limit was stipulated by the laboratory opening hours and cooling 

requirements as discussed above. It was determined through experimentation with the 

experimental apparatus that cooling from 900 °C to 450 °C would take approximately 2 

hours and 20 minutes. This, alongside the maximum ramping time (20 °C to 900 °C at a rate 

of 5 °C min-1) would take approximately 3 hours. For a normal 8 hour working day, this 

allows for a maximum hold time of 2 hours and 40 minutes. Allowing 10 minutes for sample 

preparation, the upper limit was taken as 2.5 hours. The lower limit was taken as 30 

minutes (0.5 hours) to ensure sufficient time in the reactor and sufficient pyrolysis to occur 

but also to allow for a round range of 2 hours. 

Both of the gas flowrates were limited by the available rotameters in the laboratory. Both 

had ranges from 60-600 mL min-1 which were chosen as the upper and lower bounds. The 

lower limit was required to be the first increment on the rotameter tube of 60 mL min-1 and 

not 0 or no flow, as no flow would lead to pyrolytic gases accumulating in the pyrolysis 

chamber. These would condense upon cooling, spoiling the biochar product. 
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1.5.7.3 Choice of Screening Response Variables 

Three key performance indicators for the synthesis process of biochar from brewer’s spent 

grain were selected. These were chosen based on the green chemistry principles as 

discussed before and to maximise the adsorbent performance and number of use cases for 

the adsorbents synthesised. The three response variables chosen for the screening portion 

of this work were: 

• Yield 

• Surface Area 

• Point of Zero Charge 

Yield was chosen as a response variable due to its importance in determining the efficiency 

of the synthesis process. This efficiency not only encapsulates cost effectiveness in 

upcycling the biomass to value added products but atom economy and effective use of the 

biomass material. While pyrolytic compounds can also be seen as value added products, 

their synthesis is not included in this work- only the yield of the biochar adsorbents is of 

interest. 

Surface area was chosen as a response variable as a proxy to determine the usefulness of 

the synthesised materials as an adsorbent. Higher surface area materials have more sites 

for pollutant adsorptive molecules to adhere to and so high surface area materials are 

preferable in this work. 

Point of zero charge, which will be better defined later in Section 4.5.1, was chosen as a 

response variable in this work as a proxy for tailorability of the biochar material surface 

chemistry. Point of zero charge is a reliable metric for determining if a pollutant is suitable 

for adsorption onto the surface of an adsorbent material. A wide range of points of zero 

charge are favourable as it allows for tuned synthesis depending on the pollutant requiring 

adsorption. If a factor or factors are capable of creating this change on the biochar 

materials it should be included in any optimisation process carried out in the future. 

1.5.7.4 Screening Design 

A 2 level, 5 factor full factorial design (25) consisting of 32 unique experimental runs was 

initially proposed for the screening section of this project. However, after consultation with 

Table 1.7 it was deemed possible to use a half factorial design, halve the number of 
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experiments required to 16 and still maintain a resolution V design if 3 factor or greater 

effects are assumed to be negligible. 

This design would have a model equation as shown in Eq. 1.22. 

𝑦 = 𝑏0 + 𝑏1𝑥1 + 𝑏2𝑥2 + 𝑏3𝑥3 + 𝑏4𝑥4 + 𝑏5𝑥5 + 𝑏12𝑥1𝑥2 + 𝑏13𝑥1𝑥3 + 𝑏14𝑥1𝑥4 +

𝑏15𝑥1𝑥5 + 𝑏23𝑥2𝑥3 + 𝑏24𝑥2𝑥4 + 𝑏25𝑥2𝑥5 + 𝑏34𝑥3𝑥4 + 𝑏35𝑥3𝑥5 + 𝑏45𝑥4𝑥5  

The half factorial design is detailed in Table 1.15.  

Table 1.15: 25-1 half factorial screening design 

Experiment Hold 

Temperature 

(°C) 

x1 Hold 

Time 

(Hours) 

x2 Ramp 

Rate (°C 

min-1) 

x3 Inert Gas 

Flowrate 

(mL min-1) 

x4 Activating 

Gas 

Flowrate 

(mL min-1) 

x5 

1 500 -1 0.5 -1 5 -1 60 -1 600 1 

2 900 1 0.5 -1 5 -1 60 -1 100 -1 

3 500 -1 2.5 1 5 -1 60 -1 100 -1 

4 900 1 2.5 1 5 -1 60 -1 600 1 

5 500 -1 0.5 -1 20 1 60 -1 100 -1 

6 900 1 0.5 -1 20 1 60 -1 600 1 

7 500 -1 2.5 1 20 1 60 -1 600 1 

8 900 1 2.5 1 20 1 60 -1 100 -1 

9 500 -1 0.5 -1 5 -1 600 1 100 -1 

10 900 1 0.5 -1 5 -1 600 1 600 1 

11 500 -1 2.5 1 5 -1 600 1 600 1 

12 900 1 2.5 1 5 -1 600 1 100 -1 

13 500 -1 0.5 -1 20 1 600 1 600 1 

14 900 1 0.5 -1 20 1 600 1 100 -1 

15 500 -1 2.5 1 20 1 600 1 100 -1 

16 900 1 2.5 1 20 1 600 1 600 1 

 

The coded factor levels and factor combinations which will be used to form the D matrix for 

the multivariate analysis can be seen in Table 1.16. 

Using yield, surface area and point of zero charge as response variables, the model 

coefficients of these factors and 2 factor interactions will be determined through 

multivariate analysis and ultimately their significance to each of the response variables will 

be determined through Lenth’s analysis. 

  

(𝟏. 𝟐𝟐) 
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Table 1.16: 25-1 half factorial design factor levels 

Exp. Offset x1 x2 x3 x4 x5 x1x2 x1x3 x1x4 x1x5 x2x3 x2x4 x2x5 x3x4 x3x4 x4x5 

1 1 -1 -1 -1 -1 1 1 1 1 -1 1 1 -1 1 -1 -1 

2 1 1 -1 -1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 

3 1 -1 1 -1 -1 -1 -1 1 1 1 -1 -1 -1 1 1 1 

4 1 1 1 -1 -1 1 1 -1 -1 1 -1 -1 1 1 -1 -1 

5 1 -1 -1 1 -1 -1 1 -1 1 1 -1 1 1 -1 -1 1 

6 1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 -1 1 -1 

7 1 -1 1 1 -1 1 -1 -1 1 -1 1 -1 1 -1 1 -1 

8 1 1 1 1 -1 -1 1 1 -1 -1 1 -1 -1 -1 -1 1 

9 1 -1 -1 -1 1 -1 1 1 -1 1 1 -1 1 -1 1 -1 

10 1 1 -1 -1 1 1 -1 -1 1 1 1 -1 -1 -1 -1 1 

11 1 -1 1 -1 1 1 -1 1 -1 -1 -1 1 1 -1 -1 1 

12 1 1 1 -1 1 -1 1 -1 1 -1 -1 1 -1 -1 1 -1 

13 1 -1 -1 1 1 1 1 -1 -1 -1 -1 -1 -1 1 1 1 

14 1 1 -1 1 1 -1 -1 1 1 -1 -1 -1 1 1 -1 -1 

15 1 -1 1 1 1 -1 -1 -1 -1 1 1 1 -1 1 -1 -1 

16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

 

1.5.7.5 Optimisation DoE Development 

The optimisation design will depend highly on the results of the screening experiments 

carried out in Chapter 5. It will depend on the number of significant factors, understanding 

of the design space and consideration of the factor ranges. This will be discussed further in 

Section 6.1. 
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2 Aims and Objectives 

As discussed previously, the advancement and innovation in water treatment processes are 

imperative to increase the efficiency and costs associated with protecting both people and 

the environment from unwanted contamination. Emerging contaminants are a new 

classification of pollutant chemicals increasing in prevalence within water streams all over 

the world. Biochar adsorbent technologies have been identified as a cost effective and 

feasible solution to the removal of some emerging contaminants from water streams. 

Brewer’s spent grain has been identified as a potential precursor material for the synthesis 

of biochars due to its high volume, low cost and potential for development into a circular 

economic system. An optimisation study has been proposed due to previous gaps in the 

literature, in which green engineering and chemistry principles will guide all levels of 

decision making.  

The overall aim of this work is to produce a low-cost and effective adsorbent biochar that 

can operate as an alternative to already existing adsorbent technologies for water 

remediation applications.  

This work will utilise design of experiments on brewer’s spent grain, which has only had 

rudimentary optimisation work carried out using multivariate methods previously. The 

work will carry out a screening design of experiments, an important but often ignored step 

in the optimisation process. Both the screening and optimisation designs will utilise 

multiple response variables, this will allow for the consideration of multiple key 

performance indicators of adsorbent performance and tailorability. Throughout the work, 

the green chemistry principles and circular economic reasoning will be used to guide every 

decision in the optimisation process, to ensure a sustainable and effective optimal material 

for liquid phase adsorption applications is synthesised. 

The objectives that will be undertaken to meet this aim are: 

• Develop a synthesis pathway for upcycling brewer’s spent grain waste into a value-

added biochar product for use as an adsorbent in removing target species from 

water.  

• Determine the synthesis parameters which are of statistical significance to the 

response variables: yield, surface area and point of zero charge through a screening 

DoE. 



57 
 

• Determine the optimal synthesis parameters for the best adsorption properties 

through an optimisation DoE. 

• Minimise environmental impact through green chemistry principles throughout 

every aspect of the project while maintaining maximum utility as an adsorbent 

technology. 

• Fully characterise the optimal adsorbent to understand composition, surface 

chemical properties, textual properties, adsorption behaviour, adsorption 

thermodynamics and mechanism of pollutant removal. 

• Identify other use cases for the materials synthesised. 

• Identify gaps in the knowledge found throughout this work and propose future 

research avenues. 
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3 Adsorption 

3.1 Fundamentals of Adsorption 

3.1.1 Introduction 

Adsorption is a phenomenon that occurs at interfaces or boundaries between two phases. 

It is characterised by an increase in concentration of the adsorbate species in very thin 

layers at the surface of the adsorbent material. These layers of adsorbed material can be as 

thin as one molecule thick, known as a monolayer, or as multiple layers stacked on top of 

each other, known as multilayer adsorption. Adsorption is localised to adsorption sites on 

the surface of a material, only one molecule can be adsorbed at one site. If all the sites on a 

material are energetically the same and have the same enthalpy of adsorption, the material 

is said to have a homogenous surface. If the sites are chemically different or have varying 

enthalpies, depending on the behaviours of the neighbouring sites or the fraction of the 

sites occupied, the surface can be said to be heterogenous. 

The molecules prior to adsorption while still existing in the bulk are referred to as 

adsorptive molecules. Once adsorption has occurred the molecules are referred to as 

adsorbate molecules. The adsorbent is the surface on which the adsorbate has attached to. 

Desorption is the reverse of adsorption, where the adsorbate molecule detaches from the 

adsorbent and returns to the bulk. These concepts are illustrated in Figure 3.10. 

 

Figure 3.10: Labelled schematic of adsorption and desorption processes 

 

Adsorption is a process which takes place in both liquid and gaseous phases and occurs as 
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one of two types: Physisorption or Chemisorption. Physisorption, also known as van der 

Waals adsorption, is caused by non-bonding intermolecular forces, such as electrostatic 

interactions, and van der Waals interactions between the adsorbent and adsorbate 

molecules (108). In physisorption, no chemical bonds are formed and the adsorbent and 

adsorbate both retain their chemical structures in the bulk. Physisorption is a dynamic 

equilibrium process where molecules are constantly adhering to and separating from the 

surface of the material. At equilibrium, the rate of adsorption and desorption are equal, 

and the amount of adsorbed material remains constant. In some cases, where there are 

strong adsorbate-adsorbate interactions, multilayers of physisorbed molecules can adsorb 

on top of the initial monolayer of adsorbate on the adsorbent surface. Due to the chemical 

integrity of the species involved in physisorptive interactions, the adsorbate molecules can 

be easily removed from the surface, by any of several processes, such as elevating the 

temperature, with the surface subsequently regenerated for reuse. Physisorption 

interactions are relatively weak, with a magnitude of generally agreed to be approximately 

20-40 kJ mol-1 (108).  

Chemisorption is an adsorption process where formal chemical bonds are made between 

the adsorbate and adsorbent surface. Due to this fact, chemisorption can only form a 

monolayer on the surface of a material, with chemisorbed multilayers not possible, 

although physisorption can still occur onto a chemisorbed monolayer. Bonds formed during 

chemisorption may be more stable in configuration than the internal bonds of the 

adsorbate prior to adsorption. This can lead to dissociation of the adsorbate, which may 

then be desorbed as a chemically different species, however, it should be noted that 

desorption in this case is also more energetically demanding than for physisorption. An 

example of this is oxygen adsorbing onto a carbon surface, where it bonds to the surface 

via dissociation into oxygen atoms, and desorbing as carbon monoxide (109). All 

chemisorbed layers begin formation as a physisorbed molecule, which then undergoes 

chemisorption and creates formal bonds with the adsorbent. Chemisorbed bond enthalpies 

are much stronger than those observed for physisorption, with formal chemical bonds 

being involved, and their magnitudes are generally agreed to be >80 kJmol-1 (108).  

3.1.2 Adsorption Mechanism 

As physisorption involves intermolecular forces, and must be achieved preceding 

chemisorption, careful consideration and understanding of the intermolecular forces 
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experienced during adsorption processes should be investigated. Many types of 

intermolecular interactions can take place including but not limited to: charge- charge, 

charge dipole, dipole-dipole, charge-induced dipole, dipole-induced dipole, hydrogen bond, 

cation-π, π-π, van der Waals London forces and Van der Waals repulsion forces.  

Depending on the chemical nature of the adsorbent and adsorbate, any number of these 

interactions may take place, in tandem with each other, to give the unique adsorbate-

adsorbent behaviours present in any adsorption system. The system will tend to the 

interactions that leave the system in the lowest energy state possible i.e. the most 

spontaneous interaction and greatest payoff between release of heat and increase in 

disorder. For example, given the option between van der Waals forces and forming a 

hydrogen bond, the system will tend to form a hydrogen bond between the adsorbate and 

adsorbent as more energy is released. 

The conditions at which adsorption takes place can also cause variation in the interactions 

that occur. Raising or lowering the pH of a liquid phase system is one such way to greatly 

alter the interactions taking place between the adsorbate and adsorbent (110). For 

example, proton addition to unsaturated carbonyl groups on the surface of an adsorbent 

will reduce the n-π interactions between the lone pairs and the adsorbate and replace them 

with hydrogen bonding interactions from the new, highly electronegative, hydroxyl 

functional group present on the surface. The chemistry of the adsorptive molecule may also 

change with varying pH (111). For example, creating formal charges and other new avenues 

for adsorption, like the adsorbent example above. Investigation of how hydrogen ion 

concentration affects the adsorption capacity of a material, along with knowledge of the 

adsorbate and adsorbent chemistry can be used to build a picture of the intermolecular 

interactions governing the adsorption mechanism.  

3.2 Adsorption Equilibria 

3.2.1 Introduction 

Isotherms are one of the 3 ways of quantifying adsorption processes:  

1. Isotherms: At constant temperature, driving force (pressure or concentration) is 

varied while uptake of adsorbate (or surface coverage) is measured; 

2. Isobars: At constant driving force (pressure or concentration), temperature is 

varied and the uptake of adsorbate (or surface coverage) measured; 
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3. Isosteres: At constant surface coverage (uptake or mass adsorbed), temperature is 

varied and the response in driving force (pressure or concentration) is measured. 

Isobars and isosteres are difficult to measure experimentally, so isotherms are the most 

commonly reported and, consequently, most studies report adsorption data in the form of 

isotherms. As a consequence of this, isotherms have become important in the classification 

of adsorbents, they can be used to determine the maximum capacity of the adsorbate and 

to evaluate equilibrium constants, thereby determining the suitability of an adsorbent-

adsorbate pair. 

By performing isotherms at various temperatures, we can determine the exothermic or 

endothermic nature of the adsorption process. Information from this, such as the 

mechanism of adsorption, can be elucidated. A trend of increased uptake at an elevated 

temperature would imply an endothermic enthalpy of adsorption and, subsequently, a 

chemisorption system, while a decrease in adsorption at elevated temperature would imply 

an exothermic system, which can involve either physisorption or chemisorption (112). 

Further rationalisation and discussion of adsorption thermodynamics will be covered in 

Section 3.3  

By creating isosteres, i.e. determining the equilibrium concentration at constant coverage 

for different temperatures and using the van’t Hoff equation, the isosteric heats of 

adsorption can also be found at various surface coverages (113). Discerning if and how the 

enthalpy of adsorption varies with surface coverage can help with the interpretation of the 

adsorption mechanism. 

By fitting various isotherm models, such as Langmuir (114), Brunauer-Emmett-Teller (BET) 

(115), Freundlich (116) and Temkin (117), to experimentally obtained adsorption data, 

various parameters can be determined which describe the behaviour of those specific 

isotherms. The Langmuir and BET isotherm models are based on derivations from first 

principles, while the Freundlich and Temkin isotherm models are based on empirical data 

(118); however, all these models are based on inherent assumptions. The isotherm that fits 

the experimental data most appropriately can lend evidence that the data meets these 

assumptions better than other models. This can give an idea of the surface character of the 

adsorbent, and the adsorbent-adsorbate interactions occurring, such as the homogeneity 

or heterogeneity of the surface, the relationship between the enthalpy of adsorption and 

the surface coverage, and the existence of single or multilayer adsorption on the surface. 
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3.2.2 Langmuir Adsorption Theory 

Langmuir adsorption theory was devised by the chemist Irving Langmuir who used the 

kinetic theory of gases to describe the behaviour of adsorption onto homogenous surfaces 

(114). The theory was first presented in 1916. 

The key assumptions in Langmuir’s isotherm theory are: 

1. The surface of an adsorbent is a two-dimensional array of energetically 

homogenous sites; 

2. Only one molecule can adsorb onto any one site, and saturation of adsorption 

occurs at monolayer coverage; 

3. There are no interactions between adsorbed molecules. 

This gives us the following variables: 

 𝑁𝑚 = The total number of surface sites available for adsorption. 

 𝑁 = The number of sites occupied by adsorbent molecules under specific 

conditions. 

And, therefore: 

𝜃 =
𝑁

𝑁𝑚
(3.1) 

Where 𝜃 = The fraction of occupied sites. 

For a specific adsorbent at a fixed temperature, 𝑁𝑚 is constant but 𝑁 varies with the 

concentration or pressure of the adsorbate molecules in the system.  

The rate of adsorption is dependent on the likelihood of a successful collision between an 

adsorbate molecule and an empty site. As collision rate is directly proportional to the 

concentration or pressure of the adsorbate in the system, then: 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 ∝ 𝑃. (1 − 𝜃) 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝑘𝑎𝑑𝑠. 𝑃. (1 − 𝜃) (3.2) 

While the desorption rate is dependent on the number of sites occupied by adsorbate 

molecules: 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 ∝ 𝜃. 
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𝑅𝑎𝑡𝑒 𝑜𝑓 𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝑘𝑑𝑒𝑠. 𝜃 (3.3) 

Where: 

𝑃 = System pressure at equilibrium, in bar (can be interchanged with 

concentration or any other measure of chemical activity, note that this will change 

the units of the other variables in the derivation). 

𝑘𝑎𝑑𝑠 = Rate constant of adsorption in bar-1. 

𝑘𝑑𝑒𝑠 = Rate constant of desorption which is dimensionless. 

At equilibrium, the rate of adsorption and the rate of desorption are equal, so: 

𝑘𝑎𝑑𝑠. 𝑃. (1 − 𝜃) = 𝑘𝑑𝑒𝑠. 𝜃 (3.4) 

By stating: 

𝐾𝐿 =
𝑘𝑎𝑑𝑠

𝑘𝑑𝑒𝑠

(3.5) 

Where 𝐾𝐿 = Langmuir equilibrium constant in bar-1. 

Equation 3.4 can be simplified to: 

𝜃 =
𝐾𝐿. 𝑃

1 + 𝐾𝐿. 𝑃
(3.6) 

And by substituting in: 

𝜃 =
𝑛

𝑛𝑚

(3.7) 

Where: 

𝑛 = Moles of adsorbate adsorbed onto the surface at pressure P in mol g-1. 

𝑛𝑚 = Monolayer capacity of the adsorbent in mol g-1. 

We arrive at the final form of the Langmuir isotherm equation as: 

𝑛 =
𝑛𝑚. 𝐾𝐿. 𝑃

1 + 𝐾𝐿. 𝑃
(3.8) 
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Note that  𝑛𝑚 and 𝑛 can be swapped for any measurable unit that quantifies adsorption on 

the surface, e.g. 𝑞𝑚 and 𝑞 for the mass of adsorbate, or 𝑣𝑚 and 𝑣 for volume of adsorbate, 

etc. 

The Langmuir isotherm equation shown in Equation 3.8 can be linearised to the form 

shown in Equation 3.9: 

𝑃

𝑛
=

1

𝐾𝐿. 𝑛𝑚
+

𝑃

𝑛𝑚
 (3.9) 

If experimental data fits the Langmuir isotherm, it can indicate that the assumptions suit 

the system being investigated well. It can suggest that only monolayer coverage is present 

in the system, as well as the surface sites being homogenous and adsorption on these sites 

being independent of each other. This homogeneity can be validated through 

thermodynamic studies, such as those discussed later in Section 3.3. 

3.2.3 Brunauer-Emmett-Teller Adsorption Theory 

BET theory is an extension of Langmuir adsorption theory. It was developed, in 1938, after 

researchers observed that Langmuir theory breaks down at high pressures/concentrations 

(115). This is due to the assumption, within the derivation of Langmuir theory, that only 

monolayer coverage occurs. BET, by contrast, allows for multilayer coverage, increasing the 

validity of results obtained at high pressures/concentrations. 

The key assumptions of BET theory are: 

1. The adsorbent consists of an array of adsorption sites equal in energy; this energy is 

ΔHA.  

2. Adsorption in the first layer occurs only on these surface sites. 

3. Adsorbed molecules do not interact with neighbouring molecules. 

4. Multilayer formation can occur. 

5. Adsorption energy in the second and higher layers is equal to the heat of 

liquefaction, ΔHL. 

6. Adsorption and desorption occur only on/from exposed sites. 

 

The BET equation is shown in Equation 3.10: 

𝑃

𝑛 (𝑃0 − 𝑃)
=

1

𝑛𝑚
+ [

(𝑐 − 1)

𝑛𝑚𝑐
.
𝑃

𝑃0
] (3.10) 
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Where: 

 𝑃0 = Saturation vapour pressure of the adsorptive gas 

 𝑃 = Equilibrium pressure of the adsorptive 

 𝑛 = Adsorbate uptake at pressure P 

 𝑛𝑚 =  Adsorbate monolayer coverage 

 𝑐 = Dimensionless BET constant related to adsorption energy. 

The BET adsorption isotherm, and its applications, are discussed further in Section 3.5 

3.2.4 Freundlich Adsorption Theory 

The Freundlich Adsorption isotherm model is an empirical relationship proposed by Herbert 

Freundlich in 1909, prior to the theoretically derived models described above; the model 

was, by contrast, developed from empirical observations. 

The Freundlich isotherm is based on the following assumptions: 

1. The adsorbent consists of an array of energetically heterogenous sites. 

2. Adsorption in the first layer is localised to these sites. 

3. Adsorbed molecules can interact with neighbouring molecules. 

4. Multilayer formation can occur. 

5. Enthalpy of adsorption varies logarithmically with increasing surface coverage 

6. Adsorption and desorption occur only on/from exposed sites. 

The isotherm has, subsequently, been derived non-empirically from the van’t Hoff isochore 

equation, by assuming an exponential relationship between the enthalpy of adsorption and 

surface coverage (119), this will be discussed further in Section 3.3.2. Irrespective of the 

derivation pathway, the Freundlich isotherm assumes a heterogenous surface, caused by 

one or more of three instances: 

1. As adsorption takes place, adsorbed molecules interact with each other and alter 

the enthalpy of neighbouring sites; 

2. There exists more than one unique, chemically different site for adsorption with 

varying adsorption enthalpies and entropies. In this case, adsorption occurs at the 

sites most favourable for adsorption, then the less favourable sites at higher 

pressures or concentrations; 
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3. A variety of potential adsorbate- adsorbent interactions occur. While a lowest 

energy state is most probable to occur in the system, local minima also exist and 

adsorption interactions may take place in these configurations. 

The Freundlich equation for gaseous systems takes the form in Equation 3.11 below: 

𝑞 = 𝐾𝐹𝑃
1
𝑛𝐹 (3.11) 

Where: 

𝑞 = Uptake of adsorbate per mass of adsorbent, in mg g-1 

𝑃 = Pressure of the system at equilibrium, in bar 

𝐾𝐹 = Freundlich characteristic constant, in mg g-1 bar-1/n 

𝑛𝐹 = Heterogeneity parameter, a dimensionless constant, which gives a measure 

of the distribution of energy sites on the adsorbent, or the adsorption affinity 

between the adsorbent and adsorbate (120). 

In the case of adsorbent surface heterogeneity: 

- <1 suggests relatively heterogenous surface; 

- >1 Suggests a relatively homogenous surface. 

In the case of adsorption affinity: 

- <1 suggests poor affinity between the adsorbent and the adsorbate 

molecule and may be physisorptive in nature; 

- 1-2 suggests moderate affinity between the adsorbent and the adsorbate; 

- 2-10 represents a strong affinity in the system and may be chemisorptive in 

nature. 

In liquid systems, the Freundlich isotherm takes the form shown in Equation 3.12: 

𝑞 = 𝐾𝐹𝐶𝑒

1
𝑛𝐹 (3.12) 

 

Where: 

𝐶𝑒 = Concentration of the system at equilibrium, in mg L-1 

𝐾𝐹 = Freundlich characteristic constant, in mg(n-1)/nL1/ng-1 
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The Freundlich isotherm can be linearised to the equation shown in Equation 3.13, for gas 

phase systems: 

log(𝑞) = log(𝐾𝐹) +
1

𝑛𝐹
log(𝑃) (3.13) 

Or, for liquid phase systems, we arrive at Equation 3.14: 

log(𝑞) = log(𝐾𝐹) +
1

𝑛𝐹
log(𝐶𝑒) (3.14) 

The Freundlich isotherm model breaks down at high pressures, and concentrations, as it 

never reaches a theoretical maximum. It also does not obey Henry’s law at low pressures, 

and concentrations (i.e. a linear response at low chemical activity). 

If the Freundlich isotherm fits a system well, it may well indicate a system with 

heterogeneous surface character, where the enthalpy of adsorption varies exponentially 

with surface coverage. Multilayer coverage is also possible for these systems. 

3.2.5 Temkin Adsorption Theory 

Temkin adsorption theory is another empirical relationship developed as a response to the 

limitations of the Langmuir isotherm, proposed by Mihail Temkin in the 1930’s. The Temkin 

isotherm model assumes the following: 

1. The adsorbent consists of an array of energetically heterogenous sites. 

2. Adsorption in the first layer is localised to these sites. 

3. Adsorbed molecules can interact with neighbouring molecules. 

4. Multilayer formation can occur. 

5. Enthalpy of adsorption varies linearly with increasing surface coverage 

6. Adsorption and desorption occur only on/from exposed sites. 

The Temkin isotherm can also be validated thermodynamically using the van’t Hoff isochore 

equation, by showing that the enthalpy of adsorption varies linearly with surface coverage. 

The Temkin isotherm assumes that indirect adsorbate-adsorbate interactions are the cause 

of the heterogenous behaviour of the surface. It is noted, experimentally, that the heat of 

adsorption tends to decrease with increasing surface coverage. 

The Temkin isotherm model takes the form in Equation 3.15 below: 

q = 𝑛𝑇 ln(𝐾𝑇𝑃) (3.15) 



68 
 

Where: 

𝑞 = Uptake of adsorbate per unit mass of adsorbent, in mg g-1 

𝑃 = Pressure of the system at equilibrium, in bar 

𝐾𝑇 = Temkin equilibrium binding constant, in bar-1 

𝑛𝑇 = Constant, with units mg g-1, which is defined as, 𝑛𝑇 =
𝑅𝑇

𝑏𝑡
 

Where:  

𝑅 = Universal gas constant, 8.3145 J mol-1 K-1 

𝑇 = Temperature in K 

𝑏𝑇 = Temkin constant, which is related to the heat of adsorption in J g mg-1 

 mol-1 

In liquid systems, the Temkin isotherm equation takes the form of Equation 3.16 below: 

q = 𝑛𝑇 ln(𝐾𝑇𝐶𝑒) (3.16) 

Where: 

𝐶𝑒 = Concentration of the adsorbate at equilibrium, in mg L-1 

𝐾𝑇 = Temkin equilibrium binding constant, in L mg-1 

The Temkin isotherm model can be linearised to the form in Equation 3.17, for gas phase 

systems, below: 

q = 𝑛𝑇ln𝐾𝑇 + 𝑛𝑇ln𝑃 (3.17) 

 

Alternatively, for liquid phase systems, we obtain Equation 3.18: 

q = 𝑛𝑇ln𝐾𝑇 + 𝑛𝑇ln𝐶𝑒 (3.18) 

If the Temkin isotherm gives a good fit to experimental data, it may suggest a system with 

heterogenous character caused by interactions between particles in the adsorbate phase. 

This heterogeneity will linearly reduce the enthalpy of adsorption of the interactions, as 

surface coverage increases due to the assumption that adsorbate-adsorbate interactions 
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can occur, and highest energy sites fill first. Multilayer coverage may also be present in the 

system. 

3.3 Adsorption Thermodynamics 

3.3.1 Introduction 

For adsorption to take place spontaneously, the Gibbs free energy of a system must be 

negative (112). Gibbs free energy is a function of the enthalpy, temperature and entropy of 

a system, and the relationship between these is shown in Equation 3.19 below: 

∆𝐺 = ∆𝐻 − 𝑇. ∆𝑆 (3.19) 

Where: 

∆𝐺 = Change in Gibbs free energy of the system, in J mol-1 

∆𝐻 = Enthalpy change in the system, in J mol-1 

∆𝑆 = Entropy change in the system, in J mol-1 K-1 

𝑇 = Temperature of the system, in K 

In physisorption, a liquid or gaseous bulk phase contains adsorptive molecules, which are 

then immobilised on an adsorbent surface, reducing the degrees of freedom and, 

therefore, reducing the entropy of the system. This means that ∆𝑆 < 0 (negentropic) for all 

physisorptive processes. In order for these processes to proceed spontaneously, i.e. ∆𝐺 <

0, the enthalpy of a physisorptive process must always be negative, and therefore 

exothermic (112). These systems follow Le Chatelier's principle, where the equilibrium will 

move towards the desorbed state, as temperature increases (Gibbs free energy increases) 

and the amount adsorbed at an equilibrium concentration or pressure will increase at lower 

temperatures. There is also a critical temperature where, if the temperature is elevated 

above that value, the Gibbs free energy of the system will become positive, driving 

equilibrium towards the unadsorbed state due to the entropic term becoming larger than 

the enthalpic term. 

In chemisorptive systems the relationship between the enthalpy and entropy of the system 

is much more intricate. As chemical reactions- bond cleaving and synthesis- are highly 

dependent on the reactants involved and products created, the total enthalpy change of 

the system is highly specific to the adsorbents and adsorptives involved. Using the logic 
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outlined above, if the enthalpy change in the system is positive, in order for the process to 

be spontaneous, the entropy of the system must always be positive (entropic) (112). An 

example of this is dissociative adsorption, where the adsorbed molecule dissociates into 

fragments of the original adsorbed species, which then bond to the adsorbent through 

chemisorptive bonds. This increases the number of degrees of freedom of the system, in 

turn, increasing the entropy of the system. These systems favour higher temperatures, 

obeying Le Chatelier's principle by decreasing the Gibbs free energy of the system, driving 

equilibrium towards the adsorbed phase.  

Exothermic chemisorbed systems may either be entropically positive or entropically 

negative. Entropically negative exothermic chemisorbed systems behave exactly like 

physisorbed systems. Exothermic and entropically positive systems are spontaneous, at any 

temperature, but more spontaneous at higher temperature. This is counter intuitive to Le 

Chatelier's principle.  

Physisorption enthalpies, as stated above, are always exothermic, but also have weaker 

magnitudes than those of chemisorption systems, at 20-40 kJmol-1 for the initial 

monolayer coverage. Subsequent multilayers have enthalpy magnitudes analogous to heats 

of liquefaction. Chemisorption heats of adsorption have magnitudes of 80 kJmol-1 or 

greater (121). 

The magnitude and the sign of the enthalpy are both imperative to determining the type of 

adsorption occurring in the system.  

3.3.2 Van’t Hoff Isochore 

The van’t Hoff isochore equation is a relationship used in adsorption studies to determine 

the relationship between surface coverage and the enthalpy of adsorption (122). Many 

isotherm models make implicit assumptions between the surface coverage and the 

enthalpy of adsorption. Langmuir assumes a constant enthalpy, regardless of surface 

coverage, while Freundlich assumes an exponential change, and Temkin assumes a linear 

change with increasing surface coverage. An isochore, as stated above, is a method of 

measuring the change in adsorption parameters, where surface coverage is kept constant 

and the temperature is varied, allowing the change in equilibrium pressure or 

concentration of the adsorptive to be measured. Here, we use a series of isotherms, 

drawing a horizontal line at a given uptake on the y-axis and determining where this line 
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intercepts the isotherms, which are carried out at various temperatures. The corresponding 

equilibrium concentrations or pressures of the intersections at which these horizontal 

isochore lines intersect with the isotherms are noted. An example of this is shown in Figure 

3.11 below: 

 

Figure 3.11: Van’t Hoff isochore example plot 

The natural logarithm of these pressures or concentrations are then plotted against the 

inverse of the temperature, at which the isotherm was carried out, to produce a straight-

line plot. The gradient of this line is related to the enthalpy of adsorption, at the chosen 

surface coverage for the isochore, as shown in the Equation 3.20 below:  

(
𝜕𝑙𝑛𝑃

𝜕 (
1
𝑇)

)

𝜃

=
∆𝑎𝑑𝐻°

𝑅
(3.20) 

Where, 

∆𝑎𝑑𝐻° = The isosteric enthalpy of adsorption in J mol-1 

This isochore process is repeated for multiple constant surface coverages to obtain the 

trend in enthalpy of adsorption with surface coverage.  
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3.3.3 Gibbs Free Energy 

In order to use the isotherm equilibrium constant in the determination of Gibbs free 

energy, the isotherm equilibrium constant must be unitless to have any physical meaning. A 

correction is required, which is different for each isotherm, due to varying units and 

adsorption mechanisms (119). The standard equilibrium constant is related to the standard 

Gibbs free energy in Equation 3.21: 

∆𝐺𝜃 = −𝑅𝑇𝑙𝑛𝐾𝜃 (3.21) 

Where: 

𝐾𝜃 = Standard equilibrium constant  

∆𝐺𝜃 = Change in standard Gibbs free energy  

In general, for adsorption processes: 

𝑚 𝑆𝑖𝑡𝑒𝑠   +    𝑛 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑣𝑒   ↔    𝑝 (𝑆𝑖𝑡𝑒 − 𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒)   +    𝑞 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 

Where m, n, p and q are the stoichiometric coefficients of the four terms above, 

respectively. 

The equilibrium constant of this reaction is: 

𝐾 =
𝑞𝑒

𝑝𝐶𝑏
𝑞

𝐶𝑒
𝑛(𝑞𝑚 − 𝑞𝑒)

𝑚
 (3.22) 

Where: 

𝑞𝑒 = Number of adsorption sites occupied at equilibrium 

𝑞𝑚 = Total number of sites for adsorption 

𝐶𝑒 = Equilibrium adsorptive concentration 

𝐶𝑏 = Equilibrium product in solution concentration 

𝐾 = Equilibrium constant of the adsorption interaction 

 

Generally, this K still has dimensions and cannot be used in Equation 3.21 so must be 

corrected to the standard equilibrium constant 𝐾𝜃: 
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𝐾𝜃 =

(
𝑞𝑒

𝑞𝜃)
𝑝

(
𝐶𝑏

𝐶𝜃)
𝑞

(
𝐶𝑒

𝐶𝜃)
𝑛

(
𝑞𝑚 − 𝑞𝑒

𝑞𝜃 )
𝑚 (3.23) 

Or by substituting in Eq. 3.22: 

𝐾𝜃 = 𝐾(𝐶𝜃)
𝑛−𝑞

(𝑞𝜃)
𝑚−𝑝

(3.24) 

Where:  

𝐶𝜃 = Standard state of solution  

𝑞𝜃 = Standard state of solid  

IUPAC (International Union of Pure and Applied Chemistry) recommends using 𝐶𝜃 = 

1 mol L-1 and 𝑞𝜃 = 1 mol kg-1. This means any thermodynamic properties calculated using 

the equilibrium constants are relative to the adsorption of 1 mole of adsorbate from a 

liquid phase of concentration 1 mol L-1 on to a solid phase with 1 mol kg-1 concentration 

(119). As knowledge of the exact stoichiometry, and mechanism, of adsorption are not 

always known, assumptions are made depending on the isotherm model used to determine 

the K constant used for derivation. 

Langmuir: 

In the Langmuir model, the Langmuir isotherm constant can be rearranged from Equation 

3.8 to give Equation 3.25: 

𝐾𝐿 =
𝑞𝑒

(𝑞𝑚 − 𝑞𝑒)𝐶𝑒

(3.25) 

We make it dimensionless by multiplying the denominator by 
𝑞𝜃

𝑞𝜃 and by 
𝐶𝜃 

𝐶𝜃 
 and rearranging 

to give Equation 3.26: 

𝐾𝐿
𝜃 =

𝑞𝑒

𝑞𝜃

(
𝑞𝑚 − 𝑞𝑒

𝑞𝜃 )
𝐶𝑒

𝐶𝜃

= 𝐾𝐿 . 𝐶
𝜃 (3.26) 

More generally, in Langmuirian adsorption, assuming localised adsorption and only 

monolayer coverage, m, n and p from Equation 3.22 will be equal. This gives an equilibrium 

constant K as shown the Equation 3.27: 
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𝐾 = [
𝑞𝑒

(𝑞𝑚 − 𝑞𝑒)𝐶𝑒
]
𝑛

𝐶𝑏
𝑞 (3.27) 

Substituting in Equation 3.25 gives Equation 3.28 

𝐾 = 𝐾𝐿
𝑛𝐶𝑏

𝑞 (3.28) 

And, therefore: 

𝐾𝐿
𝜃 = 𝐾𝐿

𝑛𝐶𝑏
𝑞(𝐶𝜃)

𝑛−𝑞
(3.29) 

The standard Gibbs free energy for the system can be found from the equation 3.30: 

∆𝐺𝜃 = −𝑅𝑇𝑙𝑛(𝐾𝐿 . 𝐶
𝜃) (3.30) 

Temkin: 

The Temkin isotherm model is thought to follow the same regime as the Langmuir isotherm 

model, so: 

𝐾𝑇
𝜃 = 𝐾𝑇 . 𝐶𝜃 (3.31) 

As the enthalpy of adsorption decreases with increasing surface coverage, the Gibbs free 

energy calculated is the maximum free energy of the system: 

∆𝐺𝑚𝑎𝑥
𝜃 = −𝑅𝑇𝑙𝑛(𝐾𝑇 . 𝐶𝜃) (3.32) 

Freundlich: 

If we assume that the number of adsorption sites is much greater than the number of 

molecules adsorbed onto the surface, i.e. 𝑞𝑚 ≫ 𝑞𝑒, Equation 3.23 becomes Equation 3.33:  

𝐾 =
𝑞𝑒

𝑝𝐶𝑏
𝑞

𝐶𝑒
𝑛𝑞𝑚

𝑚
 (3.33) 

The Freundlich isotherm shown in Equation 3.12 can be derived from Equation 3.33, which 

can be rearranged to: 

𝑞𝑒 = (𝐾𝐶𝑒
𝑛𝑞𝑚

𝑚𝐶𝑏
−𝑞)

1
𝑝 (3.34) 

By taking the logarithm of both sides, and rearranging, we get: 

log 𝑞𝑒 =
1

𝑝
log(𝐾𝑞𝑚

𝑚𝐶𝑏
−𝑞) +

𝑛

𝑝
log𝐶𝑒 (3.35) 
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If we assume that 𝐾𝐹 = (𝐾𝑞𝑚
𝑚𝐶𝑏

−𝑞)
1

𝑝 , and the Freundlich heterogeneity parameter,   

𝑛𝐹 =
𝑝

𝑛
 , Equation 3.35 above becomes the linearised form of the Freundlich Equation 3.14. 

This shows a kinetic derivation of the Freundlich model, which was discovered empirically. 

We can rearrange 𝐾𝐹 = (𝐾𝑞𝑚
𝑚𝐶𝑏

−𝑞)
1

𝑝 to get Equation 3.36: 

𝐾 = 𝐾𝐹
𝑃𝐶𝑏

𝑞𝑞𝑚
−𝑚 (3.36) 

Therefore: 

𝐾𝐹
𝜃 = 𝐾𝐹

𝑃𝐶𝑏
𝑞𝑞𝑚

−𝑚(𝐶𝜃)
𝑛−𝑞

(𝑞𝜃)
𝑚−𝑝

(3.37) 

Due to the unknown nature of the exact mechanisms of adsorption in this work, the 

complex nature of the Freundlich adsorption mechanism did not allow for its use in 

determination of the Gibbs free energy of the systems. 

Once the appropriate equilibrium constant has been determined, the relationship below 

can be derived from the Gibbs free energy definition in Equation 3.19, and the Gibbs 

equilibrium relationship in Equation 3.21, to find the relationship below: 

𝑙𝑛𝐾𝜃 =
∆𝑆𝜃

𝑅
−

∆𝐻𝜃

𝑅𝑇
(3.38) 

Where: 

∆𝐻𝜃 = Change in standard enthalpy of adsorption 

∆𝑆𝜃 = Change in standard entropy of adsorption  

By determining isotherms at varying temperatures and plotting the natural logarithm of 

their corrected equilibrium constants vs the inverse of the temperature they were carried 

out at, a straight line can be obtained.  

The gradient and the y-intercept of this line can be found, and changes in entropy and 

enthalpy determined using Equation 3.39 and Equation 3.40 below: 

𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =
−∆𝐻𝜃

𝑅
(3.39) 

𝑦 − 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =
∆𝑆𝜃

𝑅
(3.40) 
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3.3.4 Scatchard Analysis 

Scatchard plot analysis is used to determine the homogeneity or heterogeneity of a surface 

(123). The Scatchard equation is shown in Equation 3.41 below: 

𝑞𝑒

𝐶𝑒
= 𝑞𝑠𝐾𝑏 − 𝑞𝑒𝐾𝑏 (3.41) 

Where: 

𝑞𝑒 = Uptake of the adsorbate on the adsorbent at equilibrium in, mg g-1 

𝐶𝑒 = Equilibrium concentration of the adsorptive in mg L-1 

𝑞𝑠 = Theoretical maximum uptake on the adsorption site in mg g-1 

𝐾𝑏 = Equilibrium constant of adsorption on to the adsorption site in L mg-1 

By plotting 
𝑞𝑒

𝐶𝑒
 vs 𝑞𝑒, a Scatchard plot can be acquired. 𝑞𝑚 and 𝐾𝑏 can be determined using 

Equation 3.42 and Equation 3.43 below: 

𝑠𝑙𝑜𝑝𝑒 = −𝐾𝑏 (3.42) 

𝑦 − 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 𝑞𝑠𝐾𝑏 (3.43) 

𝑞𝑠 is a measure of the capacity of the adsorption site, while 𝐾𝑏 is a measure of the affinity 

of the adsorbate to the adsorption site. 

For a completely homogenous surface, a linear Scatchard plot is expected. This provides 

evidence that the surface follows a Langmuirian regime. However, if a plot with multiple 

linear sections is achieved, the surface can be said to be heterogenous, with multiple 

binding sites available for adsorption. The relative affinity and capacity of these binding 

sites can be calculated by carrying out linear regression on each linear section. These 

individual sections can be discerned as high affinity or low affinity sites, based on their 

relative 𝐾𝑏 values. The chemical nature of the binding sites can be discerned via cross-

reference with techniques such as XPS and FTIR, as well as using information from SEM-EDS 

and thermodynamic studies. 



77 
 

3.4 Adsorption Kinetics 

3.4.1 Introduction 

Kinetic modelling is vital to the determination of the optimal characteristics of synthesised 

adsorbents. By analysing kinetic data obtained experimentally, it is possible to determine, 

not only the speed of adsorption but also, the maximum uptake that can be achieved by a 

sorbent, both of which must be maximised to have an efficient material for separation 

processes. In this work, kinetic data was fitted to the pseudo first order kinetic model, 

proposed by Lagergren (124), the pseudo second order kinetic model, proposed by Ho 

(125), the Elovich model proposed by Zeldowitsch (126), and the intraparticle diffusion 

model (127). 

3.4.2 Pseudo First Order Model 

The pseudo first order (PFO) kinetic model assumes that the rate of adsorption is directly 

proportional to the driving force of adsorption: the difference between the concentration 

of adsorbate on the surface at equilibrium and amount of adsorbate adsorbed at time t 

(128). 

The PFO model equation can be seen in Equation 3.44: 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡) (3.44) 

Where: 

 𝑞𝑡 = Uptake at time t in mg g-1 

𝑞𝑒 = Uptake at equilibrium in mg g-1 

𝑘1 = Pseudo-first order rate constant in s-1 

𝑡 = Time in s 

Integrating Equation 3.44, with boundary conditions 𝑞𝑡 = 0 at t = 0, and 𝑞𝑡 = 𝑞𝑡 at t = t, 

gives: 

𝐿𝑛(𝑞𝑒−𝑞𝑡) = 𝐿𝑛𝑞𝑒 − 𝑘1𝑡 (3.45) 

Or: 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) (3.46) 
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If a plot of 𝑞𝑡 vs t is made, then a curve with a steep increase in qt as t increases, reaching a 

plateau at an equilibrium value, is expected. 

3.4.3 Pseudo Second Order Model 

The pseudo second order (PSO) kinetic model assumes that the adsorption rate is 

dependent on the adsorption capacity of the sorbent, not the concentration of the 

adsorptive in solution (128). 

The PSO model equation can be seen in Equation 3.47: 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)

2 (3.47) 

Where: 

𝑞𝑡 = Uptake at time t in mg g-1 

𝑞𝑒 = Uptake at equilibrium in mg g-1 

𝑘2 = Pseudo-second order rate constant in g mg-1 s-1 

Integrating Equation 3.47, with boundary conditions 𝑞𝑡 = 0 at t = 0, and 𝑞𝑡 = 𝑞𝑡 at t = t, 

𝑡

𝑞𝑡
=

1

𝑞𝑒
2𝑘2

+
𝑡

𝑞𝑒

(3.47) 

Or, non-linearly: 

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1 + 𝑞𝑒𝑘2𝑡
(3.48) 

A plot of 𝑞𝑡 vs t should produce a curve with a steep increase in qt as t increases, reaching a 

plateau at an equilibrium value. 

3.4.4 Physical Meaning of Pseudo First and Second Order Models 

It has been noted, experimentally, that the PFO model fits data sets more accurately where 

there are very high initial adsorptive concentrations, or when there are fewer active sites 

available for adsorption. The PSO model fits data sets better at low concentrations, or when 

there is a relatively high proportion of active sites compared to adsorptive molecules (8). 

These high and low concentration considerations also align with the observation that many 

systems seem to fit the PFO model better at low adsorption times, when the adsorptive 
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concentration is high, and fit the PSO model better at longer adsorption times, when the 

adsorptive concentration is lower.  

In some cases, due to the low number of active sites or high adsorptive concentration, it is 

suggested that systems where the PFO model fits the data well are controlled by internal or 

external diffusion of adsorptive molecules to and from the active sites present. Due to the 

high number of sites present, or low concentration of adsorptive molecules, it is suggested 

that the rate limiting step in systems where the PSO model fits the data well, is the 

adsorption of adsorptive molecules on to the active sites (129). 

It has also been suggested that the PFO model indicates that the adsorbate-adsorbent 

interactions are of a physisorptive nature, meaning that only intermolecular forces are 

involved; while the PSO model is related to chemisorption, where formal chemical bonds 

are formed between the adsorbent and the adsorptive species (130). However, these are 

now points of contention and further investigation must be carried out to confirm the 

mechanism of adsorption through thermodynamic studies (131). 

3.4.5 Elovich Model 

The Elovich equation was outlined by Zeldowitsch (126) in 1934 to describe the kinetic 

behaviour of carbon monoxide onto a manganese dioxide adsorbent. This was later found 

to fit well the kinetic data for the chemisorption of gases onto solids, and also for 

adsorption of liquid pollutants in aqueous systems (129). It is thought that the Elovich 

model broadly describes chemisorption systems, and that the chemisorption process is the 

rate limiting step (129). It assumes that the rate of an adsorption process decreases 

exponentially as surface coverage increases. The Elovich model is shown below: 

𝑑𝑞𝑡

𝑑𝑡
= 𝑎𝐸𝑒−𝑏𝐸𝑞𝑡 (3.49) 

Integrating, between 𝑞𝑡 = 0 at 𝑡 = 0 and 𝑞𝑡 = 𝑞𝑡 at 𝑡 = 𝑡, gives: 

𝑞𝑡 =
ln(𝑏𝐸𝑎𝐸)

𝑏𝐸
+

ln(𝑡)

𝑏𝐸

(3.50) 

Where: 

𝑎𝐸 = Elovich desorption constant  

𝑏𝐸 = Elovich initial adsorption rate 
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3.4.6 Intra-Particle Diffusion Model 

The intra-particle diffusion model can be seen in Equation 3.51: 

𝑞𝑡 = 𝑘𝑖𝑛𝑡√𝑡 + 𝐶𝑖𝑛𝑡 (3.51) 

Where: 

𝑘𝑖𝑛𝑡 = Intraparticle diffusion rate constant, in mg g-1 s-0.5 

𝐶𝑖𝑛𝑡 = Boundary layer thickness constant, in mg g-1   

If the plot of 𝑞𝑡 vs √𝑡 gives a straight line passing through the origin, the intraparticle 

diffusion of the adsorbate is the sole rate limiting step. However, for many systems multiple 

linear sections can be identified, each indicating different diffusion systems corresponding 

to diffusion through films to the outer surface of the adsorbent, diffusion through the pores 

of the adsorbent, and/or adsorption/desorption processes at the surface. Each of these 

linear sections can be fitted to lines obtained in the aforementioned plot, and the rate 

constants and boundary thickness constants found to determine the number of, and 

relative speeds of, the respective diffusion processes (132).  

3 different types of plots following the intraparticle diffusion model have been identified by 

Wu et al (133): 

1. qt vs t0.5 shows one linear section which is a straight line passing through the origin. 

This indicates rapid initial adsorption where the diffusion is controlled by the 

diffusion across the boundary layer to the outer surface of the adsorbent. 

2. qt vs t0.5 shows multiple (2 or 3) linear regions. The first is that described in regime 1 

above, an initial steep linear section passing through the origin indicating the 

adsorption onto the outer surface of the adsorbent particle. The second is a less 

steep linear section with a smaller k value, indicating a slower rate of adsorption 

which has intraparticle diffusion as the rate limiting step. The third is s linear 

section where the line gradient decreases again, indicating a final equilibrium step 

where adsorption rate slows even further. 

3. qt vs t0.5 shows a single linear section but does not pass through the origin, and has 

a positive intercept on the uptake axis. This linear section represents section 2 from 

regime 2 above, indicating the rate limiting step for the adsorption is the intra-

particle diffusion. This also indicates that the initial rapid adsorption step indicative 
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of diffusion onto the surface of the adsorbent particles happens within a short 

period of time prior to the data points collected. 

3.5 Porous Materials & Quantification of Porosity 

3.5.1 Introduction 

As outlined before, adsorption is a surface phenomenon occurring at the interface between 

two phases. The adsorption capacity of a material is directly proportional to its surface 

area; hence, a high surface area is an advantageous trait for a material used in adsorption 

applications. 

Porous adsorbents are a family of materials that exhibit relatively high surface areas and 

adsorption capabilities, while retaining minimal density and volume of the material. This 

allows for adsorption systems to be reduced in weight and volume, while increasing their 

adsorption capacities and number of surface sites upon which adsorption can take place.  

Porous materials can have a wide variety of sizes of internal pores, as set out in the IUPAC 

classification (134), which are summarised in Table 3.17 below. 

Table 3.17: Pore size classification (134) 

Classification Size (nm) 

Macropores >50 

Mesopores 2 - 50 

Micropores <2 

 

Micropores are subdivided into three further classifications as shown in Table 3.18 below. 

Table 3.18: Micropore size classification (134) 

Classification Size (nm) 

Supermicropores 1.4 - 2 

Micropores 0.7 - 1.4 

Ultramicropores <0.7 

 

Knowledge of the pore size distribution of an adsorbent material is imperative to its 

application in an adsorption system, due to pore sieving effects that may be observed for 

adsorption of larger molecules, and to allow for correct transport of target adsorptive 

species to adsorption sites.  
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Pores in a material can be described as open, closed, transport or blind, and by the shape of 

their opening. A closed pore is a pore inaccessible to an external fluid, while an open pore 

has access to the external surface of the porous solid. A blind pore is one that finishes in a 

dead end and does not open onto another part of the external surface of the porous solid. 

A transport pore is one that opens at two or more different places on the external surface 

of the solid. Pore shapes can be described as cylindrical, ink-bottle-shaped, funnel-shaped 

or slit-shaped. Surface roughness can be described as porosity, if the roughness is deeper 

than it is wide. Figure 3.12 and Table 3.19 give examples of the different classifications of 

pore types, as outlined by Rouquerol and Avnir in 1994 (135). 

 

Figure 3.12: Schematic cross-section of a porous solid (135) 

 

Table 3.19: Characteristics of pores in Figure 3.12 

Pore Description 

a Closed pore 

b Open, blind inkbottle shaped pore 

c Open cylindrical pore 

d Open funnel shaped pore 

e Open, cylindrical transport pore 

f Open, blind, cylindrical shaped pore 

g Surface roughness  
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3.5.2 Surface Area Analysis 

Gas adsorption and desorption isotherms can be used in a variety of methods to determine 

the textural properties of a porous material. One such method is the application of 

Brunauer Emmett and Teller (BET) adsorption theory to determine the surface area of a 

porous material. 

In this study nitrogen was utilised as the adsorptive probe molecule at its normal boiling 

point of 77.4 K utilising liquid nitrogen as the cryogen. 

In applying the BET equation, as discussed in Section 3.2.3, a plot of 
𝑃

𝑛(𝑃0−𝑃)
 vs 

𝑃

𝑃0 is 

produced. Using linear regression, 𝑛𝑚 and 𝑐 can be determined using Equation 3.52 and 

Equation 3.53. 

𝑐 =
𝑠𝑙𝑜𝑝𝑒

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
+ 1 (3.52) 

𝑛𝑚 =
1

(𝑠𝑙𝑜𝑝𝑒 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡)
 (3.53) 

Using 𝑛𝑚 the BET surface area of an adsorbent can be found using Equation 3.54: 

𝑆 =  𝑛𝑚 ∙ 𝑁𝐴 ∙ 𝐴𝑚 (3.54) 

Where: 

𝑆 = Surface area of the adsorbent in m2 g-1 

𝑛𝑚= Adsorbate monolayer coverage in mol g-1 

𝑁𝐴 = Avogadro’s constant, 6.02 ×1023 molecules mol-1 

𝐴𝑚 = Cross-sectional area of one adsorbate molecule in m2 molecule-1 

In the case of nitrogen gas 𝐴𝑚 = 1.62 x10-19 m2 molecule-1 (136). 

3.5.3 Enthalpy of Adsorption 

Assuming that the second and subsequent layers of adsorption have a heat of adsorption 

equal to the heat of liquefaction, then the dimensionless BET constant can be used to 

determine the enthalpy of adsorption of the monolayer onto the surface of the adsorbent. 

It is found using Equation 3.55:  

𝑐 = 𝑒
[
|𝛥𝐻𝐴|−|𝛥𝐻𝐿|

𝑅𝑇 ]
 (3.55) 
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Where: 

 c = Dimensionless BET constant 

 |Δ𝐻𝐴| = Modulus of the enthalpy of adsorption of the adsorbent in J mol-1 

|Δ𝐻𝐿| = Modulus of the heat of liquefaction of the adsorbate in J mol-1 

R = Universal gas constant, 8.3145 J mol-1 K-1 

T = Temperature of adsorption vessel in K 

3.6.4 Microporous Correction for Brunauer-Emmett-Teller Analysis 

Traditionally, in the linear regression step of BET surface area analysis, a relative pressure 

range (
𝑃

𝑃0) of 0.05-0.3 is used for analysis. However, in the case of microporous adsorbents, 

this often gives rise to regressions with low R2 values due to a lack of fit in this range, 

indicating that the BET equation, in its traditional form, is unsuitable to interpret the 

surface areas of such materials. Another commonly found error is that regressions in this 

range give negative BET dimensionless constants, which are impossible and have no 

meaning physically. It is, therefore, necessary to carry out a Rouquerol correction on 

adsorption data where the adsorbent is suspected of containing micropores within is 

network (134). The Rouquerol function is shown in Equation 3.56: 

𝑓(𝑥) = 𝑛 [1 −
𝑃

𝑃0
] (3.56) 

Points applicable for use in calculating the surface area of an adsorbent are those in which 

the rate of change of the Rouquerol function is continually increasing. A plot of 𝑛 [1 −
𝑃

𝑃0] 

vs 
𝑃

𝑃0 is obtained and only the points where the gradient is positive are used in the linear 

regression. An example Rouquerol plot with the upper cut-off limit is shown in Figure 3.13 

below. 
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Figure 3.13: Example Rouquerol plot 

3.5.5 Mesopore Size Distribution 

The built in ASAP2020 software calculates pore sizes from Barrett-Joyner-Halenda (BJH)  

analysis (137). This analysis is only applicable for pores in the mesopore and small 

macropore range, i.e. 2-50 nm. The system does this by using a modified form of the Kelvin 

equation to calculate film thicknesses inside the pores. This is, in turn, used to calculate an 

average pore size. The incremental decrease in volume adsorbed is then calculated for each 

decrease in relative pressure. These incremental decreases are used to calculate a 

cumulative pore volume for each relative pressure. This cumulative volume is then 

differentiated with respect to pore width and the data plotted. Any peaks in this differential 

cumulative volume indicate a rapid emptying of pores at the relevant relative pressure and, 

therefore, indicate an associated average pore width and the existence of pores of that 

width within the material being analysed. In this work, a Faas correction (138) was applied, 

and the thickness equation used was that for carbon black. 

3.5.6 Micropore Analysis 

To further analyse the microporous structures within the material, the Dubinin-

Radushkevich (DR) model was applied (139). The DR equation is shown in Equation 3.57: 

log(𝑛) = 𝑙𝑜𝑔 ∙ 𝑛0 − 𝐷𝐷𝑅 ∙ 𝑙𝑜𝑔2 (
𝑃0

𝑃
) (3.57) 
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Where: 

 𝑛 = Number of moles of adsorbate at a given pressure in mol g-1 

 𝑛0 = Total moles of adsorbate adsorbed onto the surface of micropores in mol g-1 

 𝐷𝐷𝑅 = DR constant in log(mol g-1) 

𝑃0 = Saturation vapour pressure of the adsorptive gas 

 𝑃 = Equilibrium pressure of the adsorptive 

 

𝐷𝐷𝑅  is related to the strength of interactions between the adsorbent and adsorbate and 

can, therefore, be used to determine the pore size distribution of the adsorbent. 

In applying the DR equation, a plot of log(𝑛) vs 𝑙𝑜𝑔2 (
𝑃0

𝑃
) is produced. Linear regression 

can be carried out and 𝑛0, and 𝐷𝐷𝑅, calculated through Equation 3.58 and Equation 3.59. 

𝑛0 = 10𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 (3.58) 

𝐷𝐷𝑅  = −𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 (3.59) 

The micropore area can then be calculated using Equation 3.54. 

A perfectly linear DR relationship implies that the micropore size distribution is a Gaussian 

distribution centred around 1 nm. Low pressures (high 
𝑝0

𝑝
) are where adsorption occurs in 

small micropores (ultramicropores), and high pressure (low 
𝑝0

𝑝
) is where adsorption occurs 

in large micropores (supermicropores). Deviations from this ideality can occur, values for 

log(𝑛) lower than the expected straight line imply reduced adsorption in the pores in that 

pressure region. Conversely, deviations higher than the expected ideal line imply increased 

adsorption in the pores at that pressure (140). 

The percentage of pore volume attributed to micropores can be found using Equation 3.60: 

 𝑀𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 % =
𝑛0

𝑀𝑄𝐴
∗ 100 (3.60) 

Where: 

 𝑀𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 % = Percentage of pore volume attributed to micropores 
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 𝑛0 = Total moles of adsorbate adsorbed onto the surface of micropores in mol g-1 

𝑀𝑄𝐴 = Maximum quantity adsorbed of adsorptive at 
𝑃

𝑃0 close to 1 in mol g-1 

3.5.7 Isotherm and Hysteresis Classification 

The shape of the adsorption isotherm allows elucidation of key information relating to the 

textural properties of the tested material (134). Physisorption isotherms may show 

characteristics of one or more of the eight isotherm classifications shown in Figure 3.14. 

 

Figure 3.14: Physisorption isotherm classifications (134) 

A summary of how these isotherm classifications inform the sorbents characteristics is 

shown in Table 3.20: 

By studying the shape of the hysteresis loop of the isotherm, information can be gained as 

to the nature of the porous structures present within the material. The six main types of 

hysteresis loops found are shown in Figure 3.15. 
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Table 3.20: Isotherm classifications and sorbent characteristics (134) 

Isotherm type Sorbent characteristics 

I(a) Microporous with narrow micropores <~1 nm 

I(b) Microporous over a broader range, possibly small mesopore <~2.5 nm 

II Nonporous/macroporous sorbent  

III Weak adsorbent/adsorbate interactions 

IV(a) Capillary condensation in mesopores above a critical width  

IV(b) Mesopores with no capillary condensation, mesopores below a critical width  

V Weak adsorbent/adsorbate interactions but increased uptake during multilayer 

formation due to strong adsorbate/adsorbate interactions 

VI Layer by layer adsorption on highly uniform nonporous surface 

 

 

Figure 3.15: Hysteresis loop classification (134) 

 

A summary of the behaviours leading to these hysteresis loops can be seen in Table 3.21. 
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Table 3.21: Summary of hysteresis type and pore characteristics (134) 

Hysteresis type Pore characteristics 

H1 Ink-bottle pores 

H2(a) Pore-blocking in narrow range of mesopores or cavitation induced evaporation 

H2(b) Pore blocking across a large range of mesopores 

H3 Non-rigid aggregates of plate-like particles or milling of macropores 

H4 Filling of micropores 

H5 Partially blocked mesopores 

 

3.6 References 

1. Pourhakkak P, Taghizadeh A, Taghizadeh M, Ghaedi M, Haghdoust S. Fundamentals 
of adsorption technology.  Interface science and technology. 33: Elsevier; 2021. p. 1-70. 
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4 Experimental Techniques 

4.1 Materials 

The brewer’s spent grain (BSG) samples were acquired from Tennent Caledonian Breweries 

UK’s Wellpark brewery site. The parent sample that was used for all syntheses was 

recovered from a mash completed that day to avoid contamination, ensure no post 

processing of the grains had taken place and reduce potential degradation of the biological 

material. Other chemicals used within this study were: 

• Carbon dioxide, nitrogen and oxygen gases acquired from BOC UK. 

• Sodium nitrate, used in the point of zero charge and adsorption experiments, extra 

pure grade acquired from Thermo Scientific UK. 

• Nitric acid stock solution purchased from Thermo Scientific UK at ACS reagent 

grade. 

• Sodium hydroxide, analytical reagent grade, purchased from Fisher Scientific UK. 

• pH 4.01 (910104) and pH 10.01 (910110) Orion Application buffer solutions 

purchased from Thermo Scientific UK. 

• Methyl orange dye powder, 85% dye content, purchased from Sigma-Aldrich UK. 

The balance consists of sodium chloride, residual water and stabilising agents. 

• Hydrochloric acid, ACS reagent- 37% solution in water, purchased from Thermo 

Scientific UK. 

4.2 Biochar synthesis 

4.2.1 Drying of Brewer’s Spent Grain 

4.2.1.1 Introduction 

As received, the brewer’s spent grain contains a large amount of water, retained from the 

mashing process. This must be removed to homogenise the feedstock prior to pyrolysis, to 

increase the ambient shelf life of the spent grains by reducing removing optimal conditions 

for mould growth, and to determine the water content of the feedstock. Prior to drying, the 

as received brewer’s spent grain is stored at -18 °C in a LEC laboratory freezer. The brewer’s 

spent grain is dried in accordance with an abridged method from the American Society for 

Testing Materials (ASTM) E871-82 Standard Test Method for Moisture Analysis of 

Particulate Wood Fuels (141). 
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4.2.1.2 Method 

Approximately 30 g of the wet brewer’s spent grain was placed on a glass dish and placed 

into a Memmert UFE400 vacuum oven set at 103 °C. The sample was allowed to dry for 6 h 

before being removed and placed into a desiccator and allowed to cool to room 

temperature. Once cooled, the samples were removed from the desiccator, weighed, and 

returned to the vacuum oven. After 2 h, the samples were removed, cooled in the 

desiccator, and weighed again. This process was repeated until the weight difference in two 

consecutive measurements varied by no more than 0.2%. This was repeated in triplicate to 

determine the water content of the brewer’s spent grain as received. 

4.2.2 Pyrolysis of Brewer’s Spent Grain  

4.2.2.1 Introduction 

The pyrolysis of the brewer’s spent grain was carried out using a Lenton Thermal Designs 

LTF 12/38/500 tube furnace. An alumina crucible was used to hold the spent grains, while 

an alumina tube with 25 mm bore housed the pyrolysis chamber. Nitrogen and carbon 

dioxide gas with their respective rotameters were connected via tubing to a bung at one 

side of the alumina tube. The other side of the bung was connected to a bubbler to 

maintain an inert atmosphere in the event of gas failure, but also to rapidly cool the 

exhaust gases and remove any volatile material from the gas stream on its way to the 

ventilation system. The entire apparatus was housed within a fume cupboard. The 

apparatus set-up is shown in Figure 4.16. 

 

Figure 4.16: Tube furnace and bubbler set-up 

The operation of the tube furnace consists of three distinct phases: ramping, holding, and 

cooling. In the ramping phase, the temperature is elevated at a constant rate to a 

predetermined setpoint temperature under a constant flow of nitrogen. During the holding 
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phase, the setpoint temperature is maintained for a predetermined time under a constant 

flow of carbon dioxide gas. Finally, during the cooling phase, the furnace apparatus is 

allowed to cool under a flow of nitrogen gas until 450 °C, the gas flow stopped, and the 

bubbler stem removed. The apparatus was then allowed to cool to ambient temperatures 

overnight. The five process variables: hold temperature, hold time, ramp rate, nitrogen gas 

flowrate and carbon dioxide gas flowrate are all determined by the experimental design 

matrix in use. 

Due to local lab policy, cylinders could not be left open overnight, an operator must be 

present or appropriate interlocking control measures in place. This is due to the risks 

associated with an uncontrolled release of an asphyxiant gas. It was observed that if the gas 

flow was stopped and the bubbler stem left submerged, due to gas contraction in the tube, 

water would be drawn up into the tube and spoil the samples. This meant that samples 

needed to be cool enough by the end of the lab operating hours to allow gases to be turned 

off, hence, the autoignition temperature of carbon black (450°C) was taken as the safe 

temperature at which the samples could be exposed to an oxygenated environment 

without safety concerns, which allowed for an increased range of values to be used for the 

ramp rate and hold time, increasing the usefulness of the design of experiments. 

4.2.2.2 Method 

Approximately 1.6 g of dried brewer’s spent grain was weighed out and inserted into the 

alumina crucible. The crucible was then inserted into the centre of the alumina tube. The 

bungs were attached, and the nitrogen gas flow was allowed to purge the system for 

20 min. After this, the furnace was turned on and the ramping phase commenced. Once the 

setpoint temperature had been reached, the gas flow was switched from nitrogen to 

carbon dioxide. Once the isothermal hold phase had completed, the heating element in the 

furnace was turned off and the gas flow manually switched back to nitrogen. Once the 

temperature had cooled to 450 °C, the gas flow was halted, and the bubbler stem removed. 

The following morning, once the full furnace apparatus had been allowed to cool to 

ambient temperature, the crucible was removed and weighed to determine the biochar 

yield. 
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4.2.3 Post Synthesis Acid Activation 

4.2.3.1 Introduction 

Some biochar samples were washed post-pyrolysis with hydrochloric acid to increase their 

efficacy in liquid phase adsorption studies. Washing biochar removes ash from the pore 

matrix, which may block pores and reduce the adsorption capacity. Ash content of less than 

10% is mandated for activated carbons and biochars by the Indonesian national standards 

authority (SNI No. 06-3730-1995) (142). In some cases, washing may also modify the 

surface chemistry of the material, depending on the washing solvent used. This may or may 

not be desirable depending on the application for the biochar. 

In this work, the biochar was washed with dilute hydrochloric acid; this was not only to 

increase the ash removal rate but also to protonate the surface of the biochar. This would 

potentially decrease the point of zero charge and make the surface more favourable for the 

adsorption of anionic pollutants. 

4.2.3.2 Method 

After pyrolysis, the biochar was weighed and added to a conical flask containing 100 mL of 

0.1 M hydrochloric acid and agitated for 1 h at room temperature. The sample was then 

strained through a sieve and the residue added to a beaker containing 500 mL of boiling 

deionised water, on a VWR VMS-C4 hotplate. This was mixed manually, and via convection 

currents, for 10 min. Meanwhile, the filtrate was passed through a Büchner funnel with 

qualitative-grade QL100 filter paper to preserve any particulate which may had passed 

through the sieve. The boiling water and biochar mixture was then passed through a sieve 

and the residue added to 500 mL of room temperature deionised water, and the filtrate 

again passed through a Büchner funnel with qualitative grade QL100 filter paper. The last 

step was repeated a further four times to ensure any excess acid had been washed from 

the biochar. The residue and Büchner funnel contents were collected and dried at 103 °C in 

a Memmert UFE400 vacuum oven for 24 h. The dried char is then collected and weighed to 

determine the washing yield. 
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4.3 Sample Composition and Morphology 

4.3.1 Thermogravimetric Analysis 

4.3.1.1 Introduction 

Thermogravimetric analysis (TGA) can be used to determine the content of a carbonaceous 

material, which falls in to four categories: moisture, volatiles, fixed carbon, and ash. This 

proximate analysis data can be used to determine the macromolecular makeup of the 

biochars and elucidate the changes the synthesis processes make to the biomass precursor 

material.  

4.3.1.2 Method 

The samples were analysed using a NETZSCH STA 449 F4 Jupiter simultaneous 

thermogravimetric analyser, shown in Figure 4.17.  

 

Figure 4.17: NETZSCH STA 449 F4 Jupiter STA apparatus 

The procedure was carried out using a gas flow of 50 mL min-1 in the chamber with a 60 mL 

min-1 protective flow of Nitrogen gas in the anulus. Alumina crucibles were used due to the 

high temperatures of the analysis with the reference crucible remaining empty for all runs. 

The analysis consisted of three phases: ramping under an inert nitrogen atmosphere to 

900 °C at a rate of 7.5 °C min-1, a 10 min isothermal step under nitrogen at 900 °C and a 

10 min isothermal step in an atmosphere of 20% oxygen and 80% nitrogen. The instrument 

was then cooled to 800°C before the gas flows were halted and the instrument allowed to 

cool to ambient temperature.  

The moisture content can be found by determining the mass at the plateau occurring 

around 100 °C. The volatile matter is the mass lost during the ramping and higher 
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isothermal step under inert atmosphere, minus the moisture content. The fixed carbon is 

the mass lost during the isothermal step where oxygen is introduced. The ash content of a 

sample is the residual mass remaining after the step within which oxygen is introduced to 

the system. An example TGA mass loss curve can be seen in Figure 4.18. 

 

Figure 4.18: Example TGA mass loss curve 

By plotting the first derivative of percentage mass with respect to time vs time, the 

minimum turning points can be found, and the times at which the rate of change of mass 

with respect to time is at its maximum can be determined. These minimum turning points 

are associated with the points of inflection of the mass loss curve, the temperatures of the 

points of inflection can be found using the temperature vs time graph. By finding these 

burn-off temperatures and checking the pyrolysis temperatures of certain compounds 

expected within the material we can determine the macromolecular make-up of the 

sample. An example derivative mass loss curve can be seen in Figure 4.19. 
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Figure 4.19: Example 1st derivative of mass loss curve 

 

4.3.2 Carbon, Hydrogen and Nitrogen Elemental Analysis 

4.3.2.1 Introduction 

Carbon, hydrogen and nitrogen (CHN) elemental analysis is a method used to determine 

the percentage of hydrogen, nitrogen, carbon, and residue in a material through 

combustion. It can be used alongside other techniques to determine the chemical makeup 

of a material. A high carbon content is imperative to biochar function, but knowledge of 

hydrogen and nitrogen proportions can tell us about surface chemistry and 

functionalisation of the material. Low hydrogen content could imply the existence of 

graphene rings or high oxygen functionality. If nitrogen is present, it can imply amine 

groups or the existence of proteins in the feedstock. High residue percentages can imply 

presence of metals and heavier non-metals in the precursor material. Cross validation with 

other techniques is essential to determine the material composition. 

CHN analysis determines the carbon, nitrogen, and hydrogen content of a material by fully 

oxidising the material, removing unwanted analytes, separating the resultant water, carbon 

dioxide and nitrogen gas mixture, and measuring the gas mixture masses. The residual mass 

of all non-carbon, hydrogen and nitrogen elements is then determined by difference. 
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4.3.2.2 Method  

The experimental procedure for this was carried out by the technical staff in the 

department of Civil and Environmental Engineering at the University of Strathclyde on a 

ThermoScientific FlashSmart Elemental analyser shown in Figure 4.20 on the CHN analysis 

setting. In this setting, Helium was chosen as the carrier gas and approximately 0.5-3.5 mg 

of sample was used per run. Each sample was run in duplicate. 

 

Figure 4.20: ThermoScientific FlashSmart Elemental Analyser apparatus 

Material samples were weighed and encased in tin metal pans which were crimped to 

ensure no sample loss. The chamber was evacuated and purged with the carrier gas. The 

samples were dropped into oxidation chamber at 950 °C by an auto sampler controlled by 

the apparatus. When the crucible reaches the hottest part of the reactor, a pulse of pure 

oxygen was injected into the chamber. Oxidation of tin is highly exothermic so the 

temperature spikes rapidly to approximately 1800 °C, completely combusting the material. 

The resulting gaseous mixture of water, carbon dioxide, nitrous oxides, sulphurous oxides, 

nitrogen, unreacted oxygen, and halogenated compounds then entered the reduction 

chamber containing a coil of copper wire where the nitrous oxides are reduced to 

dinitrogen gas and sulphurous oxides are reduced to sulphur dioxide. Elemental oxygen is 

completely retained within the reduction chamber. The gas mixture is passed through a bed 

of cobaltic oxide catalyst to remove any sulphur dioxide and halogenated compounds. The 

gas mixture of carbon dioxide, water and nitrogen then enters a gas chromatography 

column where the gases are separated prior to analysis in the thermal conductivity detector 

which reports the percentages of carbon, hydrogen, and nitrogen on an atomic basis. The 

software then converts this into a mass % basis. 
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4.3.3 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

4.3.3.1 Introduction 

Scanning electron microscopy (SEM) is a technique employing the use of an electron beam, 

focused, and scanned across a sample to render an image of the sample surface to massive 

magnifications, simply not possible with a conventional optical microscope.  

The sample chamber is evacuated to an ultra-high vacuum. The electron beam is generated 

at the thermionic cathode and accelerated down towards the sample through the hole in 

the positively charged anode. An electromagnetic lens focuses the beam to a point while 

another electromagnetic deflection field generating component is used to move the beam. 

The sample chamber contains two detectors, a secondary electron detector (SED) covered 

with a positively charged grating to attract the secondary electrons, and an energy 

dispersive X-ray detector (EDX). 

In image generation, the deflection field is used to point the beam to the top left part of the 

image collection area, it targets the beam to this area for a short time, bombarding the area 

with primary electrons from the beam. These primary electrons collide with the electrons in 

the sample, knocking some of them out producing secondary electrons which are then 

attracted to the SED. The SED counts the number of electrons being detected and registers 

this as a dot with varying brightness, depending on the number of electrons counted. The 

deflection field then pans to the right and repeats this process until slowly building up an 

image shown on the display. Areas where lots of secondary electrons are detected show us 

brighter spots and where fewer secondary electrons are generated show up as darker 

spots. 

While in operation for the energy dispersive X-ray spectroscopy (EDS) mode, the detector is 

changed to the EDX detector. X-rays are produced as electrons from higher energy levels 

drop down to fill the holes left by the secondary electrons being ejected from the atoms. 

These X-rays are characteristic of energy level transitions in specific elements, so not only 

the intensity of each X-ray but the energies are monitored as well. In a similar operating 

procedure to the image generation, using the X-ray detector an intensity vs energy 

spectrum for each pixel can be obtained. This can be translated by the software into 

relative intensities of each element using curve fitting software and knowledge of the 

energy transitions of each element at every pixel. This data can then be shown as an image 

showing a heat map of different elements on the surface of the material. An overall 
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elemental makeup of the surface scanned can also be obtained. It should be noted that 

these elemental make-ups calculated are only for the surface of the material because of the 

inability of the electrons to penetrate deep into the sample. 

4.3.3.2 Method  

The SEM and EDS measurements were carried out on a JEOL JSM-IT100 InTouchScope 

Tungsten low-vacuum SEM in the Department of Physics at the University of Strathclyde. 

The SEM EDS setup is shown in Figure 4.21 below: 

 

Figure 4.21: JEOL JSM-IT100 InTouch Scope apparatus 

Due to the suspected high proportion of graphitic carbon in the biochar samples measured, 

the samples were deemed to be conductive and not required to be coated in gold to carry 

out the measurements.  

Nitrile gloves were used on all apparatus that would go into the specimen chamber to 

ensure no contamination from oils from skin in the chamber. The oils easily volatilise and 

gather at the detectors, skewing results and requiring expensive and time intensive 

cleaning procedures. 
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Due to the powdery nature of the samples and the high vacuum environment of the 

analysis chamber, the samples had to be immobilised to ensure accurate measurement and 

to avoid any damage to the detectors. This was achieved though the used of adhesive 

carbon tape mounted on aluminium stubs. The samples were milled, in a mortar and pestle, 

and stamped with the adhesive carbon tape to immobilise a thin layer of powder. The stubs 

were then blown with compressed air to remove powder not firmly secured to the 

adhesive. While it is possible the adsorbent characteristics of the material may be affected 

by the particle size of the samples, this milling procedure was only carried out for this 

measurement due to the experimental constraint. All other measurements in this work 

were carried out on as produced material. 

The stubs loaded with sample were loaded onto the sample stage, placed into the specimen 

chamber and the chamber evacuated. The sample stage can be seen in Figure 4.22 below: 

 

Figure 4.22: JEOL JSM-IT100 sample stage 

The working distance was set to 10 mm, the accelerating voltage set to 20 kV. The probe 

current variable has arbitrary units and varies from 0-99. The larger the probe current, the 

more electrons are fired from the thermionic cathode per second, as electrons repel each 

other this leads to a larger probe diameter and larger spot size. Larger spot sizes lead to 

lower resolution images but smoother image quality. Higher probe currents are sometimes 

desirable when detecting X-rays to increase the signal received. For SEM image acquisition 

a probe current of 50 a.u. was selected to obtain a balance between image quality and 

resolution. For EDS spectral analysis and elemental mapping, a probe current of 80 a.u. was 

selected, as this method requires higher energy input to improve the X-ray signal quality. 
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For analysis, sites of interest were located, and the lenses focused to provide a sharp 

image. Magnifications in the range of 100- 1000x were employed in this work. Both SEM 

images through SED detection and EDS spectra through EDX detection are carried out at all 

sites of interest. Topographical and morphological data analyses were carried out on the 

SEM images while quantitative elemental analysis and elemental heat mapping were 

carried out on the EDS data.  

4.4 Nitrogen Adsorption Characterisation 

4.4.1 Method 

Nitrogen adsorption isotherms were obtained using a Micromeritics ASAP 2420 Surface 

Area and Porosity Analyser, shown in Figure 4.23. In this work, nitrogen gas was used as the 

adsorptive and adsorption measured at 77.4 K. 

 

 

The BET analysis tubes were first removed from the drying oven and allowed to cool to 

room temperature before being weighed and the mass recorded. The target surface area in 

the tube was approximately 50 m2g-1, allowing calculation of approximate sample mass, 

based on the expected specific surface area of the material. The mass of sorbent was added 

to the tube and the exact mass recorded. The sample tube was then attached to a degas 

port on the Micromeritics assembly, and a heating jacket clipped in place around the bulb. 

The system was then set to degas the sample, at 250 °C for 4 h under vacuum, to remove 

Figure 4.6: Micromeritics ASAP 2420 apparatus used in 
this study. 
Figure 4.23: Micromeritics ASAP 2420 apparatus used 
in this study 
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any adsorbed moisture or volatile material from the surface prior to analysis. A high 

temperature was chosen because of the high thermal stability of the samples and to ensure 

maximum degassing prior to analysis due to the highly microporous nature of these 

samples, as indicated by initial experiments. The sample tube was then removed from the 

degas section and the weight recorded. The analysis ports were cooled using liquid nitrogen 

at its normal boiling point; the liquid nitrogen level in the analysis port was topped up prior 

to each analysis run. The sample tube was then fitted with an insulating jacket, with a filler 

rod inserted to reduce the dead volume within the tube, before inserting the tube into an 

analysis port. A 49-point adsorption profile from 0.005-1 relative pressure, and a 30-point 

desorption profile from 0.1-1 relative pressure, was devised and used to measure the 

sorption isotherms. Extra analysis points in the low-pressure zone were required, due to 

the highly microporous nature of the samples. The analysis was run at 77.4 K with an 

equilibration time of 20 s. Once completed, the sample was recovered, as nitrogen 

adsorption is a non-destructive analysis technique, and the tube and filler rod washed and 

returned to the drying cabinet. 

4.5 Surface Characterisation 

4.5.1 Point of Zero Charge 

4.5.1.1 Introduction 

In this work, the point of zero charge (PZC) was determined using a salt addition method, 

performed using sodium nitrate, with an ionic strength of 0.1, as the medium. A point of 

zero charge experiment shows the pH at which a material exhibits no electrical charge. At 

pH values above that of the point of zero charge, the surface of the material will exhibit a 

net negative charge, making the material suitable for adsorption of cations. At pH values 

below the point of zero charge, the surface of a material will exhibit a net positive charge, 

making the material suitable for adsorption of anionic species.  

This behaviour can be explained through le Chatelier’s principle. At the point of zero 

charge, the hydrogen ion concentration of the surface of the material is at equilibrium with 

the solution it is in. If the pH the solution is above or below the PZC, the material will 

attempt to correct this perturbation. If the pH of the solution is above the PZC, hydrogen 

ions will dissociate from the material to attempt to lower the PZC, this results in a negative 

surface charge with the lone pairs left behind after hydrogen dissociation. If the pH of the 

solution is below the PZC, the material will adsorb hydrogen ions to reduce the hydrogen 
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ion concentration and attempt to increase the pH of the solution. The hydrogen ions will 

associate at sites where hydrogen ions can be accepted such as lone pairs of electrons, and 

result in a positive charge on the surface. 

A low PZC can therefore indicate a greater proportion of weak acid functional groups such 

as phenol of hydroxyl groups, while a high PZC can indicate a greater proportion of 

functional groups containing lone pairs or delocalised electrons such as amines, carbonyl or 

aromatic rings.  

4.5.1.2 Method 

A Vernier pH sensor with Vernier Go-Link USB interface was used, with LabQuest data 

logging software, to measure solution pH. Before use, the sensor was calibrated by a 2-

point calibration method using pH 4.01 and pH 10.01 buffer solutions.  

A bulk solution of 0.1 M NaNO3 was prepared and split into five separate sealed containers 

of 500 mL. Each container then had the pH probe inserted and the solution titrated to a 

new pH using 0.1 M HNO3 and 0.1 M NaOH, to achieve end pH values of 3, 5, 7, 9 and 11 ± 

0.1. 10 mL samples of each of these solutions were then pipetted into 15 mL centrifuge 

tube and the pH checked. If required, they were titrated again with 0.01 M HNO3 or 0.01 M 

NaOH to within the ±0.1 limit of the desired value. The initial pH was then recorded and 

denoted as pHi. 25 mg of the sample to be tested was then added to the centrifuge tube 

and the mixture was agitated for 24 h at room temperature before the final pH was once 

again measured and denoted as pHf. A plot of ΔpH (pHf – pHi) vs pHi was obtained, and 

where the plot crosses the x-axis (i.e., ΔpH = 0) is noted as the point of zero charge. 

4.5.2 Fourier Transform Infrared Spectroscopy 

4.5.2.1 Introduction 

Fourier Transform Infrared Spectroscopy (FTIR) is an analysis technique used to determine 

the functional groups present on the surface of a material. Materials absorb infrared light 

at specific wavelengths depending on the species present. The wavelengths of light are 

proportional to energies required for specific molecular vibrations in the sample, which 

come in two main types: stretching vibrations, those that change the bond length, and 

bending vibrations, those that change the bond angle. These categories are further broken 

down into sub-types, all giving slightly different peaks which are highly important for 

identifying species.  
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Stretching vibration sub-types are:  

• Symmetric: Where bonds of the same type stretch in phase with each other. 

• Asymmetric: Where bonds of the same type stretch out of phase with each 

other. 

Bending vibration sub-types are:  

• Scissoring: An in-plane bend, where the two atoms approach each other then 

move away from each other in line with the plane. 

• Rocking: An in-plane bend, where the two atoms move in line with the plane in 

the same direction. 

• Wagging: An out of plane bend, where the two atoms move to one side of the 

plane then move up and down through the plane. 

• Twisting: An out of plane bend where one atom moves above the plane, and 

one moves below the plane. 

 

The six types of molecular vibration are demonstrated graphically in Figure 4.24 

 

Figure 4.24: Molecular vibrations schematic (143) 

In this work, absorption of mid-IR spectrum (400-4000 cm-1) was carried out and analysed. 

The mid-IR spectrum can be further split into four regions in analysis: 

• single bond region (2500-4000 cm-1) 

• triple bond region (2000-2500 cm-1) 

• double bond region (1500-2000 cm-1) 
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• fingerprint region (600-1500 cm-1) 

A database of wavenumbers associated with various species stretches and bends are 

referred to during analysis. Each peak falls within the range for multiple different species, 

so cross validation, and prior knowledge of the sample, must be used to determine the true 

functional groups present. This task becomes increasingly difficult with the addition of 

multiple peaks. Any species with more than five absorption bands can be described as a 

complex molecule. 

4.5.2.2 Method 

In this work, a Perkin Elmer Spectrum 100 Fourier Transform infrared Spectrometer was 

employed, as shown in Figure 4.25. 

 

Figure 4.25: Perkin Elmer Spectrum 100 apparatus 

Firstly, two sodium chloride disks were washed with deionised water and dried thoroughly. 

The sample was ground in a mortar and pestle and sprinkled into the centre of one of the 

salt cells. The second salt cell was placed on to and carefully used to spread the sample 

across the centre of the salt disk. The salt disks were clamped in the brass vice to hold it in 

place. A sample ready for analysis is shown in Figure 4.26. 
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Figure 4.26: Sample prepared for FTIR analysis 

A background spectrum was first collected and automatically subtracted from the analysis 

signal. The brass clamp was placed in the analysis chamber between the source and 

detector. The analysis was run in triplicate. A baseline correction and curve smoothing were 

carried out in Origin prior to analysis. 

4.5.3 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy  

4.5.3.1 Introduction 

Attenuated Total Reflectance Fourier transform infrared spectroscopy (ATR FTIR) is a 

subclass of FTIR. Where FTIR in Section 4.5.2 above describes an experimental setup and 

procedure where the light source and detector are on opposite sides of the sample, where 

the light is transmitted through the sample. By contrast, the ATR FTIR setup allows for 

direct measurement of a non-transparent solid sample, utilising internal reflection within 

the crystal-sample arrangement, without the need to reduce the concentration of the 

sample through making KBr disks or by spreading a small layer on NaCl cells. This removes 

the need for destructive and time-consuming sample preparation of FTIR samples. 

In ATR FTIR, the infrared light (IR) passes through the ATR crystal made of a material with a 

high refractive index such as zinc selenide, diamond, or germanium. The light passes 

through the crystal and is totally internally reflected at the crystal-sample interface. Part of 

the IR light, known as the evanescent wave, passes through the sample and can be 

absorbed, the rest of the light is reflected into the ATR crystal and onto the detector. The 

depth that the evanescent wave penetrates the sample material is dependent on the 

wavelength of light, the angle of incidence and the refractive indices of the ATR crystal and 

the sample material. This relationship is shown in Equation 4.1:  
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𝑑𝑝 =
𝜆

2 𝜋 𝑛𝑐√𝑠𝑖𝑛2 𝜑 −
𝑛𝑠
𝑛𝑐

(4.1)
 

Where:  

 𝑑𝑝= Penetration depth of the evanescent wave, in metres 

 𝜆 = Wavelength of the infrared light, in metres 

 𝜑 = Angle of incidence of the light at the crystal- sample interface, in radians 

𝑛𝑐 = Refractive index of the ATR crystal 

𝑛𝑠 = Refractive index of the sample 

We can see from the relationship, that for the penetration depth to be real at acute angles 

of incidence (1-90°) that are required for total internal reflection, 𝑛𝑠 < 𝑛𝑐. We can also see 

there is a critical angle for a sample and ATR crystal pair; at angles below this critical angle 

there will be no penetration by the evanescent wave. The smaller the ratio of the refractive 

indices, the larger the range of incident angles that can be used for analysis. Most ATR FTIR 

have a fixed incident angle so this must be above the critical value for a given crystal 

sample pair. 

Highly absorbing samples, such as black materials like biochar, are notoriously difficult to 

carry out on transmission FTIR on due to their high opacity. Carbon black also has a very 

high refractive index which further increases around absorption bands, sometimes 

preventing the internal reflection of the light altogether. Known as anomalous dispersion 

effects, this manifests as severe distortions in the spectra such as absorbance below the 

baseline recorded. This can be mitigated by selecting an ATR crystal with a refractive index 

much higher than that of the sample. This has the knock-on effect of decreasing the 

penetration depth of the evanescent wave, reducing the signal intensity and increasing the 

signal to noise ratio. The low penetration depth makes higher refractive index ATR crystals 

better for surface studies, pertinent to this research.  

In this work, a germanium (Ge) ATR crystal was employed due to the high refractive index 

of the biochar samples tested, to minimise the anomalous dispersion effects. The lower 

penetration depth suits the samples well as only the surface functional groups are of 

importance in adsorbent materials. The data is only being used qualitatively to determine 
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the groups present and their relative proportions, so the signal to noise trade-off is deemed 

to be a fair sacrifice. 

The Ge ATR crystal runs on an external reflectance mode, meaning the angle of incidence is 

45°. Assuming the biochar samples have a similar refractive index of carbon black at 

approximately 1.84 (144) and assuming the germanium crystal has a refractive index of 4.0 

(145) at a wavelength of 10 microns, this gives a critical angle of approximately 43° or 

greater. The 45° angle of operation allows for measurement while also giving close to the 

greatest depth on penetration and therefore greatest signal to noise ratio. 

4.5.3.2 Method  

This work was carried out on an Agilent 4300 handheld FTIR Spectrometer with Germanium 

ATR crystal attachment shown in Figure 4.27. 

The equipment was set-up in benchtop configuration with pressure tower in place. The ATR 

crystal surface and pressure tower tip were cleaned with acetone prior to use and in 

between each sample. A background spectrum was taken prior to analysis, this background 

spectrum was automatically subtracted from any measurements taken by the Agilent 

software.  

A small spatula full of the analyte sample was placed on the ATR crystal and pressed onto 

the crystal by tightening the pressure tower. The measurement was run in triplicate to 

determine an average spectrum for each sample. 

 

 

Figure 4.27: Agilent 4300 handheld FTIR Spectrometer apparatus 
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4.5.4 X-Ray Photoelectron Spectroscopy 

4.5.4.1 Introduction 

X-ray photoelectron spectroscopy (XPS) is a technique which can be used to not only 

determine the elemental composition on the surface of a material but also the local 

chemical environment of those elements. The relative proportion of functional groups and 

their local environment can be determined through analysis of the spectra. The operating 

principle of XPS is rooted in knowledge of the photoelectric effect and quantum mechanics. 

X-ray photoelectrons of a known frequency are irradiated on a sample, excitation of core 

shell electrons then occurs which are subsequently emitted from the sample. These 

emitted electrons are then observed by a detector and their kinetic energy recorded. 

In an ideal case, the binding energy characteristic of the excitation and emission of the 

electron for the target atom can be found from Equation 4.2: 

𝐸𝑃ℎ𝑜𝑡𝑜𝑛 = 𝐸𝐵𝑖𝑛𝑑𝑖𝑛𝑔 + 𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐 (4.2) 

 

Where: 

𝐸𝑃ℎ𝑜𝑡𝑜𝑛 = Energy of the incident X-ray photoelectron, in eV 

𝐸𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = Binding energy of the electron to the target atom, in eV 

𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐 = Kinetic energy of the electron after ejection from the atom, in eV 

 

This can be expanded to: 

𝐸𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = ℎ𝑣 − 𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐 (4.3) 

 

Where: 

ℎ = Planck’s constant, 6.63×1034 J.s 

𝑣 = Frequency of the X-ray in s-1 

In real world cases, a work function φ must be included to consider energy lost by the 

emitted electron passing through the solid state of the detector. Other losses or gains due 
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to electric force fields resulting in acceleration or deceleration of the electron may also 

occur. Because of this work function, it is imperative a calibration of the equipment is 

undertaken. Equation 4.3 is expanded to Equation 4.4: 

𝐸𝑅𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = ℎ𝑣 − (𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐 − 𝛷) (4.4) 

Where: 

𝐸𝑅𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = Binding energy measured experimentally, in eV 

4.5.4.2 Method  

The experimental procedure for the XPS analysis was carried out by staff at the National 

EPSRC (Engineering and Physical Sciences Research Council) XPS Users’ Service (NEXUS) in 

the nanoLAB at the University of Newcastle on a Thermo Scientific K-Alpha X-ray 

Photoelectron Spectrometer System. The relevant experimental information is shown in 

Table 4.22. 

Table 4.22: XPS experimental information 

Scan Step size (eV) Number of scans Dwell time (ms) Pass energy (eV) 

Survey 0.4 20 10 150 

C1s 0.1 10 100 40 

O1s 0.1 10 100 40 

N1s 0.1 20 200 40 

 

Each XPS sample must be corrected to correct for the work function and any other non-

ideal factors. The leftmost peak on the C1S peak is identified as the C=C/C-H functional 

group. This peak should occur at 284.8eV and all the spectra for this measurement must be 

translated to the left or right on the x-axis to correct for variations in this peak. 

Each sample is irradiated with X-rays of a specific energy for the designated dwell time 

before the X-ray energy is changed by the step size and repeated until the entire sweep has 

taken place. The entire spectrum is then repeated for the number of sweeps designated. 

The measured kinetic energies of the electrons and the known energy of the X-rays are 

then used to calculate the binding energies. The electrons counted per second by the 

detector are then plotted against binding energy for further analyses. 

The spectra file was then loaded into the Fityk software and the ‘Remove Shirley 

background’ function used to remove the background signal from the sample. The 
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corrective translation in the x-axis is then implemented and the peak of interest 

highlighted. The Voight curve fitting function is then iterated multiple times to determine 

the constituent gaussian peaks of the target curve. The binding energies at the centre of 

the constituent curves are then cross referenced against the NIST database and the 

elements and chemical environment discerned. The area under the curve of each peak was 

noted for use in evaluation of the relative atomic fractions of each functional group present 

on the surface. Equation 4.5 can be used to find the atomic fraction of each of the 

identified functional groups. 

𝐴𝑡𝑜𝑚𝑖𝑐 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

𝐼𝑖
𝐹𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦,𝑖

∑
𝐼𝑗

𝐹𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦,𝑗
𝐽

(4.5) 

Where, 

 𝐼 = The background subtracted peak area of a photoelectron  

𝐹𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =The sensitivity factor of the element of the photoelectron peak  

𝑖 = The photoelectron peak being investigated 

𝑗 = All photoelectron peaks identified in the analysis 

The sensitivity factors for carbon, nitrogen and oxygen used in this study are 1, 1.8 and 2.93 

respectively.  

4.6 Concentration Measurement 

4.6.1 UV-Vis Spectroscopy 

4.6.1.1 Introduction 

Ultraviolet-Visible (UV-Vis) spectroscopy is underpinned by the concept of transitions of 

electrons from their highest occupied electron orbital (HOMO) to their lowest unoccupied 

electron orbital (LUMO). These transitions have an associated energy required for the 

electron to be moved from a lower energy state to a higher, excited state. This energy can 

be provided by light, which is absorbed by the molecule, provided it has the energy 

necessary to make the transition. According to the Planck-Einstein relation, energy is 

directly proportional to the frequency of light as shown in Equation 4.6. 

𝐸 = ℎ. 𝑣 (4.6) 
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Where:  

𝐸 = Energy of the wave in J 

ℎ = Planck’s constant, 6.63×1034 J.s 

𝑣 = Frequency of light in s-1 

Energy is also inversely proportional to the wavelength of light, as shown in Equation 4.7. 

𝐸 =
ℎ.𝑐

𝜆
(4.7)

Where: 

 𝑐 = Speed of light in m s-1 

 𝜆 = Wavelength of light in m 

So, the higher the frequency, or the lower the wavelength, of light, the greater the energy.  

In single-bonded, or non-conjugated double-bonded molecules, σ to σ* or π to π* 

transitions require large amounts of energy; such energies have wavelengths much too 

small to be accurately measured by most UV-Vis spectrometers. UV-Vis becomes a useful 

tool for analysis with highly conjugated molecules, as the energy gap in their π to π* 

transitions become narrower. These lower energies are associated with larger wavelengths, 

which are in the analysis range for UV-Vis spectrometers λ > 200 nm. In molecules with 

large degrees of conjugation, the HOMO-LUMO transition energy gap becomes so small 

that it can be achieved with absorbance of visible light at much larger wavelengths. 

Molecules or parts of molecules that absorb light strongly are known as chromophores. 

Multiple chromophores can exist within a molecule, each absorbing different wavelengths 

of light and giving rise to different peaks on a UV-Vis spectrum. Conjugated systems with 

lone pairs of electrons can undergo ground state to anti-pi (n to π*) transitions, giving a 

secondary peak at longer wavelengths. The absorbance at these peaks is often lower than 

that of the π to π* transitions. 

4.6.1.2 Beer-Lambert 

The Beer-Lambert law states that light passing through a solution will be absorbed, and that 

this absorbance is directly proportional to the concentration of the detected material in the 

solution, as well as directly proportional to the path length of the light through the sample. 

The Beer-Lambert relationship is shown in Equation 4.8. 
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𝐴 = 𝜀. 𝑙. 𝐶 (4.8) 

Where: 

𝐴 = Absorbance of the light through the solution 

𝜀 = Absorptivity in mg L-1cm-1 

𝑙 = Path length of the light through the sample in cm 

𝐶 = Concentration of the solution in mg L-1 

In a calibration experiment, a linear relationship can be obtained by plotting absorbance vs 

known concentrations of a target analyte in solution. From this, the absorptivity can be 

found and used to find the concentration of any solution, if the absorbance is known. 

4.6.1.3 Method- General 

The measurements were performed using a Varian CARY 500 UV-Vis-NIR 

spectrophotometer, as shown in Figure 4.28.  

 

Figure 4.28: Varian Cary 500 UV-Vis-NIR apparatus 

A wavelength range of 200-800 nm was chosen with measurements being taken at 1 nm 

intervals. A Hellma Analytics high precision quartz cell with 1 cm path length was used, 

shown in Figure 4.29. 
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Figure 4.29: Hellma QS High Precision Cell 

A baseline measurement was recorded for 100% transmittance. The beam path was then 

covered, and a 0% baseline taken. This file was saved and imported into the measurement 

software to be automatically set as the limits for subsequent measurements. The cuvette 

was first rinsed multiple times with deionised water before draining, and rinsing with 

acetone, before being allowed to dry completely. A small amount of the analyte solution 

was pipetted into the cuvette, rinsing the cuvette, and the contents discarded. The cuvette 

was then filled with analyte solution and the cuvette cap fitted. The cuvette was inserted 

into the analysis slot, ensuring the markings on the cuvette were facing towards the source 

of the light. The light shields were closed, and the measurement started. Each 

measurement was run in triplicate. The analysis files were exported and analysed in 

Microsoft Excel. The mean absorbance of the repeated measurements was found for each 

wavelength and the average absorbance plotted against wavelength. The plot was 

inspected for noise due to low intensities of light (high absorbance) and the sensitivity of 

the detector. If large amounts of noise were present, the measurement was re-run with a 

higher dilution factor, this is discussed in more detail in Section 4.7.1.1. The wavelength the 

absorbance peak is expected at for the analyte species was found in the literature and the 

local maximum around this wavelength taken. This absorbance value was used in Equation 

4.8 to calculate the concentration of the target species. 

4.6.1.4 Method- Calibration 

For the calibration experiment, 20 mL solutions of 5-65 mg L-1 in steps of 5 mg L-1 were 

prepared from a stock solution of 100 mg L-1. This is done following the calibration standard 

plan shown in Table 4.23. 
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Table 4.23: Calibration solution method 

Final concentration  Volume of 100 mg L-1 stock 

solution (mL) 

Volume of deionised water 

(mL) 

65 13 7 

60 12 8 

55 11 9 

50 10 10 

45 9 11 

40 8 12 

35 7 13 

30 6 14 

25 5 15 

20 4 16 

15 3 17 

10 2 18 

5 1 19 

 

One more sample with a concentration of 1 mg L-1 was prepared using 2 mL of the 10 mgL-1 

solution prepared previously and 18 mL of deionised water. Each of these samples was run 

according to the method described in Section 4.6.1.3 and their absorbance values noted. 

Any plots with signal noise were disregarded. The largest concentration with no noise was 

noted as the CMax for the analyte, the maximum measurable concentration. A plot of 

absorbance vs concentration was taken, with the line fixed to pass through the origin, as 

zero concentration of analyte should produce zero absorption. The gradient was used in 

Equation 4.8 to find the absorption coefficient, ε. 

4.7 Liquid Phase Adsorption Experiments 

4.7.1 Adsorption Kinetics 

4.7.1.1 Full Kinetic Modelling Method 

Adsorption times of 10, 20, 30, 40, 50, 60, 90, 120, 240 and 1440 minutes were chosen for 

the kinetic studies. Many points at low contact times were used to obtain a good fit of the 

initial steep rise in adsorption, while longer times were included to ensure an accurate 

determination of the maximum uptake as the adsorption process comes to equilibrium. 

30 mL of 100 mg L-1 adsorptive solution was pipetted into each of ten conical flasks, which 

were subsequently covered with Parafilm and marked with one of the times listed above. 

10 mg of the adsorbent was weighed, and the precise mass recorded, before being added 

to the conical flask and placed on the orbital shaker. 
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Once the prescribed time had elapsed, the contents of the flask were transferred into a 

centrifuge tube, which was then centrifuged, using a Sigma 2-16 small batch centrifuge with 

swinging bucket rotor installed, for 30 s. 4 mL of the solution was pipetted into a beaker 

and diluted with a volume of deionised water, the exact volume of which was dependent 

on the dilution factor. 

The dilution factor can be found using Equation 4.9: 

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝐶0

𝐶𝑀𝑎𝑥 
(4.9) 

Where: 

𝐶0 = Initial concentration of the adsorptive solution in mg L-1 

 𝐶𝑀𝑎𝑥 = Maximum measurable concentration for the analyte in mg L-1 

The dilution factor was rounded up to the nearest whole even number.  

The required volume of deionised water can be found using Equation 4.10: 

𝑉𝑊𝑎𝑡𝑒𝑟 = (𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 − 1). 𝑉𝑖 (4.10) 

 

Where: 

 𝑉𝑊𝑎𝑡𝑒𝑟 = Volume of water required for the dilution in mL 

 𝑉𝑖 = Initial volume of solution pipetted into the beaker in mL 

The beaker was swirled to ensure homogeneity within the sample. Concentration 

measurement of the diluted sample was then carried out using the method described in 

Section 4.6.1.3.  

The concentration of the adsorptive solution at time t can be found by multiplying the 

concentration of the diluted sample by the dilution factor. This method was employed to 

ensure that the measured concentration was never above CMax. It also allowed for the use 

of the same pipette at the same volume setting to avoid introducing error from using 

multiple differently calibrated pipettes. Simply adding the dilution factor minus 1 amounts 

of the same volume of the initial analyte gives a sample with a measurable concentration 

less than CMax. 
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Once concentration data for the suite of solutions were determined, providing data for 

each time interval, the corresponding adsorbent uptakes could be calculated using 

Equation 4.11: 

𝑞𝑡 = 
(𝐶0 − 𝐶𝑡). 𝑉

𝑚𝐴

(4.11) 

Where: 

 𝐶0 = Initial concentration of the adsorptive solution in mg L-1 

 𝐶𝑡 = Concentration in the solution at time t in mg L-1 

 𝑉 = Volume of adsorptive solution in the adsorption vessel in L 

𝑚𝐴 = Mass of adsorbent added to the adsorption vessel in g 

𝑞𝑡 = Uptake in mg g-1 at time t 

A plot of uptake vs adsorption time was obtained, and the kinetic models fit to the data 

(146). 

4.7.1.2 Design of Experiments Kinetic Modelling Introduction 

To reduce experimental times, save reagents and to minimise the amount of adsorptive 

solution going to waste disposal, a reduced number of data points were taken to determine 

the adsorption capabilities of the adsorbents synthesised. While full kinetic modelling 

would be preferable to determine the kinetic parameters and maximum uptake value, 

running ten samples at varying contact times for every point on a design of experiments 

followed by full modelling and analysis becomes a monumental task. It was decided that 

two points will be taken for each synthesised sample of the design of experiments. One 

point at a short time of 1 h to model and find the optimal synthesis conditions of an 

adsorbent with the best efficacy at short contact times and therefore the best adsorbent 

with the best kinetics. The other sample, done at a long contact time of 1 week will allow 

for the determination of the optimal synthesis parameters for the adsorbent with the 

highest uptake at equilibrium. The uptakes at these times will be used as response variables 

in an optimisation design of experiments to determine the optimal conditions to maximise 

the response variable. It is important to note that these synthesis conditions optimal to 

these two outcomes may be different. For example, increased capacity may come at the 

expense of surface characteristics which are favourable to the fast adsorption of pollutants. 
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4.7.1.2 Design of Experiments Kinetic Modelling Method 

A bulk solution of 100 mg L-1 adsorptive was prepared. For each adsorbent, two conical 

flasks containing the solution were prepared, at volumes of 10-30mL depending on the 

experiment. 10 mg of the adsorbent was weighed, its exact weight recorded and added to 

the flask which was agitated on the orbital shaker at room temperature. One flask was 

agitated for 1 h before being removed and the bulk adsorbent concentration measured 

using the method described in Section 4.6.1.3 and 4.7.1.1. The other flask was agitated for 

24 h or 7 days depending on the experiments, before being removed and its bulk adsorbent 

concentration measured.  

4.7.2 Liquid Phase Adsorption Isotherms 

4.7.2.1 Method  

Initial adsorptive concentrations of 25, 50, 75, 100, 150, 200, 250, 300, 400 and 500 mgL-1 

were chosen for the isothermal studies. This range of concentrations was used to allow for 

a range of unsaturated adsorbents with varying coverage and saturated adsorbents in 

equilibrium with varying concentrations of solution to be obtained to allow for extensive 

investigation of the materials. 500 mgL-1 was chosen as the upper limit due to the solubility 

limit the pollutant studied in this work. Temperatures of 25 °C, 35 °C and 45 °C were chosen 

as the isothermal target temperatures.  

30 mL of each of the solutions was pipetted into one of ten 50 mL conical flasks, which 

were then covered with parafilm and labelled. 10 mg of the adsorbent was weighed, its 

exact mass recorded and added to the conical flask. The flasks were agitated on the orbital 

shaker with the incubator set to the isothermal temperature for the run. 

The flasks were allowed to thermally equilibrate and achieve adsorption equilibrium over a 

period of 24 h. After the 24 h had elapsed, the process for measuring the concentration via 

UV-Vis spectroscopy described in Section 4.6.1.3 was then followed. The equilibrium 

adsorbent uptakes were then calculated using Equation 4.12: 

𝑞𝑒 = 
(𝐶0 − 𝐶𝑒). 𝑉

𝑚𝐴

(4.12) 

Where: 

 𝐶0 = Initial concentration of the adsorptive solution in mg L-1 

 𝐶𝑒 = Concentration in the solution at equilibrium in mg L-1 



120 
 

 𝑉 = Volume of adsorptive solution in the adsorption vessel in L 

𝑚𝐴 = Mass of adsorbent added to the adsorption vessel in g 

𝑞𝑒 = Uptake in mg g-1 at equilibrium 

A plot of uptake vs equilibrium adsorptive concentration was obtained, and the isotherm 

models outlined in Section 3.2 fitted to the data using non-linear curve fitting. 

This was repeated for each of the isothermal temperatures. 

4.7.3 pH Controlled Adsorption 

4.7.3.1 Method  

The effect of solution pH on the adsorption uptake was investigated. Sample solutions were 

prepared at 100 mg L-1 with a solution volume of 30 mL. The solution pH was subsequently 

altered to pH 3, 5, 7, 9 and 11 using 0.1M Sodium hydroxide and 0.1M Hydrochloric acid. 

30 mL of each solution was added to five 50 mL conical flasks. 10 mg of the adsorbent was 

added to each conical flask and sealed with parafilm. The conical flask was then added to 

the orbital shaker and allowed to equilibrate at room temperature for 24 h. After the 24 h 

has elapsed, the process for measuring the concentration via UV-Vis spectroscopy 

described in Section 4.6.3.1 was then followed. The equilibrium uptakes were found using 

Equation 4.12. 

4.7.4 Liquid Phase Desorption 

4.7.4.1 Method  

Two conical flasks containing 30 mL of 500 mg L-1 adsorptive solution were prepared. 10 mg 

of adsorbent was weighed and added, and the flask agitated for 24 h at room temperature 

and allowed to achieve equilibrium. After 24 h, one vial was selected, and the liquid 

adsorptive solution decanted. The solid adsorbent was added to a watch glass and any 

liquid remaining, due to the hydrophilicity of the adsorbent, was siphoned off with the 

corner of a paper towel. The watch glass was labelled as ‘unwashed char’ and placed into 

the drying oven at 103 °C for 24 h to dry.  

The second vial had the adsorptive solution removed and the majority of the solid 

adsorbent retained. The solid adsorbent is then mixed with 30 mL of deionised water. The 

solution is allowed to settle and the approximately 20 mL of the solution removed to waste. 
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The remaining 10 mL with the adsorbent sediment is added to a centrifuge tube and 

centrifuged for 30 s. The remaining solution is removed to waste, and the adsorbent 

recovered and added to 500 mL of deionised water. This adsorbent-water mixture is then 

agitated for 10 min to allow the adsorbate to form a new equilibrium with the bulk liquid. 

This was repeated a minimum of ten times and until after 10 min the bulk solution runs 

clear indicating no desorption into the bulk. The solid is finally recovered as described 

above and placed onto a watch glass. The watch glass was labelled as ‘washed char’ and 

placed into the drying oven for 24 h. 

The unwashed, washed and an unadsorbed ‘clean’ sample of the biochars were then 

analysed through ATR FTIR. 
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5. Screening of Biochar Synthesis Parameters 

5.1 Sample Composition and Pyrolysis 

5.1.1 Yield and Proximate Analysis 

Experiments to create all 16 samples of the design of experiments screening were carried 

out in duplicate and the resulting yields were calculated, with associated errors, and the 

results are summarised in Table 5.24. Also included are the proximate analysis data 

obtained for these 16 samples, as well as the ‘as received’ (AR), and dried, BSG. 

Table 5.24: Yield and proximate analysis data 

Sample Yield1 (% dry 

basis) 

Moisture (%) Volatiles (%) Fixed carbon (%) Ash (%) 

S1 29.4 ± 0.3 3.7 21.3 59.8 15.2 

S2 20.9 ± 0.0 4.2 14.7 63.8 17.8 

S3 27.3 ± 0.5 1.9 24.0 64.9 9.2 

S4 6.7 ± 0.0 1.5 7.8 45.5 45.2 

S5 28.0 ± 0.9 1.6 21.2 68.0 9.2 

S6 18.6 ± 0.6 2.6 8.3 72.7 16.4 

S7 27.5 ± 0.4 1.9 8.5 66.6 12.8 

S8 8.9 ± 0.0 1.2 18 52.9 37.4 

S9 28.8 ± 0.0 1.3 8.8 68.3 12.4 

S10 18.9 ± 0.5 4.5 8.8 70.0 16.7 

S11 27.3 ± 0.5 1.8 21.1 65.5 11.6 

S12 9.0 ± 0.1 2.0 9.2 52.4 36.4 

S13 27.5 ± 0.5 2.7 19.6 64.7 13.0 

S14 19.2 ± 0.1 3.6 7.0 71.8 17.6 

S15 28.1 ± 0.0 1.6 19.6 66.9 11.9 

S16 6.1 ± 0.1 1.2 8.1 36.5 54.2 

BSG (AR) - 71.9 22.0 5.2 0.9 

BSG (Dried) - 2.1 76.7 18.1 3.1 

 

Proximate analyses for BSG reported within the scientific literature show good agreement 

with the results obtained in this work. Water content of BSG was reported in the range 

71%- 83%, on an ‘as received’ basis (147-150), agreeing well with the 71.9% moisture 

content of the BSG used in this study as received. The proximate analysis data for BSG on a 

dry basis was also in good agreement with literature, where ash values in the range 3.5-

                                                           
1 Samples were synthesized in duplicate for the purpose of error calculation. The individual data sets 
can be seen in Appendix A. The standard error equation is detailed in Appendix D 
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5.0%, fixed carbon in the range 16.2-19.0% and volatile matter values of 77-79% have been 

reported (147-152). The ash content was noted to be high across all samples, being over or 

close to the 10% limit imposed by the Indonesian standards authority, possibly indicating 

blocked pores.(142, 153) This may indicate that the biochars made in this study require 

post-synthesis modification to remove excess ash to improve their performance as 

adsorbent materials.  

A graph of the relative component make-up per 100 g of each sample is shown in Figure 

5.30. 

 

Figure 5.30: Proximate components of biochars samples per 100 g of BSG 

These results show that the samples can be grouped into three distinct categories: 

a. Samples with both high fixed carbon and volatile fractions - odd numbered samples 

b. Samples with a high fixed carbon and a low but non-negligible volatile fraction - 

samples 2, 6, 10 and 14. 

c. Samples with almost no volatile fraction and a very fixed carbon fraction almost 

equal to that of the ash content - samples 4, 8, 12, 16. 

These groups correspond to permutations of temperature and hold time, from the 

screening design of experiments, used to synthesize them. Category a are all synthesized at 



124 
 

low temperatures at both long and short hold times, while category b are those synthesized 

at high temperatures and short hold times, whereas category c are those synthesized at 

high temperatures and long hold times. 

A first-order differential analysis of the TGA curves was performed. The temperatures at 

which the weight loss mechanisms occurred are listed in Table 5.25. 

Table 5.25: Thermogravimetric analysis weight loss temperatures for screening biochar samples and BSG 

Sample Weight loss 1 

Temperature 

(°C) 

Weight loss 2 

Temperature 

(°C) 

Weight loss 3 

Temperature 

(°C) 

Weight loss 4 

Temperature 

(°C) 

Weight loss 5 

Temperature 

(°C) 

S1 89 598 900 - - 

S2 62 890 900 - - 

S3 79 624 900 - - 

S4 82 893 900 - - 

S5 82 615 900 - - 

S6 88 889 900 - - 

S7 83 625 900 - - 

S8 77 892 900 - - 

S9 82 616 900 - - 

S10 77 880 900 - - 

S11 84 619 900 - - 

S12 88 890 900 - - 

S13 75 611 900 - - 

S14 88 884 900 - - 

S15 77 633 900 - - 

S16 92 893 900 - - 

BSG (Dried) 86 286 347 394 900 

 

Weight loss 1 is attributed to the desorption of water from the surface of the samples. The 

varying temperatures at which this mechanism occurs are due to the different affinities of 

the water for the surface of the sample. The second weight losses are grouped into two 

sets: odd samples have a weight loss range of 598-633 °C, while the even samples have a 

weight loss range of 880-893 °C. This group corresponds to the synthesis temperature of 

the two groups, showing that, in the samples synthesized at lower temperatures there still 

exists volatile material within the structures, which is evolved at these lower temperatures. 

The samples synthesized at higher temperatures have already experienced sufficiently high 

thermal regimes to remove this more volatile material during synthesis. For all biochar 

samples, the third, and final, weight loss corresponds to the introduction of oxygen to the 
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pre-heated system and is attributed to the oxidation of the fixed carbon within the 

samples. 

In the BSG (Dried) sample there were five weight loss sections noted within the 

thermograph. The first and last were associated with the desorption of moisture and 

oxidation steps, as also observed for the biochar samples tested. It is believed that the 

three remaining weight loss sections are representative of the three macromolecules 

constituting the bulk of the BSG: hemicellulose, cellulose, and lignin. Hemicellulose is the 

most volatile of the macromolecules, with a reported pyrolysis temperature range of 220-

315 °C, then cellulose with a range of 315-400 °C, and finally lignin with a range of 180-

900 °C (154). It is thought that all cellulose and hemicellulose will have been pyrolyzed in 

the biochar samples synthesized in this work, as the synthesis temperatures are well above 

that of the thermal ranges for cellulose and hemicellulose pyrolysis. The temperatures 

noted for the volatile weight loss in Table 5.25 only lie within the range of lignin pyrolysis. It 

is, therefore, assumed that the lack of porosity in the odd numbered samples (discussed 

later in Section 5.2) is not due to incomplete pyrolysis of the cellulose and hemicellulose, 

but is ascribed to the lack of pyrolysis of the more volatile lignin biopolymer sections during 

biochar synthesis. 

5.1.2 CHN Elemental Analysis 

CHN analysis was carried out in duplicate on each of the biochar samples produced 

according to the design of experiments plan and on dried BSG precursor. A table of the 

carbon, hydrogen, nitrogen and ‘other elements’ content is summarised in Table 5.26 

below. 
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Table 5.26: CHN elemental analysis of screening biochar samples2 

Sample Carbon (mass %) Hydrogen (mass 

%) 

Nitrogen (mass 

%) 

Other (mass %) 

S1 66.9 ± 0.5 2.8 ± 0.1 5.9 ± 0.0 24.5 ± 0.3 

S2 65.6 ± 0.3 1.2 ± 0.1 3.3 ± 0.1 29.9 ± 0.5 

S3 68.5 ± 0.1 2.4 ± 0.0 5.3 ± 0.0 23.8 ± 0.1 

S4 50.0 ± 0.1 0.3 ± 0.1 2.0 ± 0.0 47.7 ± 0.0 

S5 67.7 ± 1.0 2.6 ± 0.2 5.7 ± 0.2 24.0 ± 1.3 

S6 61.4 ± 1.8 1.0 ± 0.3 3.3 ± 0.2 34.3 ± 2.3 

S7 68.4 ± 0.2 2.4 ± 0.0 5.9 ± 0.1 23.3 ± 0.3 

S8 55.9 ± 0.5 0.2 ± 0.1 2.1 ± 0.2 41.8 ± 0.8 

S9 68.7 ± 0.8 2.9 ± 0.1 5.6 ± 0.3 22.9 ± 1.2 

S10 63.2 ± 0.2 1.0 ± 0.1 3.4 ± 0.1 32.4 ± 0.3 

S11 67.8 ± 0.1 2.6 ± 0.1 5.3 ± 0.2 24.2 ± 0.4 

S12 57.0 ± 0.4 0.2 ± 0.0 2.1 ± 0.0 40.7 ± 0.4 

S13 67.0 ±0.4 2.7 ± 0.0 5.5 ± 0.0 24.9 ± 0.4 

S14 63.1 ± 0.0 1.1 ± 0.2 3.0 ± 0.0 32.8 ± 0.1 

S15 66.5 ± 0.5 2.3 ± 0.0 5.5 ± 0.0 25.7 ± 0.5 

S16 41.7 ± 0.2  0.3 ± 0.0 4.3 ± 0.4 53.7 ± 0.6 

BSG (Dried) 47.5 ± 1.6 6.6 ± 0.3 3.7 ± 0.8 42.2 ± 2.7 

 

A graph of the relative elemental make-up per 100 g of BSG in each sample is shown in 

Figure 5.31. 

                                                           
2 Errors calculated in from duplicate measurement, standard error formula is detailed in Appendix D. 



127 
 

 

Figure 5.31: CHN elemental components of biochars samples per 100 g of BSG 

The results above in Table 5.26 and Figure 5.31 corroborate the pattern shown by the 

proximate analysis results shown in Table 5.24 and Figure 5.30: the samples can again be 

categorised into 3 groups, exactly matching those presented within the proximate analyses 

results.  

By taking a 100 g BSG precursor as a basis: Group a samples contain 18.4-19.8 g carbon, 

0.6-0.8 g hydrogen, 1.4-1.7 g nitrogen and 6.4-7.2 g other elements; group b samples 

contain 11.4-13.7 g carbon, 0.2-0.3 g hydrogen and 0.6-0.7 g nitrogen and 6.1-6.4 g other 

elements; and group c samples are 2.5-5.1 g carbon, 0 g of hydrogen, 0.1-0.3 g nitrogen and 

3.2-3.7 g other elements. There is a sharp drop off in the mass of hydrogen making up the 

materials from group a and b to group c. This matches the drop off in volatile content in the 

proximate analysis and could be further evidence to show that the group c samples 

produced at high temperatures and high hold times contain almost no cellulose and 

hemicellulose derived material in the porous matrix and are made almost entirely of lignin 

derived material. 

All of the samples show a decrease in nitrogen content from the 5.9 g of nitrogen per 100 g 

of BSG, showing that some or all of the protein content of the precursor material is 

pyrolyzed during the synthesis process, and removed. The nitrogen content of the biochars 

may be due to readsorption of nitrogen containing materials back onto the surface, or by 
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insertion of nitrogen atoms into the structures of the materials. One of the main elements 

in the ‘other’ category is likely to be oxygen, given the macromolecular biopolymer makeup 

of the precursor BSG.  

A large difference between the percentage ash from the proximate analysis and percentage 

other elements in the elemental analysis can give a hint to the oxygen content present in 

the biopolymers (volatile and fixed carbon fractions) of the materials. The ash percentage 

and other element percentage of the group c samples show good agreement, being less 

than 5% different, while the group a and b samples differ by 9-18%. This lends evidence to 

the fact that group c samples may have a lower oxygen functionality than the other 

samples from groups a and b. 

5.1.3 Yield Screening Design of Experiments 

Using the yield data as a response variable within the screening process allowed a screening 

model equation to be obtained through multivariate analysis as part of the design of 

experiments. The screening model equation is shown in Equation 5.1. 

y = 20.8 − 7.2x1 − 3.2x2 − 0.3x3 − 0.2x4 − 0.5x5 − 2.7x1x2 − 0.1x1x3 − 0.1x1x4 − 0.5x1x5

+0.3x2x3 + 0.2x2x4 − 0.2x2x5 − 0.1x3x4 − 0.2x4x5 (5.1)
 

The coefficients of the equation were used in a Lenth’s analysis of the data to determine 

which factors are of statistical significance to the yield. Using a 95% confidence interval, the 

critical magnitude of the coefficient for statistical significance was found to be 0.6, meaning 

that only the coefficients of temperature, hold time, and their interaction, are deemed to 

be of statistical significance. This is shown graphically on the Pareto plot in Figure 5.32. 
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Figure 5.32: Pareto plot for yield data 

This corroborates the findings from the TGA and CHN data, showing that hold time and hold 

temperature are of vital importance to the final composition of the biochars synthesised in 

this study, and must be considered in any onward optimization design of experiments 

matrix. 

5.2 Nitrogen Adsorption  

5.2.1 BET and Isotherm Analysis 

Due to low uptakes of nitrogen at 77.4 K and resulting low BET surface areas, it was 

deemed that the odd samples (those synthesized at 500 °C) were essentially non-porous. 

This is in line with the fact that the isotherms obtained could be classified as Type II, which 

is indicative of non-porous materials. In tandem with the thermogravimetric analysis data, 

this led to the conclusion that a temperature of 500 °C was insufficient to pyrolyse the less 

volatile material in the material and unlock the porous structures contained therein. These 

isotherms can be seen in Figure 5.33 and Figure 5.34. The duplicate sample isotherms can 

be seen in Appendix A.  
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Figure 5.33: Nitrogen adsorption isotherms for biochar produced at 500 °C S1, S3, S5 & S7 

 

 

Figure 5.34: Nitrogen adsorption isotherms for biochar produced at 500 °C S9, S11, S13 & S15 

Isotherms produced at 900 °C predominantly show IUPAC Brunauer-Deming-Deming-Teller 

(BDDT) classification Type I(b) isotherms, characterized by their high uptake at low P/P0, 
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concave shape facing the P/P0 axis and plateau, indicating monolayer coverage. Type I(b) 

isotherms are indicative of materials with large micropores and narrow mesopores (134). 

They also show Type H4 hysteresis, indicative of the emptying of micropores(155). These 

isotherms can be seen in Figure 5.35 and Figure 5.36. 

 

Figure 5.35: Nitrogen adsorption isotherms for biochar produced at 900°C and 0.5 hours 

 

Figure 5.36: Nitrogen adsorption isotherms for biochar produced at 900°C and 2.5 hours 
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Due to the evidence of microporosity within these biochars, a Rouquerol microporous 

correction was carried to find the appropriate data range for application of the BET 

equation to the data obtained for these samples, allowing calculation of a surface area 

appropriate to the microporous character (156). 

A summary of the monolayer capacity, BET constant, surface area, enthalpy of adsorption, 

IUPAC isotherm classification and hysteresis type for each sample are summarized in Table 

5.27. 

Table 5.27: BET parameters calculated from nitrogen adsorption isotherms on biochar samples3 

Sample 

 

Monolayer 

capacity 

(cm3g-1) 

BET constant BET 

Surface 

area (m2g-

1) 

Enthalpy of 

adsorption(kJmol-1) 

IUPAC 

isotherm 

classification 

Hysteresis 

Type 

S1 3 ± 2 223 ± 88 14 ± 9 8.9 ±0.3 II - 

S2 128 ± 0 2566 ± 20 560 ± 0 10.6 ± 0.0 I(b) H4 

S3 4 ± 2 273 ± 54 15 ± 9 9.1 ± 0.1 II - 

S4 269 ± 0 193 ± 7 1170 ± 1 8.9 ± 0.0 I(b) H4 

S5 1 ± 0 106 ± 14 6 ± 1 8.5 ±0.1  II - 

S6 141 ± 1 2412 ± 17 614 ± 4 10.5 ± 0.0 I(b) H4 

S7 7 ± 2 74 ± 18 33 ± 7 8.3 ±0.2 II - 

S8 283 ± 0 280 ± 7 1234 ± 1 9.2 ± 0.0 I(b) H4 

S9 3 ± 2 45 ± 4 15 ± 8 8.0 ± 0.1 II - 

S10 138 ± 2 2133 ± 19 600 ± 11 10.5 ± 0.0 I(b) H4 

S11 9 ± 3  129 ± 63 37 ± 15 8.5 ± 0.4 II - 

S12 283 ± 2 286 ± 9 1233 ± 7 9.2 ± 0.0 I(b) H4 

S13 6 ± 3 150 ± 12 25 ± 13 8.8 ± 0.1 II - 

S14 133 ± 0 2435 ± 96 579 ± 1 10.6 ± 0.0 I(b) H4 

S15 8 ± 4 168 ± 3 37 ± 20 8.9 ± 0.0 II - 

S16 256 ± 3 173 ± 8 1116 ±12 8.9 ± 0.0 I(b) H4 

 

In comparison to other activated carbons made from BSG using only physical activation 

with CO2, all biochars synthesized at 900 °C, within this study, outperformed those reported 

in the literature, in terms of surface area, with the highest reported value being 338 m2g-1 

(157). Caution is required in a direct comparison, as the quoted value was not obtained 

through application of a microporous correction to the data, instead the authors calculated 

their value using a P/P0 range of 0.05-0.30 for the linearised form, likely leading to a 

considerable underestimate. Without Rouqerol correction, some of the samples in this 

                                                           
3 Errors calculated from duplicates, the individual datasets can be seen in Appendix A. The standard 
error formula can be seen in Appendix D. 
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work have their surface area underestimated by as much as 130 m2g-1.  While a significant 

change, it is still unlikely that if corrected the values for surface area in the literature 

obtained would be of the same magnitude as the samples created in this work. It is 

therefore possible to state that many of the samples produced in this work outperform 

those reported in the literature on a surface area basis.  

It should be noted that the desorption curve hysteresis in Figure 5.35 for the high 

temperature and low hold time biochars S2, S6, S10 and S14 do not fully close. This is 

deemed to be anomalous and thought to be a result of the long equilibration times 

associated with desorption in highly microporous materials. As a consequence the 

desorption arm data may not represent the true equilibrium for these samples and some 

inaccuracies may occur in results derived from this data. 

The surface area was used as a response variable in a multivariate analysis, allowing a 

screening model to be obtained, as shown in Equation 5.2. 

y = 455.5 + 432.8x1 + 153.9x2 − 0.3x4 − 4.4x5 + 146.1x1x2 − 2.5x1x3 − 6.0x1x4

−8.9x1x5 − 4.4x2x3 − 3.4x2x4 − 16.0x2x5 − 16.0x3x4 − 4.1x3x5 − 6.4x4x5 (5.2)
 

The coefficients were used in a Lenth’s analysis to calculate the parameters of significance 

to the surface area. 

Using a 95% confidence interval, the critical value for the magnitude of the coefficients was 

found to be 16.9, meaning that once again hold temperature, hold time, and their 

interactions, are the only parameters of statistical significance to the surface area. This is 

shown graphically in the Pareto plot in Figure 5.37. 
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Figure 5.37: Pareto plot for surface area data 

5.2.2 Pore Size Characterisation 

5.2.2.1 Mesopores 

Using the Micromeritics ASAP 2420 software, cumulative pore volumes and their 

derivatives were found using the BJH method for pore size distribution in the mesopore 

range. As the BJH method uses desorption isotherm data, only the even numbered samples 

were analysed using this method. The plot of the pore size distributions can be seen in 

Figure 5.38.  
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Figure 5.38: BJH plot for porous biochars 

The BJH plots all show a good agreement in the pore size distribution, with all samples 

showing a main peak in pore size at approximately 3 nm. 

5.2.2.2 Micropores 

The Dubinin-Radushkevich equation was used to further characterize the microporous 

character of the biochar samples produced within this study. As above, only the even 

numbered samples were analysed using this method due to the lack of accurate desorption 

isotherm data for the samples pyrolysed using the lower hold temperature. These plots can 

be seen in Figure 5.39 and Figure 5.40 
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Figure 5.39: Dubinin-Radushkevich plots for porous biochar samples at 900°C and 0.5 hours 

 

Figure 5.40: Dubinin-Radushkevich plots for porous biochar samples at 900°C and 2.5 hours 
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The data clearly shows an upwards deviation in the high-pressure region. This suggests that 

the samples have a larger number of supermicropores (greater than 1.4 nm) than would be 

expected from a Gaussian pore size distribution of the microporous volume. 

The Dubinin-Radushkevich equation was used to calculate the micropore area and 

percentage of pore volume associated with the micropores. This data is summarized in 

Table 5.28. 

Table 5.28: Dubinin-Radushkevich microporous analysis results for porous biochars4 

Sample Micropore surface area (m2g-1) Percentage pore volume 

attributed to micropores (%) 

S2 611 ± 1 92.4 ± 0.1 

S4 1185 ± 13 64.4 ± 0.7 

S6 668 ± 1 91.9 ± 0.1 

S8 1290 ± 15 68.6 ± 0.8 

S10 677 ± 1 93.1 ± 0.2 

S12 1300 ± 15 69.7 ± 0.8  

S14 639 ± 1 90.8 ± 0.2 

S16 1111 ± 12 63.8 ± 0.7 

 

All the micropore surface areas calculated, and shown above, are either greater than or 

equal to the total surface areas calculated in Table 5.27. This cannot be correct, as it has 

been demonstrated that mesoporous structures are present within the samples 

contributing to the surface area. This error could be due to the extreme levels of 

supermicroporosity contained within the samples, the significant skewing away from 

linearity makes it difficult to determine the linear region of the Dubinin Radushkevich plot 

and determine the intercept with the y-axis for calculation using the Dubinin-Radushkevich 

equation. As a result of this, the values reported in Table 5.28 for the micropore surface 

area and percentage pore volumes attributed to micropores may be inaccurate and care is 

required when using these values. 

As discussed above, the desorption arm on the isotherms for samples S2, S6, S10 and S14 

does not fully close. This means that the derived values like the micropore surface area and 

                                                           
4 Errors calculated from regression error on Dubinin-Radushkevich fits 
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percentage pore volume attributed to micropores should be treated with caution for these 

samples. 

5.2.2.3 Summary 

Other reports of biochar produced from BSG activated with CO2 state the average pore size 

to be 1.4 nm (157), considering the samples here show the presence of supermicropores 

(1.4 nm-2 nm) and mesopores with sizes of 3 nm, this seems to give good agreement. It 

should be noted that Gonçalves et al reported an average pore size of 1.4nm, but also 

states this was calculated through the BJH method, which is traditionally only used to 

determine the size of mesopores and macropores greater than 2nm. Therefore, this 

assertion must be treated with caution. The pore volumes were reported in the literature 

sample as being 42.6% micropores, 54.2% mesopores and 3.3% macropores, indicating 

there is a mixture of microporosity and mesoporosity contained within the structure. The 

percentage pore volume from micropores for samples synthesised in this work range from 

90.8-93.1%, for samples produced at short hold times, to 63.8-69.7%, for samples produced 

at long hold times. These values are much higher than those reported in the literature, but 

the values calculated here should be treated with caution due to the difficulties in the 

Dubinin Radushkevich quantitative analysis discussed above. 

5.3 Surface Chemistry 

5.3.1 Transmission Fourier Transform Infrared Spectroscopy  

Analyses of the FTIR spectra obtained for the synthesised samples were performed using 

the peak identification function in Origin. The samples were categorized as complex 

molecules, due to the large number of absorbance bands found in the spectra obtained. 

There was good agreement on the locations of the peaks across all samples, as can be seen 

in Figure 5.41 and Figure 5.42. 
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Figure 5.41: FTIR spectra S1-S8 and BSG 

 

 

Figure 5.42: FTIR spectra S9-S16 and BSG 
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Each band identified was assigned to a specific functional group (158), and the peaks were 

cross referenced with each other, using knowledge of constituents of lignocellulosic 

biomass to estimate the functional groups present. A table of the absorbance bands and 

their potential functional group attributions is shown in Table 5.29 and Table 5.30.
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Table 5.29: Absorbance bands and potential functional groups 

Peak 

number 

Wavenumber 

(cm-1) 

Potential functional group  

1 3580 Tertiary alcohol/phenol OH 

stretch 

    

2 3380 (broad) Hydroxyl group, H-bonded 

OH stretch 

    

3 2920 Methylene C-H 

asymmetric/symmetric 

stretch 

    

4 2850 Methylene C-H 

asymmetric/symmetric 

stretch 

Methoxy methyl ether O-CH3, 

CH stretch 

   

5 1740 Aromatic combination bands 

(aromatic rings) 

Aldehyde Ester 6-member lactone ring  

6 1665 Alkenyl C=C stretch Aromatic combination bands 

(aromatic rings) 

Amide   

7 1590 C=C-C aromatic ring stretch Primary amine NH bend Secondary amine >NH bend   

8 1460 Methyl C-H asymmetric/ 

symmetric bend 

Methylene C-H bend C=C-C aromatic ring stretch   

9 1420 Vinyl C-H in-plane bend Phenol/tertiary alcohol OH 

bend 

   

10 1370 Methyl C-H asymmetric/ 

symmetric bend 

Phenol/ tertiary alcohol OH 

bend 

Gem-dimethyl or ‘iso’-

(doublet) 

  

11 1315 Primary/secondary/tertiary 

alcohol or phenol OH bend 

Aromatic primary or 

secondary amine CN stretch 

 

 

  

12 1260 Skeletal C-C vibrations Primary or secondary alcohol 

OH stretch 

Aromatic ethers aryl-O 

stretch 

Epoxy/ oxirane rings Aromatic primary amine CN 

stretch 
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Table 5.30: Absorbance bands and potential functional groups (continued) 

Peak 

number 

Wavenumber 

(cm-1) 

Potential functional group  

13 1160 Skeletal C-C vibrations Aromatic C-H in-plane bend Tertiary alcohol C-O stretch Secondary or tertiary amine 

CN stretch 

Cyanate -OCN stretch 

14 1120 Skeletal C-C vibrations Aromatic C-H in-plane bend Secondary C-O stretch Alkyl substituted ether C-O 

stretch 

Cyclic ether 

15 1065 Skeletal C-C vibrations Aromatic C-H in-plane bend Primary or Secondary C-O 

stretch 

Alkyl substituted ether C-O 

stretch 

Primary amine CN stretch 

16 1040 Cyclohexane ring vibrations Skeletal C-C vibrations Aromatic C-H in-plane bend Primary or Secondary alcohol 

C-O stretch 

Primary amine CN stretch 

17 995 Cyclohexane ring vibrations Skeletal C-C vibration Trans C-H out-of-plane Aromatic C-H in plane bend  

18 960 Cyclohexane ring vibrations Skeletal C-C vibrations Trans C-H out-of-plane bend Aromatic C-H in plane bend  
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Evidence of aromatic rings, and tertiary OH/phenolic groups, was supported by knowledge 

of lignin (polyphenol) present within the structure. Evidence of amine groups was 

corroborated by the known presence of high protein contents in BSG (159). Strong evidence 

exists for OH groups from primary/secondary/tertiary alcohol groups or phenol, all of which 

are present in cellulose, hemicellulose, and lignin. Skeletal vibrations, and CH bending and 

stretching, give evidence of long carbon chains. Some evidence of other oxygen containing 

groups in the form of esters, aldehydes, ether, and epoxy groups can also be seen. The FTIR 

spectrum obtained for the BSG sample shows good agreement with those reported in the 

literature (160-162).  

Most, if not all, of the peaks observed for BSG were also present in the biochar samples but 

at much-reduced intensities. Peak 1, at 3580 cm-1,  was unchanged, indicating the presence 

of tertiary/phenol OH groups, likely within lignin, which is still present after pyrolysis. Peak 

2, at 3380 cm-1, the broad hydrogen bond peak, is reduced for all samples, perhaps due to 

the removal of hemicellulose and cellulose whose monomers: glucose, xylose, arabinose, 

galactose, and mannose (163) all contain OH functional groups. This could also be an 

indication of the reduction of amine groups from the protein constituents within BSG, 

which are also responsible for hydrogen bonding. Peaks 3 and 4, at 2920cm-1, and 2850 cm-

1,  indicative of long chain aliphatic carbon chain C-H symmetric and asymmetric vibrations, 

are also greatly reduced, likely due to similar reasons outlined above for peak 2. Peaks 5, 6 

and 7, at 1740 cm-1, 1665 cm-1 and 1590 cm-1 respectively, associated with the aromatic ring 

structures, are also reduced in intensity due to the partial volatilisation of the lignin 

structures. Intensity reduction was observed for peaks 8-12, at 1460cm-1, 1420cm-1, 

1370cm-1, 1315 cm-1, and 1260 cm-1 respectively, which are associated with the primary, 

secondary tertiary, or phenolic OH groups (for reasons similar to those described for Peak 

2) as well as secondary amine and oxygen containing groups like ethers and epoxy groups, 

due to the removal of proteins and cross-linkages between the macromolecules, through 

pyrolysis. Peaks 13-18, at 1160 cm-1, 1120 cm-1, 1065 cm-1, 1040 cm-1, 995 cm-1 and 960 cm-1 

respectively, are associated with skeletal C-C vibrations and cyclic ring vibrations, and 

exhibited a reduction in peak intensity due to removal of carbon chains from hemicellulose 

and cellulose, as well as partial loss of the lignin fraction. 

Despite the reductions in peak intensity, the presence of the functional groups is still noted 

for the biochars, demonstrating a high degree of variety of surface binding sites for 
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pollutant adsorption. π-π interactions can occur between the carboxyl sites and aromatic 

ring structures. Amine and hydroxyl groups can act as centres for hydrogen bonding, which 

is very important for strong physisorption processes. However, as all of these functional 

groups were found on all of the materials, the transmission FTIR was not able to 

differentiate between the different samples present. This is a somewhat unexpected result, 

as there are multiple results showing the variations in, not only composition through FTIR 

and CHN, but also, behaviour in surface interactions through the nitrogen adsorption 

isotherms. As transmission FTIR is a measurement of the functional groups present in the 

bulk, not necessarily on the surface, ATR FTIR was carried out as a follow up to these 

measurements to try and determine the difference in surface character on the materials 

synthesised. 

5.3.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy  

To more accurately determine not only the functional groups within the material, but to 

determine the functional groups present on the surface of the material, ATR FTIR was 

carried out using a high refractive index germanium crystal. It was hoped that this would 

help resolve issues associated with the black colour, and likely highly absorbing nature, of 

the synthesised biochar samples. 

The spectra obtained showed similarities with other samples within the groups a, b and c 

highlighted in Section 5.1.1. Peaks at approximately 3000-2800 cm-1 were ignored and 

thought to be due to contamination from the acetone solvent used to clean the ATR crystal 

between runs. The spectra of the group a samples, produced at low temperature, are 

shown in Figure 5.43 and Figure 5.44. 



145 
 

 

Figure 5.43: Group a ATR FTIR spectra: S1, S3, S5 and S7 

 

Figure 5.44: Group a ATR FTIR spectra: S9, S11, S13 and S15 

 

Table 5.31 details the absorbance peaks found and potential functional groups to which 

they are ascribed. 



146 
 

Table 5.31: Group a ATR FTIR peaks and potential functional groups 

Peak 
Wavenumber 

(cm-1)  
Potential functional group 

1 3670 Alcohol OH stretch   

2 1592 
C=C-C Aromatic ring 

stretch 

Primary amine, 

NH bend 
 

3 1432 
Methyl C-H asym. 

/sym. Bend 
  

4 1390 
Phenol or tertiary 

alcohol, OH bend 
  

5 1231 
Aromatic C-H in-

plane bend 

Phenol, C-O 

stretch 

Aromatic ethers, 

aryl -O stretch 

6 1106 
Aromatic C-H in-

plane bend 

Secondary 

alcohol, C-O 

stretch 

Organic siloxane 

or silicone (Si-O-

Si) 

7 1069 
Aromatic C-H in-

plane bend 
 

Organic siloxane 

or silicone (Si-O-

Si) 

8 888 
Aromatic C-H out-

of-plane bend 
  

9 743 
Aromatic C-H out-

of-plane bend 
  

 

Peaks 2, 3 and 5-9 could be interpreted as coming from the aromatic ring structures 

present in the material through C=C-C ring stretches or C-H bends. Peak 1 at 3670 cm-1, 

Peak 4, at 1390 cm-1, peak 5, at 1231 cm-1, and peak 6, at 1106 cm-1, indicate the presence 

of hydroxyl groups from O-H stretches or C-O stretches. These could be from phenol groups 

on the lignin derived material, or on the saccharide monomers from the cellulose derived 

material thought to be present in these samples. Peak 2, at 1592 cm-1, could also be 

evidence of amine functional groups, from the protein derived material from the BSG 

precursor. 

The spectra of the group b samples, produced at high temperature and short hold times, 

are shown in Figure 5.45. 
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Figure 5.45: Group b ATR FTIR spectra 

Table 5.32 details the absorbance peaks found and potential functional groups to which 

they are ascribed. 

Table 5.32: Group b ATR FTIR peaks and potential functional groups 

Peak 
Wavenumber 

(cm-1)  
Potential functional group 

1 3657 
Alcohol OH 

stretch 
   

2 1553 

Secondary 

amine, >N-H 

bend 

   

3 1114 

Secondary 

alcohol, C-O 

stretch 

   

4 1063 

Organic 

siloxane or 

silicone (Si-O-

Si) 

Aromatic C-H 

in-plane bend 

Primary 

alcohol, C-O 

stretch 

Primary 

amine, CN 

stretch 

5 1015 

Organic 

siloxane or 

silicone (Si-O-

Si) 

Aromatic C-H 

in-plane bend 
 

Primary 

amine, CN 

stretch 

 



148 
 

Peaks 1, 3 and 4, at 3657 cm-1, 1114 cm-1, and 1063 cm-1 respectively, could indicate 

hydroxyl groups on the surface through O-H bend and C-O alcohol stretches. Peaks 4 and 5, 

at 1063 cm-1 and 1015 cm-1, indicate potential aromatic ring structures. Peak 2, at 1553 cm-

1
, indicates, which may be corroborated by peaks 4 and 5, the presence of amine stretches. 

Peaks 4 and 5 may also be indicative of silicon and oxygen complexes on the surface which 

will be discussed in more detail later. 

The spectra of the group c samples, produced at high temperature and long hold times, are 

shown in Figure 5.46. 

 

Figure 5.46: Group c ATR FTIR spectra 

Table 5.33 details the absorbance peaks found and potential functional groups to which 

they are ascribed. 

Peak 1, at 1721 cm-1
, indicates some form of carbonyl group, either ketone or carboxylic 

acid present on the surface. Peak 2, at 1562 cm-1
, indicates some secondary amine groups 

present, which could be aromatic in nature. Peak 3, at 1071cm-1, indicates either a 

secondary or primary alcohol structure on the surface, or the same silicon and oxygen 

complexes noted in the other ATR FTIR Ge measurements. Peak 4, at 948 cm-1
, indicates 

some of the aromatic character through C-H bends expected within biochar samples. 
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Table 5.33: Group c ATR FTIR peaks and potential functional groups 

Peak 
Wavenumber 

(cm-1)  
Potential functional group 

1 1721 Carboxylic acid Ketone  

2 1562 

Secondary 

amine, >N-H 

bend 

  

3 1071 

Organic siloxane 

or silicone (Si-O-

Si) 

Primary alcohol, 

C-O stretch 

Secondary 

alcohol, C-O 

stretch 

4 948 
Aromatic C-H in-

plane bend 
  

 

The ATR FTIR Ge measurements successfully pointed towards differences in the surface 

character, aligning along the same groups noted in the sample composition and nitrogen 

adsorption isotherm investigations. However, the distortion of the peaks, caused by the 

nature of the ATR measurements and high absorbance of the samples, made it extremely 

difficult to fully characterise the samples and to be able to say with certainty which 

functional groups are present on the surface. Alternative advanced methods are required 

to determine the exact nature of the surface functional groups present and XPS was chosen 

for this purpose. 

5.3.3 Point of Zero Charge 

The point of zero charge (PZC) was determined for each of the 16 biochar samples created 

in the screening phase and the raw BSG. The results are shown in Table 5.34. 

All samples exhibited a consistent PZC of around pH 7.5-8.5, slightly more basic than 

neutral. This would manifest as a net positive charge on the surface at pH=7 and below, the 

pH at which liquid phase adsorption experiments are performed, as this closely mimics the 

pH in wastewater streams. This indicates that the biochars produced will be more effective 

at removing anions at pH=7 and below and cations at basic pHs, due to the net charge on 

the surface varying with pH (158). This does not indicate that there are no negative charges 

on the surface, simply that there is a greater number of positive charges. The basic 

character, negative charges or proton acceptors of the biochars produced were deemed to 

originate from the delocalized electrons in the aromatic rings or from the lone pairs of 

electrons on nitrogen containing and carbonyl functional groups identified from the FTIR 



150 
 

measurements. The acidic character, positive charges or proton donors come from the 

alcohol and phenol groups acting as weak acids.  

Table 5.34: Point of zero charge results 

Sample PZC (pH) Net charge at pH 7 

S1 7.3 Neutral 

S2 8.1 Positive 

S3 7.5 Neutral 

S4 8.0 Positive 

S5 8.0 Positive 

S6 7.9 Neutral 

S7 7.8 Neutral 

S8 8.4 Positive 

S9 7.4 Neutral 

S10 8.2 Positive 

S11 7.6 Neutral 

S12 7.6 Neutral 

S13 7.6 Neutral 

S14 7.9 Neutral 

S15 7.7 Neutral 

S16 7.2 Neutral 

BSG 4.8 Negative 

 

The BSG sample tested showed a much lower PZC than all of the biochars tested at a value 

of 4.8. This is likely due to the higher proportion of hydroxyl groups from the cellulose and 

hemicellulose macromolecules present in the BSG sample which are removed during the 

pyrolysis synthesis of the biochars. At pH=7 this acidic PZC would manifest as a net negative 

charge, as the hydrogen ions dissociate from the hydroxyl groups in an attempt to lower 

the pH, following Le Chatilier’s principle. This results in the oxygen atoms in the hydroxyl 

group having another lone pair of electrons and manifests as a negative charge. 

The PZC values were compared with other values stated in the literature. Biochars made 

from BSG at 800-850 °C with 30–45-minute hold times, under steam activation, were 

reported to have PZCs of pH 10.6-10.7, notably much higher than the values found in this 

study (164). This is likely due to the noted differences in surface chemistry, occurring as a 

result of activation with steam rather than CO2. Other biochars produced from the pyrolysis 

of walnut shell, pyrolysed at 900 °C for 1 h and chemically activated with potassium 

carbonate, gave much more acidic PZC at approximately pH=6.1 (165). The discrepancies 

here are likely due to the chemical activation step, and the reduced protein content in 
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walnut shell compared to BSG. As indicated above, the carbons produced in this study will 

likely be effective for adsorption of both anions and cations due to the amphoteric nature 

of the surface with a PZC close to neutral. 

A screening model, obtained using the PZC as a response variable, is shown in Equation 5.3. 

𝑦 = 7.8 + 0.2𝑥1 + 0.1𝑥3 − 0.1𝑥4 − 0.1𝑥5 − 0.1𝑥1𝑥2 − 0.1𝑥1𝑥3 − 0.1𝑥1𝑥4

−0.1𝑥2𝑥4 − 0.1𝑥3𝑥4 − 0.1𝑥3𝑥5 + 0.1𝑥4𝑥5
(5.3) 

The model coefficients were used in a Lenth’s analysis to determine the parameters of 

statistical significance. With a 95% confidence interval the critical value was found to be 

0.29. This is shown graphically in the Pareto plot in Figure 5.47. 

 

Figure 5.47: Point of zero charge Pareto plot 

Since no synthesis parameter met the critical value, it was deemed that none were 

statistically significant to the value of PZC, which must be dependent on other factors, such 

as the biomass precursor. In future work, if it is desirable to control PZC, other 

experimental factors should be included as process variables. 

5.4 Acid Washing 

5.4.1 Introduction 

It was deemed necessary to chemically treat the biochars synthesised in the screening 

design of experiments due to the lack of statistical significance of the synthesis variables 

tested on the point of zero charge. This indicated a lack of tailorability of the surface 
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character, a characteristic imperative to the functionalisation of biochar adsorbents for use 

in water treatment systems. The high ash content of the biochars was also of concern as, 

for every char, it was greater than the guideline limit introduced by the Indonesian 

Standards authority for biochar materials (142). Acid washing has been shown in the 

literature to be an effective way of both removing ash content (166) and altering the point 

of zero charge, through protonation of functional groups on the biochar surface (167). 

Hold temperature and hold time were found to be statistically significant for the surface 

area and yield screening design of experiments. This statistical significance manifested as 3 

groups first identified in Section 5.1: Group a synthesised at low temperatures and both 

long and short hold times; group b synthesised at high temperatures and short hold times; 

and group c synthesised at high temperatures and long hold times. By utilising these 

groups, time and resources could be saved by choosing 1 sample from each group at 

random to be washed and compared to their unwashed counterparts. These samples were 

chosen as S9, S14 and S16: one from each of groups a, b and c respectively. 

5.4.2 Sample Composition of Washed Samples 

5.4.2.1 Yield and Proximate Analysis of Washed Samples 

Acid washing of three samples representative of the three categories described in Section 

5.1 was carried out. These samples were chosen at random from within the categories. 

Their yields, after washing, and data obtained from proximate analyses are shown in Table 

5.35. 

Table 5.35: Acid washed biochar yield and proximate analyses 

Sample 

Percentage 

recovered 

from washing 

(%) 

Yield (% dry 

BSG basis) 
Moisture (%) Volatiles (%) 

Fixed carbon 

(%) 
Ash (%) 

S9 - 28.8 1.3 8.8 68.3 12.4 

S9W 98.3 28.3 2.9 20.0 67.6 9.5 

S14 - 19.2  3.6 7.0 71.8 17.6 

S14W 93.3 17.7 13.6 11.9 65.3 9.2 

S16 - 6.1  1.2 8.1 36.5 54.2 

S16W 63.2 3.9 7.8 20.1 52.4 19.7 

 

A graph of the relative component make-up per 100 g of each of the washed samples, 

alongside their unwashed counterparts is shown in Figure 5.48. 
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Figure 5.48: Comparison of washed and unwashed proximate analysis data 

The acid washing shows removal of ash content from all of the samples, while volatile and 

fixed carbon components stay relatively constant. The water component of the post-

washed samples has increased slightly, this may be due to the increased hydrophilicity of 

the biochar surfaces due to the washing process. While the ash fraction has been reduced 

during the washing process, all of the biochar samples have not been brought below the 

10% ash content limit, as dictated by the Indonesian standards authority. This indicates 

their performance as liquid phase adsorbents may not be adequate and further 

modifications may be required. 

5.4.2.2 Elemental Analysis of Washed Samples 

CHN elemental analysis was carried out in duplicate for the washed samples.  A summary of 

the results alongside their unwashed counterparts are shown in Table 5.36 below. 
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Table 5.36: CHN analysis of washed and unwashed biochar samples5 

Sample Carbon (%) Hydrogen (%) Nitrogen (%) Other (%) 

S9 68.7 ± 0.8 2.9 ± 0.1 5.6 ± 0.3 22.9 ± 1.2 

S9W 69.5 ± 0.4 2.7 ± 0.0 5.3 ± 0.1 22.5 ± 0.3 

S14 63.1 ± 0.0 1.1 ± 0.2 3.0 ± 0.0 32.8 ± 0.1 

S14W 76.5 ± 0.1 0.4 ± 0.0 4.0 ± 0.1 19.1 ± 0.0 

S16 41.7 ± 0.2  0.3 ± 0.0 4.3 ± 0.4 53.7 ± 0.6 

S16W 66.2 ± 0.9 1.0 ± 0.3 4.1 ± 0.3 28.7 ± 1.4 

 

A graph of the elemental make-up per 100 g of BSG in each sample is shown in Figure 5.49. 

 

Figure 5.49: CHN elemental analysis of unwashed and washed biochar samples 

The group a samples, S9 and S9W, show very little change in their elemental makeup after 

the washing process. This is likely due to the non-porous nature of both samples, discussed 

later in Section 5.4.3, and the inability of the acid washing medium to penetrate into the 

pores of the porous matrix and protonate the surface functional groups, and remove the 

ash content. The group b samples, S14 and S14W, show a large decrease of 45.8% in the 

other elements such as metal ions, oxygen and other heavier non-metals. This is likely due 

to the washing process being much more effective in being able to penetrate into the 

                                                           
5 Errors calculated in from duplicate measurement, standard error formula is detailed in Appendix D 
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porous matrix of the material, and remove these non-organic materials much easier.  The 

decrease in hydrogen is an unexpected result but could be due to the removal of oxygen 

containing metal and non-metal oxides, which act as sites for protonation. The mass of 

carbon seemingly increases, which has no reasonable basis in the chemistry of the system. 

This may be due to the inherent variability in the precursor material and small batch size of 

each synthesis. This reason could similarly explain the decrease in hydrogen content. The 

group c samples, S16 and S16W, show a relatively constant mass of nitrogen, carbon and 

hydrogen, but a very large decrease of 65.9% in the other elements similar to the group b 

samples. This increase in the proportion of the other elements is likely due to the even 

greater porous character in the group c samples compared to the group b samples allowing 

for even greater penetration of the washing solvent into the porous matrix to remove the 

non-organic material such as metal ions and other inorganic substances constituting the 

samples. 

5.4.3 Nitrogen Adsorption Characterisation of Washed Samples 

5.4.3.1 Surface Area and Isotherm Analysis 

Nitrogen adsorption characterisation was carried out for the washed samples, the results 

are summarised in Table 5.37. 

Table 5.37: Nitrogen adsorption characterisation of acid washed and unwashed  biochar samples6 

 

Sample 

Monolayer 

capacity (cm3g-

1) 

BET 

constant 

BET Surface 

area (m2g-1) 

Enthalpy of adsorption 

(kJmol-1) 

IUPAC 

isotherm 

classification 

Hysteresis 

Type 
 

S9 3 ± 2 45 ± 4 15 ± 8 8.0 ± 0.1 II - 

S9W 1 ± 0 575 ± 99 4 ± 0 9.6 ± 0.1 II - 

S14 133 ± 0 2435 ± 96 579 ± 1 10.6 ± 0.0 I(b) H4 

S14W 143 ± 0 2308 ± 125 622 ± 1 10.5 ± 0.1 I(b) H4 

S16 256 ± 3 173 ± 8 1116 ±12 8.9 ± 0.0 I(b) H4 

S16W 408 ± 3 171 ± 17 1776 ± 12 8.9 ± 0.1 I(b) H4 

 

The BET surface areas, before and after washing, are shown for comparison in Figure 5.50 

below. 

                                                           
6 Errors calculated from propagation of error in BET isotherm fits, the error propagation equations 
are detailed in Appendix D 
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Figure 5.50: Comparison of surface area before and after acid washing 

Sample S9 remained non-porous after washing, indicating that the removal of the ash has 

not affected its porous characteristics. In S14 and S16, both surface areas increased after 

washing, by 7.4% and 59.1%, respectively. This indicates that the removal of ash has 

opened blind pores in their network, opening up additional sites for adsorption. 

5.4.3.2 Pore Size Characterisation 

Mesopores 

BJH analysis of the porous washed samples was carried out. The BJH plots can be seen 

below in Figure 5.51. 
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Figure 5.51: BJH plot for porous acid washed samples 

These results are consistent with the BJH mesopore sizes found before washing at 

approximately 3nm, indicating the acid wash has not affected the size of the mesopores in 

the material. 

Micropores 

The Dubinin-Radushkevich equation was used to characterize the microporous character of 

the porous washed biochar samples. The plots can be seen in Figure 5.52. 

 

Figure 5.52: Dubinin-Radushkevich plots for washed porous biochar 
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The data maintains the upwards deviation in the high-pressure region shown in the pre-

washed samples. This suggests that the samples retain their supermicroporous character, 

as before. 

The Dubinin-Radushkevich equation was used to calculate the micropore area and 

percentage of pore volume associated with micropores. This data is summarized in Table 

5.38. 

Table 5.38: Dubinin-Radushkevich microporous characterisation results for porous acid washed samples7 

Sample Micropore surface area  

(m2g-1) 

Percentage pore volume attributed to micropores  

(%) 

S14 639 ± 1 90.8 ± 0.2 

S14W 680 ± 1 85.6 ± 0.1  

S16 1111 ± 12 63.8 ± 0.7 

S16W  1771 ± 19  56.9 ± 0.6 

 

The micropore surface areas of the porous samples before and after washing are compared 

in Figure 5.53 below. 

Both samples show an increase in microporous surface area, with the micropore surface 

area of S14 increasing by 6.4%, after washing, and that for S16 increasing by 59.4%, after 

washing. The percentage of pore volume attributed to micropores of the porous samples, 

before and after washing, are compared in Figure 5.54 below. 

 

                                                           
7 Errors calculated from propagation of error in Dubinin- Radushkevich fits 
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Figure 5.53: Comparison of micropore surface area before and after acid washing 

 

Figure 5.54: Comparison of percentage pore volume attributed to micropores before and after washing 

Both samples shown a decrease in the percentage of the volume attributed to micropores, 

with S14 decreasing by 5.2% and S16 decreasing by 6.9%, after washing. These two facts 

indicate that the removal of ash and other materials has unblocked both closed micropores 

and mesopores within the porous structures of the materials. 
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5.4.4 Surface Characterisation of Washed Samples 

5.4.4.1 Point of Zero Charge 

The point of zero charge was determined following the same procedure as before for the 

new washed biochar samples. The results can be seen in Table 5.39. 

Table 5.39: PZC of acid washed and unwashed biochar samples 

Sample PZC (pH) Net charge at pH 7 

S9 7.4 Neutral 

S9W 6.5 Neutral 

S14 7.9 Neutral 

S14W 6.9 Neutral 

S16 7.2 Neutral 

S16W 5.5 Negative 

 

A comparison of the samples before and after washing can be seen in Figure 5.55 below. 

 

Figure 5.55: Point of zero charge for samples before and after acid washing 

The acid wash treatment has been shown to significantly decrease the point of zero charge 

of each of the biochars tested through protonation of functional groups on the surface. The 

greatest washed PZC was for sample S14W, with a value of 6.9, but this was still a 
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significant decrease of 1.0. Next was S9W with a PZC of 6.5, this is thought to be due to its 

non-porous nature and the fact it still contains some hemicellulose and cellulose 

macromolecules, which both contain oxygen functional groups in the form of ethers and 

hydroxyl groups with lone pairs, which can become easily protonated by the acid. The 

lowest and most significantly altered PZC is that of S16W, the most porous of the three 

samples tested. The magnitude of this change is thought to be due to the highly porous 

structure, and large surface area, giving easy access for a vast number of functional groups 

to become protonated (168). Easier diffusion and transport of the acid solution into the 

pores of S16W may also have been a contributing factor to the PZC. This is due to the 

higher proportion of porosity being attributed to mesopores than S14W, as shown in Table 

5.38. 

The acid washing does show, however, that the surface chemistry can be significantly 

altered, but chemical activation is required to achieve this. For this reason, it was deemed 

necessary to use an acid wash in the optimisation design of experiments moving forwards.  

5.4.4.2 FTIR Ge characterisation 

The FTIR ATR spectra of the group a samples, S9 and S9W can be seen in Figure 5.56 below. 

 

Figure 5.56: Group a FTIR ATR Ge spectra 
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The peaks found between 3050 cm-1 and 2800 cm-1 were discounted from the analysis, due 

to their presence above the baseline. These peaks were thought to be present due to 

contamination in the baseline due to the acetone used to clean the ATR crystal in between 

measurements. Table 5.40 details the absorbance peaks, the samples in which they were 

found, and the potential functional groups that they represent. 

Peak 1, found at 2627 cm-1
, is attributed to a secondary alcohol or phenolic OH stretch. 

Peak 2, found at 1596 cm-1
, is attributed to either a secondary amine >N-H bend or in 

conjunction with peak 3, at 1435 cm-1
, attributed to C=C-C aromatic ring stretch. In the 

fingerprint zone, peaks 4, 5 and 10, found at 1292 cm-1, 1103 cm-1 and 667 cm-1 

respectively, indicate the possible presence of secondary OH alcohol groups, potentially 

from phenol functionalities. Peak 4 indicates the possible presence of either primary or 

secondary amines. Peaks 4-10 also could be attributed to the aromatic ring structures of 

the materials, either from the C-H in and out of plane bending vibrations or the C-C skeletal 

vibrations. Peaks 4, 6 and 10 were absent from the S9W spectra; this could be as a 

consequence of the removal of the material which was present and creating these peaks, 

during the washing process: such as nitrogen containing materials or adsorbed 

carbonaceous material adsorbed onto the surface of the material from the synthesis 

process.  
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Table 5.40: Group a FTIR ATR Ge functional group identification 

Peak 
Wavenumber 
(cm-1) 

Present 
in S9 

Present 
in S9W 

Potential functional group 

1 3627 Yes Yes 
Nonbonded 
hydroxy group, 
OH stretch 

Secondary 
alcohol OH 
stretch 

phenol OH 
stretch 

 

2 1596 Yes Yes 
C=C-C aromatic 
ring stretch 

Secondary 
amine, >N-
H bend 

  

3 1435 Yes Yes 
C=C-C aromatic 
ring stretch 

   

4 1292 Yes No 
Primary or 
secondary, OH in-
plane bend 

Aromatic 
primary 
amine, CN 
stretch 

Aromatic 
secondary 
amine, CN 
stretch 

Skeletal C-
C 
vibrations 

5 1103 Yes Yes 
Secondary 
alcohol, C-O 
stretch 

Aromatic 
C-H in-
plane bend 

Skeletal C-
C 
vibrations 

 

6 1026 Yes No 
Aromatic C-H in-
plane bend 

Skeletal C-
C 
vibrations 

  

7 881 Yes Yes 
Skeletal C-C 
vibrations 

   

8 805 Yes Yes 
Aromatic C-H out-
of-plane bend 

Skeletal C-
C 
vibrations 

  

9 755 Yes Yes 
Aromatic C-H out-
of-plane bend 

Skeletal C-
C 
vibrations 

  

10 667 Yes No 
Aromatic C-H out-
of-plane bend 

Alcohol, 
OH out-of-
plane bend 

Skeletal C-
C 
vibrations 
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The FTIR ATR spectra of the group b samples, S14 and S14W can be seen in Figure 5.57 

below.  

 

Figure 5.57: Group b FTIR ATR Ge spectra 

The spectra obtained from these samples proved significantly difficult to identify peaks and 

analyse due to the small deviations from the baseline. This is thought to be an artefact of 

the ATR measurement technique and the refractive index of the samples tested material. 

These results should, therefore, be carefully validated with other techniques and 

conclusions drawn from it treated with caution. Table 5.41 details the absorbance peaks, 

the samples for which they were found, and the potential functional groups that they 

represent. 

Due to the distortions arising from the similarities between the ATR crystal refractive index 

and the material, the peaks are significantly warped, and little information can be obtained 

from both of the spectra obtained. In the single bond zone, from peaks 1-3, at 3036, 2944 

and 2851 cm-1
, there is evidence of methyl and methylene groups, which could be from the 

aromatic ring structures in the material. Peak 4, at 1557 cm-1
, indicates the presence of 

secondary amine groups in the material. In the fingerprint region, peaks 5-7, at 1026, 790 

and 672 cm-1, could corroborate the aromatic character of the material, representing C-H in 

and out of plane bends, or skeletal C-C vibrations. Alternatively, peaks 5 and 7 could be 
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evidence of alcohol groups. Peak 5 could also be representative of siloxane or silicone 

groups on the surface, which may be a constituent of the ash content of the material. 

Table 5.41: Group b FTIR ATR Ge functional group identification 

Peak 
Wavenumber 
(cm-1) 

Present 
in S14 

Present 
in S14W 

Potential functional group 

1 3036 Yes Yes 

Terminal 
(vinyl) C-H 
stretch 
 

Medial, cis- 
or trans-C-H 
stretch 
 

  

2 2944 Yes Yes 

Methyl C-H 
asym./sym. 
Stretch 

   

3 2851 Yes Yes 
Methylene 
C-H 
asym./sym. 
Stretch 

   

4 1557 Yes Yes 

Secondary 
amine, >N-H 
bend 

   

5 1026 Yes Yes 
Skeletal C-C 
vibrations 

Primary 
alcohol, C-O 
stretch 

Organic 
siloxane or 
silicone (Si-
O-Si) 

Aromatic C-
H in-plane 
bend 

6 790 Yes Yes Skeletal C-C 
vibrations 

Aromatic C-
H out-of-
plane bend 

  

7 672 Yes Yes Skeletal C-C 
vibrations 

Alcohol, OH 
out-of-plane 
bend 

Aromatic 
C-H out-of-
plane bend 

 

 

The FTIR ATR spectra of the group c samples, S16 and S16W can be seen in Figure 5.58 

below.  
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Figure 5.58: Group c FTIR ATR Ge spectra 

Similar to the group b samples, there was difficulty in identifying peaks due to the 

suspected ATR refractive index issue. The results here should also be cross validated, and 

treated with scepticism at present. Table 5.42 details the absorbance peaks, the samples 

for which they were found, and the potential functional groups that they represent. 
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Table 5.42: Group c FTIR ATR Ge functional group identification 

Peak 
Wavenumber 
(cm-1) 

Present in 
S16 

Present in 
S16W 

Potential functional group 

1 3044 Yes Yes 
Aromatic 
rings 
 

   

2 2947 Yes Yes Methyl C-H 
asym. /sym. 
Stretch 
 

   

3 1726 Yes Yes 

carbonyl, 
ketones 
aldehydes 
esters or 
carboxyl 
 

   

4 1563 Yes Yes Secondary 
amine >N-H 
bend 
 

   

5 1449 Yes No Methyl 
asym. /sym. 
bend 

methylene 
C-H bend 

C=C-C 
Aromatic 
ring 
stretch  

6 1087 Yes No 

Primary or 
secondary 
alcohol C-O 
stretch 

Organic 
siloxane or 
silicone (Si-
O-Si) 

Skeletal C-
C 
vibrations 

 

7 1059 No Yes 
Primary 
alcohol 
stretch 

primary 
amine C-N 
stretch 

Organic 
siloxane or 
silicone (Si-
O-Si) 

Skeletal C-
C 
vibrations 

8 1032 Yes No 

Organic 
siloxane or 
silicone (Si-
O-Si) 

Primary or 
secondary 
alcohol C-
O stretch 

Skeletal C-
C 
vibrations 

 

9 947 Yes No 
Aromatic C-
H in-plane 
bend 

Skeletal C-
C 
vibrations  

 

10 906 Yes No 
Aromatic C-
H out-of-
plane bend   

 

11 788 No Yes 
Aromatic C-
H out-of-
plane bend 

Skeletal C-
C 
vibrations  
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12 695 Yes No 
Alcohol, OH 
out-of-plane 
bend 

Aromatic 
C-H out-of-
plane bend  

 

13 667 No Yes 
Alcohol, OH 
out-of-plane 
bend 

Aromatic 
C-H out-of-
plane bend  

 

 

Peaks 1 and 2, at wavenumber of 3044 and 2947 cm-1 respectively, give evidence of 

aromatic rings. Peak 3, at 1726 cm-1, gives evidence to the presence of carbonyl, ketones, 

aldehyde, esters or carboxyl groups, containing a C=O stretch. Peak 4, at 1564 cm-1, 

indicates the presence of secondary amine groups. For the unwashed sample (S16), peaks 

5, 6, 8, 9, 10 and 12 give further evidence of aromatic ring structures through methyl group 

bends, and C-C or C=C stretches. Peaks 6, 8 and 12 could be evidence of primary or 

secondary alcohol stretches. Similar to the group b samples, there is also evidence of 

siloxane or silicone Si-O-Si groups present from peak 8, at 1032 cm-1. For the washed 

sample (S16W), peaks 7, 11, 12 and 13 all corroborate the existence of aromatic ring 

structures, through C-H bends and skeletal vibrations.  Peaks 7 and 13 show evidence of 

alcoholic OH groups present. Peak 7, at 1059 cm-1, could also indicate the existence of 

amines, or the aforementioned siloxane or silicone Si-O-Si groups.  

The FTIR ATR Ge data shows evidence for aromatic rings, and a variety of oxygen and 

nitrogen surface functional groups. The distinct functionality of these groups will be 

investigated through XPS measurements, presented in Section 5.4.4.3. There is also 

evidence of silicon and oxygen complexes on the surface, which will be investigated later 

through EDS studies. 

5.4.4.3 X-ray Photoelectron Spectroscopy  

As discussed earlier, more advanced characterisation methods were required to identify 

surface functional groups in this study. X-ray photoelectron spectroscopy (XPS) was 

identified as a good measurement to this end due to it’s shallow penetration depth and the 

measurement technique compatibility with the black coloured organic samples. 

The relative atomic concentrations of each functional group found of the surface of each of 

the prewash and post-wash materials, as well as raw BSG, are shown in Table 5.43. An 

example of the three XPS scans curves with deconvoluted peaks for sample S9W Point 1 

and fitting data can be seen in Appendix F. 
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The raw BSG biomass showed global heterogeneity across the 3 points investigated. Points 

1 and 2 showed good agreement with 43-48% C=C, 28-29% C-O and 0-1% C=O. These points 

indicate an area of cellulose or hemicellulose in the macromolecular matrix, with C-O being 

highly prevalent in the saccharide pyran rings found in those structures. Point 3 indicates a 

lignin structure within the materials, with both C=C and C-C bonds from aromatic rings. The 

N1s scan shows good agreement across all 3 points, with 3-4% pyrrolic rings and 2-3% from 

quaternary nitrogen functional groups. These pyrrolic nitrogen functional groups indicate a 

high proportion of 5 atom rings with a nitrogen in the structure, it can be seen later in the 

analysis of the biochar samples below that these structures completely disappear after 

pyrolysis. The O1s scans show a high proportion of OI oxygen functional groups, such as 

ketones or quinone groups, at relative concentrations of 12-16% on the BSG surface, as well 

as a significant proportion (0-6%) of OIII functional groups, such as carboxylic groups or 

physisorbed water.  

Table 5.43: XPS atomic functional group percentages for washed and unwashed biochar samples 

Binding energy (eV) 284.6 285.5 286.5 288 290.4 398.2 399.5 400.8 402.8 532.4 533.2 535.5 

Functional Group C=C C-C C-O C=O O-C=O N6 N5 N-Q N-X O-I O-II O-III 

Sample Point Relative atomic concentration (%) 

BSG 

1 48 0 28 1 0 0 3 3 0 16 0 0 

2 43 0 29 0 0 0 4 2 0 15 0 6 

3 24 45 0 10 0 0 4 3 0 12 0 2 

S9 

1 48 0 20 0 0 4 0 12 3 9 4 0 

2 42 11 7 10 0 4 0 10 2 0 13 0 

3 47 0 23 0 0 3 0 13 0 4 11 0 

S9W 

1 33 27 0 13 0 5 0 11 3 3 7 0 

2 50 0 8 13 0 4 0 12 2 3 9 0 

3 33 23 15 0 0 4 0 13 0 3 9 0 

S14 

1 33 28 0 19 0 4 0 6 1 9 0 0 

2 33 28 0 17 0 3 0 6 3 8 2 0 

3 37 25 0 14 0 2 0 5 6 6 4 1 

S14W 

1 28 28 0 18 0 2 0 14 0 2 6 1 

2 30 28 0 16 0 3 0 10 4 1 8 0 

3 31 27 0 19 0 3 0 9 3 2 6 0 

S16 

1 19 20 0 19 0 4 0 18 0 20 0 0 

2 18 21 0 20 0 0 0 19 2 0 20 0 

3 18 20 0 19 0 4 0 18 0 21 0 0 

S16W 

1 26 26 0 21 0 2 0 8 2 2 12 2 

2 27 25 0 23 0 2 0 11 3 2 6 1 

3 28 22 0 18 0 2 0 11 3 3 13 1 
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The group a sample, produced at low hold time and low temperature (S9), shows large 

global heterogeneity across each point investigated on the surface. Points 1 and 3 show 

close agreement, with C=C and C-O dominating the carbon character and both ketone or 

quinone and esters or phenol groups on the surface. Point 2 shows a more heterogenous 

carbons character showing C=C, C-C, C-O and C=O but only ester or phenol groups in the 

O1s scan. The N1s scan is consistent across the 3 points, showing pyridinic N substituted 

graphitic rings, quaternary nitrogen and some pyridine-N-oxide groups in the cases of 

points 1 and 2. Points 1 and 3 are likely from cellulose or hemicellulose derived regions in 

the macromolecular structure of the material, known to be present from TGA derivative 

analysis of the low temperature, low hold time samples. This is due to the higher 

prevalence of C-O and C=C stretches present in the saccharide monomers containing pyran 

rings with unsaturated C=C bonds and C-O stretches, alongside C-O stretches from hydroxyl 

groups on the saccharide structures. After washing, S9W still shows global heterogeneity in 

its character, each of the 3 points having a different permutation of C=C, C-C, C-O and C=O. 

The nitrogen character is very consistent with the unwashed sample. The oxygen character 

shows more consistency between samples, and a greater value of OII groups than OI. This 

could be due to protonation of lone pairs of electrons on quinone or ketone groups into 

hydroxyl groups, like phenols, during to the acid washing process.  

The group b samples, produced at low hold time but high temperature, show much greater 

global homogeneity across the 3 spots investigated. It shows 33-35% of surface functional 

groups from C=C, 25-28% from C-C and 14-19% from C=O in the C1s scan. This is more 

consistent with the C1s expected from a purely lignin derived material, with fewer pyran 

rings and almost all C=C and C-C from aromatic rings. The N1s scan shows good consistency 

with pyridine, quaternary and pyridine-N-oxide groups found. The oxygen structure is the 

most varied of the three scans done, due to the knowledge of the largely ringed structures 

it is thought OI groups will manifest as quinone, OII groups will manifest as phenol groups 

and OIII will present as carboxylic acid or water. Point 1 shows only quinone groups. Point 2 

shows mostly quinone groups with some phenol. Point 3 shows almost equal numbers of 

quinone and phenol groups, and also some presence of carboxylic acid or water on the 

surface. After washing, the carbon character remains largely unchanged, showing good 

global homogeneity, and good agreement with the unwashed sample, with 28-31% C=C, 27-

29% C-C and 16-19% C=O. The relative proportion of C=C has decreased slightly, this could 

be due to protonation of unsaturated polyphenol ring structures.  The nitrogen character 
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shows good agreement in the pyridinic and pyridine-N-oxide groups but a vast increase in 

quaternary nitrogen. This increase in quaternary groups may be due to the addition of 

hydrogen ions onto the lone pair of electrons located on the nitrogen of the pyridinic 

groups to form quaternary groups through the washing with acidic solvent. The oxygen 

character shows much better global homogeneity, it shows a decrease in OI groups, like 

quinones, from 6-9% in the unwashed (S14) to 1-2% in the washed (S14W). To contrast this, 

the OII groups increased from 2-4% in the unwashed sample to 6-8% in the washed sample. 

There was still some evidence of carboxylic acid or water on the surface, in point 1 of S14. 

This shift from OI groups to OII groups is evidence of the protonation of unsaturated C=O in 

quinone groups to C-OH in phenol groups.  

The group c sample, produced at high temperature and long hold times, shows good global 

homogeneity across all 3 points. It exhibited 18-19% C=C, 20-21% C-C and 19-20% C=O. This 

is a total relative decrease in carbon functional groups, coming from mostly the C=C and C-

C function groups, as compared to the group b sample analysed above. This is an expected 

result and fits with what was discovered through TGA, that only the lignin fraction of the 

macromolecular matrix is being removed during the extra hold time. The N1s scan shows 

consistent quaternary nitrogen groups across all 3 samples. Samples 1 and 3 shows 

pyridinic nitrogen functional groups, while sample 2 shows pyridine-N-oxide groups: the 

oxidised form of the N6 pyridine group. This is a vast increase in quaternary nitrogen 

groups, as compared to the group b sample, perhaps due to greater N substitution in the 

polyphenol ring structures at the higher temperatures or from greater pyrolysis uncovering 

these surfaces from within the macromolecular matrix of the BSG. The O1s scan shows only 

one type of functional group at each point. Points 1 and 3, which also displayed the less 

oxidised form of the pyridinic nitrogen, indicated quinone groups in the O1s scan. Point 2, 

which displays greater amount of pyridine-N-oxide, showed phenolic groups on the surface. 

After washing, sample S16W shows a much higher proportion of functional groups 

attributed to carbon, more in line with S14W than with S16. It had 26-28% due to C=C, 22-

26% due to C-C and 18-23% due to C=O. The nitrogen is much more globally homogenous 

across the 3 points than for the unwashed sample, 2% due to pyridinic groups, 7-9% due to 

quaternary and 2-3% due to pyridine-N-oxide. The total number of nitrogen groups, after 

the washing process, has decreased from an average of 22% to an average of 15%, across 

the 3 points. The relative share of the oxidised pyridine-N-oxide form is greater than that of 

the unwashed sample, while the pyridinic and quaternary share is lower than that of the 
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washed samples, perhaps indicating the quaternary groups are removed during the 

washing process. The O1s scan shows a greater variety of oxygen functional groups than 

that of the unwashed samples with OI, OII and OIII functional groups found at all 3 points in 

a generally homogenous manner. Quinone groups were found at relative concentration of 

2%, phenol groups found at 6-13% and carboxylic acid and water found at 1-2%.  

Generally, for the porous samples, the C1s scan shows global homogeneity, with C=C and C-

C in an almost 1:1 ratio as would be expected from polyphenolic aromatic ring structures as 

those found in lignin derived materials. No C-O stretches are found in the porous samples, 

due to the complete removal of pyran rings attributed to cellulose and hemicellulose from 

the structures at high pyrolysis temperatures. S16 showed a lower proportion of aromatic 

carbon functional groups, as compared to the other porous samples. This, however, 

increased after washing, reaching similar levels to S14 and S14W, perhaps due to the high 

ash content of the sample. 

The N1s scans in the porous samples showed a relative increase in concentrations of 

nitrogen functional groups after washing in the group b samples, but a relative decrease in 

nitrogen functional groups in the group c samples. The nitrogen functional groups could 

occur as a consequence of insertion of nitrogen atoms in the ring structures at the high 

temperatures of the ramping phase of the pyrolysis synthesis. Upon closer inspection, the 

pyridinic nitrogen and pyridine-N-oxide relative concentration remains relatively constant. 

It is only the quaternary nitrogen that varies across the 4 samples: increasing after washing 

for S14 but decreasing after washing for S16. In the case of the group b sample (S14W), this 

increase in surface nitrogen character compared to S14 after washing is due to hydrolysis of 

the sample during the washing process, exposing further the nitrogen groups in the porous 

matrix due to inherent protein content in the BSG. It is likely that the greater porosity of the 

group c sample (S16) follows this logic, with the greater hold time allowing for more of the 

porous matrix to be exposed to the surface, revealing more nitrogen containing functional 

groups. However, after washing, S16W loses much of this nitrogen character due to 

hydrolysis of the surface, and the nitrogen rich protein macromolecule derived content and 

nitrogen substituted surface polyphenol structures being lost in the filtrate of the wash 

process. Additional repeat measurements would be required to test this hypothesis. 

The O1s scan in the porous samples showed that the group b sample had a relatively 

constant relative oxygen concentration before and after washing but the group c sample 
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had an overall decrease in the relative concentrations of oxygen functional groups on the 

surface after washing. But more interestingly, the general trend is for the oxygen functional 

groups to become protonated after washing due to the acid environment, with OI type 

oxygen groups decreasing and OII type oxygen functional groups increasing. This agrees 

with PZC experiments discussed in Section 5.4.4.1. After washing, the surface also became 

more hydrophilic, with indications of water being found on all washed samples in significant 

proportions. Hydrophilicity is imperative to biochar function in water remediation systems 

to enhance pore diffusion.   

5.4.4.4 Scanning Electron Microscope Imaging 

SEM images of samples from all three groups, before and after washing, were obtained. 

Two different, and distinct, morphologies were found for all the samples investigated and 

are shown below. The SEM SED images for the group a samples, S9 and S9W, are shown in 

Figure 5.59 and Figure 5.60, respectively. 

  

Figure 5.59: S9 SEM SED images, glassy beads (left) amorphous (right) 

  

Figure 5.60: S9W SEM SED images, glassy beads (left), amorphous (right) 
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The amorphous images of both S9 and S9W show large channels penetrating into the bulk 

of the material. These channels are very large and indicate the gasification of material 

previously occupying these voids, which were created in the pyrolysis process. The glassy 

bead images on the left of Figure 5.59 and Figure 5.60 show the outer wall of a fibre of BSG 

with what looks like small glassy beads on the surface. The surface behind these beads also 

seems to be much more well-structured and regular than the amorphous regions previously 

observed.  

The SEM images for the group b samples, S14 and S14W, are shown in Figure 5.61 and 

Figure 5.62, respectively. 

  

Figure 5.61: S14 SEM SED images, glassy beads (left), honeycomb structure (right) 

  

Figure 5.62: S14W SEM SED images, glassy beads (left), amorphous (right) 

The above figures demonstrate the honeycomb structure of S14 and amorphous region of 

S14W, both showing regions with channels accessing deeper into the structures of the 

biochar materials. While these channels are many orders of magnitude larger than the 
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micro and mesopores found during the nitrogen adsorption experiments, these large 

channels are indicative of a hierarchical pore structure penetrating deep into the bulk of 

the materials. The glassy beads once again appear in both S14 and S14W, however, seem to 

be much denser in their concentration on the surfaces of the materials. 

 The SEM images for the group c samples, S16 and S16W, are shown in Figure 5.63 and 

Figure 5.64, respectively. 

  

Figure 5.63: S16 SEM SED images, glassy beads (left) honeycomb structure (right) 

  

Figure 5.64: S16W SEM SED images, glassy beads (left), amorphous (right) 

The S16 and S16W samples show very similar morphologies to those of the group b 

samples, the amorphous and honeycomb structures showing similar indicators of a 

hierarchical porous structure. The honeycomb structure seen in the S16 sample shows 

much more regular channel sizes than that of the honeycomb structure in S14. This may be 

due to the more easily pyrolyzed walls being completely removed during the additional 

pyrolysis time, making the macroporous structure much more uniform in nature. The glassy 
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beads, once again, are present in both S16 and S16W, this time in their densest iteration 

yet, with the entire surface of the particle in the S16W image covered in glassy beads. The 

nature of these glassy beads was investigated through EDS mapping and analysis, in Section 

5.4.4.5 and later in Section 7.3.6.  

It appears that the concentration of glassy beads increases as pyrolysis nears completion 

(longer hold time, higher temperature). The porous carbons in groups b and c both show 

macroporous character, some with amorphous regions and some with highly ordered 

honeycomb-like structures. 

5.4.4.5 Energy Dispersive Spectroscopy 

Energy dispersive spectroscopy was employed to determine the mass percentage of the 

elements present on the surface of the materials. Both of the different site types observed 

in the SEM imaging were investigated. The mass percentage surface compositions of the 

group a samples, S9 and S9W, as determined by EDS, are shown in Table 5.44 

Table 5.44: Mass % EDS results for Group a samples 

Element 

S9 glassy beads 

(%mass) 

S9 amorphous 

(%mass) 

S9W glassy beads 

(%mass) 

S9W amorphous 

(%mass) 

C 72.23 72.12 71.40 77.28 

O 19.94 21.25 21.76 19.59 

Mg 0.45 0.93 0.22 0.47 

Si 5.11 0.45 5.94 0.12 

P 1.44 3.43 0.31 1.35 

S - - - 0.08 

Cl - - 0.10 0.07 

K - 0.17 0.08 0.21 

Ca 0.82 1.64 0.18 0.82 

Ash8 7.82 6.62 6.83 3.12 

Non-Si ash9 2.71 6.17 0.89 3.00 

 

The major difference between the glassy bead sites and the amorphous sites are the 

elements comprising the ash fraction. In the images where glassy beads were noted, the 3rd 

most prevalent element was silicon, while in the amorphous regions the 3rd most prevalent 

element was phosphorus. The ash fraction of the glassy bead regions is predominantly 

silicon, while the ash content of the amorphous regions is principally other elements, such 

                                                           
8 Ash is defined as all elements that are not carbon or oxygen 
9 Non-Si Ash is defined as all elements that are not carbon, oxygen or silicon 
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as magnesium, phosphorus and calcium. During washing, the ash content of the materials 

decreases, with the majority of this decrease coming from loss of non-silicon ash elements. 

The EDS maps were investigated to determine the nature of the distribution of the 

elements on the surface of the samples. The EDS maps for the group a samples are shown 

in Figure 5.65, Figure 5.66, Figure 5.67 and Figure 5.68. 
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Figure 5.65: EDS elemental mapping of S9 glassy beads 
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Figure 5.66: EDS elemental mapping of S9 amorphous 
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Figure 5.67: EDS elemental mapping of S9W glassy beads 

  



182 
 

  

  

  

  

Figure 5.68: EDS elemental mapping of S9W amorphous 
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The glassy beads EDS maps of both the S9 and S9W show high concentrations of silicon and 

oxygen at the sites of the glassy beads. The glassy beads are therefore thought to be silicon 

oxide complexes on the surface of the biochar materials. These maps also show that the 

long, straight, zip-like structures, running axially along the fibres, seen in the images with 

the glassy beads, are primarily made up of silicon and carbon.  

The amorphous maps show the majority of the material is carbon and oxygen, more typical 

of the composition expected from a biochar material. The S9 amorphous maps also show 

localised hotspots of silicon and oxygen, indicating that the silicon oxides present at the 

glassy beads sites are present within the amorphous bodies as well.  

For all samples, it can be seen that the non-silicon ash material is relatively homogeneously 

distributed throughout the material and does not concentrate at any distinguishable 

features of the morphology of the material. This, in conjunction with the EDS data shown in 

Table 5.44, shows that the washing process leads to a decrease in the amount of this non-

silicon ash content, which suggests that the acid washing process results in removal of the 

internal non-organic fraction of the biochar material, but does not affect the silicon oxides 

present as the glassy beads. 

The mass percentage surface compositions of the group b samples, S14 and S14W, as 

determined by EDS, are shown in Table 5.45. 

Table 5.45: Mass % EDS results for Group b samples 

Element 

S14 glassy 

beads (%mass) 

S14 honeycomb 

structure (%mass) 

S14W glassy 

beads (%mass) 

S14W amorphous 

(%mass) 

C 52.37 73.52 55.37 84.24 

O 32.47 20.90 30.78 12.88 

Mg 0.20 0.81 0.17 0.15 

Si 14.05 1.25 12.46 0.33 

P 0.55 2.15 0.52 1.43 

S - 0.13 - 0.07 

Cl - - 0.18 0.21 

K 0.09 0.14 - - 

Ca 0.29 1.10 0.26 0.49 

Fe - - - 0.10 

Cu - - 0.26 0.11 

Ash 15.18 5.58 13.85 2.89 

Non-Si ash 1.13 4.33 1.39 2.56 
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The honeycomb structure and amorphous regions both show much larger percentages of 

carbon compared to the glassy bead regions on S14 and S14W. The oxygen content of the 

glassy beads regions is larger, this could be linked to the higher silicon content found at the 

glassy beads regions and, like in the group a EDS maps analysed above, the silicon existing 

as silicon oxides. Also similar to the S9 and S9W samples analysed above, the glassy beads 

have silicon as their 3rd most prevalent element, while the honeycomb and amorphous 

regions on S14 and S14W have phosphorus as their 3rd most prevalent element after carbon 

and oxygen. After washing, once again the ash content of the biochars decreases, with the 

majority of this decrease coming from the non-silicon ash elements. 

The EDS maps for the group b samples are shown in Figure 5.69, Figure 5.70, Figure 5.71 

and Figure 5.72. 
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Figure 5.69: EDS elemental mapping of S14 glassy beads 
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Figure 5.70: EDS elemental mapping of S14 honeycomb structure 
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Figure 5.71: EDS elemental mapping of S14W glassy beads 
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Figure 5.72: EDS elemental mapping for S4W amorphous 

The EDS maps above show clearly once again that the regions where glassy beads are seen 

there is an increased concentration of silicon and oxygen, leading to the conclusion that the 

glassy beads are silicon oxide compounds. In the S14 honeycomb structure it can also be 

seen that there is a thin layer of silicon and oxygen material surrounding the honeycomb 

structure, showing that the silicon oxide material is inherent to the fibre composition of the 

BSG and is not added during the synthesis process. This layer of silicon dioxide surrounding 

the honeycomb structure may be the precursor state of silicon dioxide in the material 

before it is pyrolyzed and coalesces into the glassy beads seen in other regions of the 

biochar materials. 

The non-silicon ash is once again distributed homogenously through all the biochar 

materials. This fact, alongside the reduction in this non-silicon ash fraction during washing, 

and higher surface area after washing, points to the conclusion that the removal of the non-

silicon ash fraction is what opens up the blind pores within the matrix of the biochar 

material, increasing sites for adsorption. 

The mass percentage surface compositions of the group c samples, S16 and S16W, as 

determined by EDS, are shown in Table 5.46. 

Here, once again, the glassy beads sites show silicon as the third most prevalent element, 

while compositional analysis of the honeycomb and amorphous regions demonstrate that 

phosphorus is the third most common element, after oxygen and carbon.  
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Table 5.46: Mass % EDS results for Group c samples 

Element 

S16 glassy 

beads (%mass) 

S16 honeycomb 

structure (%mass) 

S16W glassy 

beads (%mass) 

S16W amorphous 

(%mass) 

C 60.29 60.61 52.55 79.27 

O 25.97 27.13 34.91 16.89 

Mg 1.19 1.49 - - 

Si 6.68 3.71 11.03 1.20 

P 3.74 4.54 0.89 1.73 

S 0.14 - 0.18 0.19 

K 0.37 0.32 - - 

Ca 1.63 2.02 - - 

Fe - 0.17 0.19 0.34 

Cu - - 0.23 0.37 

Ash 13.75 12.25 12.52 3.83 

Non-Si ash 7.07 8.54 1.49 2.63 

 

In the washed samples, the non-silicon ash content in both samples is very low. As stated 

before, washing removes the majority of the non-silicon ash, but this seems to be enhanced 

in these samples, as compared to the others, due to their greater pore volume and surface 

area. Seemingly, the more open the structure, the easier the washing solution can 

penetrate the material and remove the non-silicon ash material blocking the blind pores.  

The EDS maps for the group c samples are shown in Figure 5.73, Figure 5.74, Figure 5.75 

and Figure 5.76. 
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Figure 5.73: EDS elemental mapping of S16 glassy beads 
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Figure 5.74: EDS elemental mapping of S16 honeycomb structure 
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Figure 5.75: EDS elemental mapping of S16W glassy beads 
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Figure 5.76: EDS elemental mapping of S16W amorphous 
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Once again, EDS mapping shows high concentrations of silicon and oxygen on the sites of 

the glassy beads, demonstrating the prevalence of these silicon oxide beads on the surface 

of each material made, irrespective of temperature. The S16 honeycomb structure, once 

again, shows the thin layer of silicon oxide material surrounding the fibre containing the 

porous, honeycomb-like channels, similar to the S14 honeycomb structure material. 

The high silicon content, after washing of the glassy bead sites, and the prevalence of these 

on the surface, as seen from the elemental mapping, lends further evidence to the fact that 

the acid washing does not remove the silicon oxide materials from the surface of the 

biochars but only the non-silicon ash fraction. 

The presence of these silicon oxide surface groups validates the peaks observed in the 

fingerprint region of the Ge-ATR FTIR measurements, at approximately 1020-1095 cm-1
, 

indicating silicon-oxy compounds (158). 

It should be noted that the EDS mapping did not detect any nitrogen in this analysis, while 

we know from CHN elemental analysis, and from XPS analysis, that there is a not 

insignificant amount of nitrogen present in the biochars tested. This could be explained by 

the difficulty of EDS detectors in detecting nitrogen due to its low atomic number, the low 

concentration of nitrogen in the material or masking from the large signals received from 

both oxygen and carbon.  Due to the general unreliability in EDS measurements which can 

have large errors, this data should be used strictly qualitatively. Furthermore, as XPS has a 

very shallow penetration depth of approximately 10nm, and EDS has a much larger 

penetration depth of about 10µm, the high levels of nitrogen detected in the XPS analysis 

could be due to only the carbons in the organic rings on the outer surface of the material 

being replaced with nitrogen atoms. This may be limited by slow diffusion of the nitrogen 

gas into the pores of the material and result in low nitrogen levels deeper in the biochar 

matrix. In this case, the nitrogen would be a small fraction of the composition analysed by 

EDS, but relatively large for XPS. Additionally, as an averaged bulk measurement, the 

nitrogen detected by the CHN elemental analysis may provide a combined result of surface 

and bulk compositions, including the fraction deeper within the biochar matrix, which may 

not be detectable by the relatively shallow EDS surface measurement.  
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5.5 Batch Adsorption Tests 

5.5.1 Target Species 

From the investigation of the surface characteristics of the washed biochar materials 

methyl orange (MO) dye was identified as an appropriate adsorptive species to test the 

capabilities of the synthesised materials. The acidic PZCs of the porous biochars, indicating 

a greater number of positively charged surface functional groups on the surface of the 

materials, would provide sites for electrostatic interaction with the negative charge of the 

anionic dye molecules located at the sulphone functional group on the methyl orange. The 

large variety of oxygen and nitrogen containing functional groups identified through FTIR 

and XPS, and the inorganic silicon containing functionalities identified through FTIR and 

EDS, may also provide many sites for interaction with the other moieties of the MO 

molecules such as the tertiary amine, aromatic rings or azo group. 

Many azo dyes like methyl orange are considered recalcitrant pollutants, which are difficult 

to break down by traditional waste water treatment systems means. Many azo dyes are 

resistant to aerobic biological degradation(169), and those that do degrade form toxic by-

products such as aromatic amines, which require further processing (170). Methyl orange is 

utilised in the textile and leatherworking industries, utilised as a chemical indicator in 

laboratory and (ironically) waste water treatment plants due to its pH dependant colour 

change. Unlike many azo dyes, methyl orange is not banned under UK or EU law despite its 

mutagenic and carcinogenic properties (171). 

While MO is not considered an emerging contaminant, it provides several attractive 

properties from a material testing standpoint. Methyl orange has been widely tested as an 

adsorptive for many adsorbents used in liquid phase separations, and so has a plethora of 

studies to benchmark our synthesised materials against. The interactions methyl orange 

undertakes are well understood; with this understanding, an adsorption mechanism and 

accurate picture of the adsorption sites on our material can be evaluated with certainty. 

Methyl orange is a complex adsorptive with many different functional groups present in its 

structure. This makes it appropriate as a proxy for many target species requiring 

remediation from water systems. By understanding the adsorption behaviour between the 

tested biochar materials and methyl orange, we hope to identify potential target species 

for real world application of the synthesised materials.  
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Methyl orange, as the name suggests, has an orange colour and therefore a chromophore 

peak in the visible range of light. This makes it easy to measure through colorimetric 

spectroscopy measurement in the visible range, a simple and reliable method of measuring 

concentration of substances in solution. This will allow for cheap, quick and accurate 

measurement of the concentrations and determine uptakes after adsorption onto the 

surface of the tested materials.  

From the hierarchy of controls, elimination or substitution of a hazard is always preferable 

to mitigating or controlling a hazard (172). For this reason, using a proxy adsorptive species 

like MO is preferable to using a real emerging contaminant which may present not only a 

hazard to lab users and university staff, but also a remediation problem if accidental 

uncontrolled release to water, soil or air occurs. 

There is also a significant gap in the literature for BSG biochar materials with regards to 

methyl orange, with no previous studies being reported as utilising BSG derivative biochars 

as an adsorbent for its removal. It was, therefore, selected as the target species for 

determining the efficacy of the biochars, made in this study, as adsorbents.  

5.5.2 Methyl Orange Calibration 

Calibration curve experiments were performed to determine the molar absorptivity and 

applicable range for the determination of unknown methyl orange concentrations. The 

molar absorptivity was determined to be 0.0885 ± 3.6 ×-4 L mg-1 cm-1 for a range of 0-45mg 

L-1. The calibration curves can be seen in Appendix B and the error propagation equations  

can be seen in appendix D. 

5.5.3 Methyl Orange Batch Adsorption Tests 

Moving on from the characterisation experiments, the ability of the biochars to act as 

effective adsorbents for water treatment applications was also investigated. Batch 

adsorption experiments of 10 mL of 100 mg L-1 methyl orange dye were carried out for the 

sample from the three groups, before and after washing were carried out. The experiments 

were run for contact times of 1 h and 24 h for every sample. The results are summarised in 

Table 5.47 below. 
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Table 5.47: Adsorption uptakes after 1 and 24 h for washed and unwashed samples10 

Sample Uptake after 1 h (mg g-1) Uptake after 24 h (mg g-1) 

S9 3 ± 1 0 ± 1 

S9W 0 ± 1 0 ± 1 

S14 0 ± 1 40 ± 1 

S14W 7 ± 1 11 ± 1 

S16 136 ± 1 231 ± 0 

S16W 122 ± 1 231 ± 0 

 

These results are shown graphically in Figure 5.77. 

 

Figure 5.77: Adsorption uptake of methyl orange dye after 1 and 24 h, for washed and unwashed biochar 

samples 

For the group a samples, S9 and S9W, little or no adsorption was found to have occurred 

regardless of contact time with the adsorptive dye solution, or washing state. This is 

expected, due to the non-porous nature and small surface areas reported from nitrogen 

adsorption characterisation.  

                                                           
10 Errors calculated from propagation of error in Beer-Lambert law fit, the error propagation 
equations are detailed in Appendix D 
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For the group b samples, S14 and S14W, an expected increase in adsorption over time 

occurs in the case of both samples, from 0 to 40 mg L-1, for the unwashed sample, and from 

7 mg L-1 to 11 mg L-1, for the washed sample. We also see a decrease in the maximum 

uptake, at the presumed equilibrium in this experiment, after washing, but an increase in 

the uptake at low times implying faster kinetics of adsorption. The decrease in capacity is 

an unexpected result, due to the increase in surface area after acid washing. This increase 

in surface area may however not translate to more adsorption sites if the adsorptive dye 

molecules are too large to access the pores. The improved kinetics may be due to the 

protonation of the lone pair of electrons on functional groups such as carbonyl and amine, 

increasing the number of favourable electrostatic interactions occurring between the 

adsorbent and the negative charge on the dye adsorptive molecules. This surface chemical 

shift is seen in the XPS data in Section 5.4.4.3 above through the shift from OI quinone 

groups to OII phenolic groups. In the case of group b samples, there seems to be a trade-off 

between a larger maximum capacity of the adsorbent when unwashed and faster kinetics 

when washed. 

The group c samples, S16 and S16W, exhibited the highest adsorption uptakes of all of the 

samples tested, an expected result, due to their extremely high surface areas, in 

comparison to the other groups. The equilibrium uptake at 24 h, for both S16 and S16W, 

was 231 mg L-1, outperforming many other adsorbents in the literature such as biochars 

from hazelnut shell, cellulose, glucose (173), pomelo peel (174), chicken manure (175) and 

activated carbons from coconut shell (176) and aloe vera (177). Contrary to the result from 

the group b samples, washing did not seem to increase the capacity of the sample, even 

though the surface area increased with washing, according to nitrogen adsorption analysis. 

The increase in surface area was attributed mostly to micropore availability in S16W – 

resulting in an increase in surface area of 681 m2g-1 (from 1125 m2g-1 in S16 to 1807 m2g-1 in 

S16W) while the micropore surface area increased by 659 m2g-1 (from 1111 m2g-1 in S16 to 

1770 m2g-1 in S16W). These micropores may be too narrow for the large dye molecules to 

enter and adsorb onto the walls of the pores, meaning that the increase in surface area 

does not translate to an increase in adsorption capacity. This indicates that in this instance, 

surface area cannot be taken as a directly proxy for liquid phase adsorbent capacity. 

Extensive liquid phase adsorbent testing must be included as a optimisation response 

variable to ensure a true optimum carbon is chosen. The 1 h experiments show a decrease 

in dye uptake during washing from 136 mg L-1 for S16 to 122 mg L-1 for S16W. This is also 
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counter to the group b samples, and may be attributed to the decrease in the number of 

protonated nitrogen surface functional groups found after washing as shown from XPS data 

in Section 5.4.4.3. These positively charge functional groups would be attracted to the 

negative charge on the methyl orange dye molecules. Further investigation into 

intermolecular interactions between the biochar surface functional groups and methyl 

orange functionalities is carried out in Chapter 7. 

While the decrease in uptake after washing for the 1-hour residence time samples for the 

group c samples is a concern, the surface tailorability, increase in surface area and 

adherence to the ash content consent limits as outlined by the Indonesian Standards 

authority that can be achieved from washing are seen as necessary. Washing therefore will 

be carried out on all samples in the optimisation design of experiments in the next chapter, 

with hold time and hold temperature as the synthesis parameters under investigation. 

Yield, surface area, methyl orange uptake after 1 h and methyl orange uptake after 7 days 

will be used as response variables.  

It should be noted that the above analysis is based on single batch adsorption experiments 

without repetitions and conclusions should be treated with caution. These were carried out 

as a proof of concept to confirm adsorption of the methyl orange dye on the synthesised 

materials. Moving forward, the optimisation design of experiments will be carried out with 

duplicated centre points to account for batch to batch variation.  

5.6 Screening Conclusions 

The low activation temperatures investigated have resulted in a non-porous material, 

unsuitable for adsorbent applications. The high temperature material is highly porous with 

a mixture of mesoporosity and microporosity. The synthesis parameters hold temperature 

and hold time were found to be the only factors of significance to the yield and BET surface 

area and so should be used in optimisation studies moving forward. 

PZC and surface charge cannot be adequately tailored by just pyrolysis alone and so an acid 

washing step must be introduced to alter the biochars produced. Washing also helps to 

reduce the ash content of the materials, allowing for better compliance with international 

carbonaceous adsorbent standards. 

The materials are largely made up of lignin macromolecule derived carbon. Both 

transmission and Germanium ATR FTIR are incapable of adequately characterising the 
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surface of the material. For this reason more advanced surface characterisation methods, 

like XPS, SEM and EDS are required to understand the materials. 

XPS has identified many chemical moieties for adsorption interactions to take place 

including oxygen and nitrogen containing functional groups and aromatic carbon. While 

SEM and EDS have shown a hierarchical pore structure alongside inorganic silica surface 

groups which warrant further investigation. 

The materials synthesised show good adsorption capacities with methyl orange dye, which 

has been identified as a good surrogate molecule to investigate the adsorption interactions 

occurring for use in real world applications with various organic emerging contaminants. It 

has also been noted that surface area and methyl orange adsorption capacity are not 

directly correlated and so moving forward, methyl orange adsorption capacity should be 

used as a response variable in optimisation design of experiments at both short and long 

hold times to differentiate between maximum capacity and kinetic performance.  
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6. Optimisation of Biochar Synthesis Parameters 

6.1 Design of Experiments Planning 

6.1.1 Central Composite Design Choice 

As stated in Chapter 5, a two-factor optimisation design of experiments is required for the 

optimisation of the washed biochars produced from BSG, with hold time and temperature 

the parameters of interest. As outlined in Chapter 1, there are typically 3 different central 

composite designs to choose from: CCC, CCI and CCF. A central composite circumscribed 

design was deemed a poor choice for this system, as the axial points would require to be far 

outside the design space leading to temperatures and times impractical to the running of 

the experiments. For example, the maximum hold time would be approximately 2.9 h, 

causing issues with scheduling. This is due to local lab guidelines on cooling of equipment 

and leaving equipment of elevated temperatures unsupervised as discussed in Section 

1.5.7.2 in the discussion of how the screening ranges were selected. The choice was then to 

be made between central composite inscribed and central composite face centred designs. 

Ultimately, CCF was chosen as the design regime going forward due to the inability of CCI to 

accurately model the responses outside of the design space encompassed by the data 

points, and the fact that the highest adsorption uptakes and surface areas were found in 

this region of the design space at coded values of x1=1, x2=1 or a hold temperature of 900 °C 

and a hold time of 2.5 h in the screening studies. A CCF has the drawback of poorly 

estimating the quadratic effects of the model equation after computation. This was 

deemed as an acceptable shortcoming to avoid the faults of the other two options. 

6.1.2 Other Parameters 

The other design parameters, which would be kept constant in this optimisation, must also 

be considered before moving on with the experimental phase. In keeping with the green 

chemistry principles of this project, and due to the lack of effects on the responses 

investigated, all of the variables would be set to the lowest or highest tested value to 

minimise environmental and economic impact. The ramp rate was set to the highest value 

tested (20 °C min-1) to minimise experimental time in the ramp phase and reduce the 

amounts of gas reagents used. The gas flowrates of both the inert and activating gases 

were chosen to be at the lowest level tested in the screening design (i.e. 60ml min-1). This 

allowed the volume of gases used to be minimised, reducing both costs and waste gas 
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stream output, which included the greenhouse gas CO2. This also increased the atom 

economy of the process by reducing the reagents required, and minimising by-products.  

6.1.3 Central Composite Face Centred Design 

Shown in Table 6.48 is the experimental design table outlining the 4 factorial points, 4 axial 

points and 5 repetitions of the centre point.  

Table 6.48: CCF experimental design table 

Sample Type of point Temperature 

(°C) 

x1 coded 

value 

Hold time (h) x2 coded 

value 

O1 Factorial 500 -1 0.5 -1 

O2 Factorial 900 1 0.5 -1 

O3 Factorial 500 -1 2.5 1 

O4 Factorial 900 1 2.5 1 

O5 Axial 500 -1 1.5 0 

O6 Axial 900 1 1.5 0 

O7 Axial 700 0 0.5 -1 

O8 Axial 700 0 2.5 1 

O9 Centre 700 0 1.5 0 

O10 Centre 700 0 1.5 0 

O11 Centre 700 0 1.5 0 

O12 Centre 700 0 1.5 0 

O13 Centre 700 0 1.5 0 

 

The matrix equations shown below allow for the calculation of the coefficients in matrix b 

to determine the model equation. 

[
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6.2 Yield Optimisation 

The yields detailed below are the overall yields after both pyrolysis and the acid washing 

process.  

The yields of each of the samples produced according to the design of experiments outlined 

above are detailed in Table 6.49 below. 

Table 6.49: Overall yield data for optimisation design of experiments biochar samples 

Sample Overall yield (% dried BSG basis) 

O1 28.5 

O2 20.4 

O3 29.5 

O4 8.2 

O5 28.6 

O6 11.0 

O7 25.7 

O8 24.8 

O9 24.7 

O10 23.9 

O11 25.0 

O12 23.5 

O13 26.9 

 

The model equation for the overall yield can be seen in Equation 6.1: 

𝑦 = 24.6 − 7.8𝑥1 − 2𝑥2 − 4.3𝑥1
2 + 1.1𝑥2

2 − 3.3𝑥1𝑥2 (6.1) 

The model was used to acquire a surface response plot, showing both the model data and 

the experimental points. This can be seen from two angles in Figure 6.78. 
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The model predicts a minimum yield of 8.3% at the factorial point where hold temperature 

is 900 °C and hold time is 2.5 h. This logically makes sense, as pyrolysis and gasification will 

be most complete under these conditions. This is in very close agreement with the 

experimental point obtained under these conditions, with a yield of 8.2%. The model 

predicts a maximum yield of 30.5% at the factorial point where the hold temperature is 

500 °C and the hold time is 2.5 h. This is also close to the experimental point, O3, with a 

yield of 29.5%. This is an unexpected result as it could reasonably be predicted that the 

highest yield would be produced at the lowest temperature and shortest hold time. This 

unexpected result may be down to natural variation in the feedstock, which is known to be 

less homogenous at higher yields, due to the different levels of macromolecules in the 

material and/or due to the washing process. It could also be down to the poor estimation of 

the quadratic effects giving rise to inaccurate results, as discussed before in Section 6.1.  

6.3 Surface Area Optimisation 

The BET surface area data obtained for the biochars produced in the optimisation design of 

experiments are shown in Table 6.50. 

 

 

Figure 6.78: Yield surface response plots as a function of hold temperature and hold time, front face (left), back face (right) 
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Table 6.50: BET surface areas of optimisation design of experiments biochar samples11 

Sample BET Surface area (m2 g-1) 

O1 18 ± 0 

O2 446 ± 0 

O3 1 ± 0 

O4 1273 ± 5  

O5 20 ± 0 

O6 1064 ± 3 

O7 106 ± 0  

O8 92 ± 0 

O9 78 ± 0 

O10 111 ± 0 

O11 98 ± 1 

O12 25 ± 1 

O13 54 ± 0 

 

The model equation for the BET surface area is shown in Equation 6.2: 

𝑦 = 91.6 + 457.3𝑥1 + 132.7𝑥2 + 404.4𝑥1
2 − 38.6𝑥2

2 + 211.0𝑥1𝑥2 (6.2) 

The surface response plots describing this model for BET surface area can be seen in Figure 

6.7912. 

 

                                                           
11 Errors calculated from regression error on BET isotherm fits, the error propagation equations are 
detailed in Appendix D 
12 It should be noted that the plots represent the mathematical models determined through design 
of experiments and consequently show negative values, which have no physical meaning. This is 
discussed later within the analysis. 

Figure 6.79: BET surface area model response plot as a function of hold temperature and hold time, front face (left), back face (right) 
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The model predicts a maximum surface area of 1258 m2 g-1 at the factorial point of a hold 

temperature of 900 °C and a hold time of 2.5 h. This is close to the experimental value 

obtained at this point (O4) with a BET surface area value of 1273 m2 g-1, but still lies outside 

of the reported error value for this experimental point. This coincides with the lowest yield, 

as seen in Section 6.2 and is a logical result, as with more pyrolysis, more volatile material is 

removed and leaves behind void spaces, opening up more of the porous matrix of the 

material, and creating a greater number of sites for nitrogen adsorption. The model 

predicts a surface area minimum of -90 m2 g-1, at a hold temperature of 535 °C and a hold 

time of 2.5 h. While a negative surface area is an impossible result, the preclusion of non-

positive values cannot be accounted for in this model; it is, thus, assumed that the material 

created under these conditions would have a BET surface area within the margin of error of 

0 m2 g-1. The observed global minimum is likely a false minimum, a plateau of multiple 

minima would be expected. This cannot be modelled using the quadratic model equation 

employed in this work. As the quadratic model equation contains only one turning point, 

the model equation attempts to globally average this expected plateau area around zero, 

giving rise to the large negative area seen. Where the surface response plot shows a large 

negative area can be assumed to be an error of the model equation; in reality, these would 

be surface areas of zero. The biochars produced under these conditions would be non-

porous, having multiple minima on the response plot. This would fit better with the results 

seen in the screening design of experiments, with all of the biochars of group a, produced 

at 500 °C, showing no porosity. By choosing a ‘useful’ porosity threshold of 100 m2 g-1, the 

response plot and model equation show that for a hold time of 0.5 h, a temperature of at 

least 786 °C is required, and for a hold time of 2.5 h a lower temperature of 672 °C is 

required. This shows the trade-off required in the relationship between residence time and 

temperature to ensure porosity is created within the synthesised biochars. 

An unexpected trend is, however, shown in the model, as it also produces some anomalous 

results, at low hold times and low temperatures. Higher surface areas than would be 

expected around factorial point O1, produced at 500 °C and 0.5 h, are projected by the 

model. The model predicts a surface area of 78 m2 g-1 at factorial point O1, while the 

experimental data shows a surface area of 18 m2 g-1 ± 0, showing the model predicts far 

outside of the calculated error range. Logically this point would have the lowest level of 

pyrolysis, as it is produced at the lowest temperature and hold time investigated, giving the 

lowest surface area and smallest pore volume. This anomaly is an artefact of the symmetric 
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property of parabolic quadratic functions used in this study, increasing after the minima 

giving this anomalous result. The model incorrectly predicts an increase in surface areas in 

some chars produced at temperatures lower than 532 °C. The introduction of the ‘useful’ 

porosity limit designated above still has these chars lower than the 100 m2 g-1 limit and, 

therefore, they are still designated as non-porous in this work. 

6.4 Short Residence Time Kinetics Optimisation 

The adsorption uptakes obtained for methyl orange after 1 h of adsorption, for each of the 

samples produced according to the optimisation design of experiments, are shown in Table 

6.4 below. 

Table 6.51: Methyl orange adsorption uptakes on optimisation design of experiments biochar samples after 1 h13 

Sample Methyl Orange uptake (mg g-1) 

O1 1 ± 0 

O2 3 ± 0 

O3 0 ± 0 

O4 86 ± 0 

O5 0 ± 0 

O6 49 ± 0 

O7 1 ± 0 

O8 0 ± 0 

O9 0 ± 0 

O10 2 ± 0 

O11 1 ± 0 

O12 0 ± 0 

O13 1 ± 0 

 

The model equation for the 1 h residence time adsorption experiments is shown in 

Equation 6.3: 

𝑦 = 1 + 22.8𝑥1 + 13.5𝑥2 + 22.9𝑥1
2 − 1.1𝑥2

2 + 21.0𝑥1𝑥2 (6.3) 

The surface response plots describing this model for the 1 h methyl orange adsorption 

experiments can be seen in Figure 6.8014. 

                                                           
13 Errors calculated from propagation of error in Beer-Lambert fit, the error propagation equations 
are detailed in Appendix D 
14 It should be noted that the plots represent the mathematical models determined through design 
of experiments and consequently show negative values, which have no physical meaning. This is 
discussed later within the analysis. 
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The model predicts a maximum uptake of 80 mg g-1, occurring at a pyrolysis temperature of 

900 °C and a hold time of 2.5 h, coinciding with the maximum surface area and minimum 

yield synthesis conditions. The model prediction shows good agreement with the 

experimental point O4, which demonstrated an uptake of 86 mg g-1. The model predicts a 

minimum of -8 mg g-1, at a hold temperature of 508 °C a hold time of 2.5 h. The negative 

value implies an increase in methyl orange concentration in the bulk, which is not possible 

when using clean, unadsorbed adsorbents. This inaccuracy in the model is down to the 

inability of the model to have multiple minima, as described by the data, with many 

experimental points showing uptakes of 0 mg g-1, which is the practical minimum uptake 

expected in this experimental set up. Similar to the case described in Section 6.3, all 

negative uptake values should be recorded as 0 mg g-1 during analysis.  

6.5 Long Residence Time Kinetics Optimisation 

The adsorption uptakes of methyl orange on each of the samples produced according the 

optimisation design of experiments, after 7 days exposure, are shown in Table 6.52 below. 

 

 

Figure 6.80: 1 h methyl orange liquid phase adsorption experiment surface response plot as a function of hold 
temperature and hold time, front face (left), back face (right) 
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Table 6.52: Methyl orange adsorption uptakes on optimisation design of experiments biochar samples after 7 
days15 

Sample Methyl Orange uptake (mg g-1) 

O1 0 ± 0 

O2 11 ± 0 

O3 0 ± 0 

O4 97 ± 0 

O5 0 ± 0 

O6 97 ± 0 

O7 0 ± 0 

O8 0 ± 0 

O9 0 ± 0 

O10 0 ± 0 

O11 0 ± 0 

O12 0 ± 0 

O13 0 ± 0 

 

The model equation for the 7-day residence time adsorption experiments is shown in 

Equation 6.4: 

𝑦 = 3.0 + 34.2𝑥1 + 14.3𝑥2 + 38.1𝑥1
2 − 10.4𝑥2

2 + 21.5𝑥1𝑥2 (6.4) 

The surface response plots describing this model can be seen in Figure 6.8116. 

 

                                                           
15 Errors calculated from propagation of error in Beer-Lambert law fit, the error propagation 
equations are detailed in Appendix D 
16 It should be noted that the plots represent the mathematical models determined through design 
of experiments and consequently show negative values, which have no physical meaning. This is 
discussed later within the analysis. 

Figure 6.81: 7-day methyl orange adsorption experiments surface response plot as a function of hold 
temperature and hold time, front face (left), back face (right) 
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The model predicts a maximum uptake of 101 mg g-1, at a hold temperature of 900 °C and a 

hold time of 2.5 h, coinciding with the maximum surface area, maximum uptake after 1 h, 

and minimum yield. While an uptake of 101 mg g-1 is not possible, as the theoretical 

maximum is 100 mg g-1 due to the volume concentration and mass of adsorbent used, the 

value is in close agreement with the experimental value observed for point O4 of 97 mg g-1. 

The model predicts a minimum uptake of -13 mg g-1 at a hold temperature of 554 °C and a 

hold time of 2.5 h. Similar to the discussion in Section 6.4, these negative uptakes are not 

possible in this system and are an artefact of the quadratic model equation being unable to 

have multiple minima. These negative values should be taken as 0 mg g-1 for the purpose of 

analysis. 

In the actual calculation of the methyl orange uptake, some of the above values, reported 

as 0 mg g-1, were in fact calculated as negative uptakes ranging from -3 to -11 mg g-1. As the 

biochars were fresh and contained no methyl orange to desorb and increase the 

concentration of methyl orange in the system, the reason given for the greater 

concentration was loss of water from these flasks through evaporation. While parafilm and 

aluminium foil were used to seal the flasks and prevent temperature effects, evidently this 

was insufficient to prevent evaporation of the aqueous phase of the methyl orange 

solutions. Extra care was taken in future work to perfectly seal the flasks with multiple 

layers of parafilm, especially during temperature elevated studies where evaporation would 

be enhanced.  

As the theoretical maximum uptake of the experiments is 100 mg g-1, samples O4 and O6 

also showed the necessity for increasing the total mass of adsorbent in the flasks to allow 

for saturation of the adsorbents to occur. To ensure maximum comparability with the 

literature standard, i.e. 100 mg L-1 concentrations, the increase in adsorptive mass was 

achieved by increasing the volume of the methyl orange solution. Trial studies with samples 

O4 and O6 were carried out with 20 mL and 30 mL volumes of 100 mg L-1 methyl orange 

solution at 7 days residence time. The results obtained are shown below in Table 6.53. 
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Table 6.53: Adsorption uptake of MO on O4 and O6 at varying solution volumes17 

Volume of 100 mg L-1 MO 

solution 

Uptake on O4 (mg g-1) Uptake on O6 (mg g-1) 

10 97 ± 0 97 ± 0 

20 184 ± 0 155 ± 0 

30 240 ± 0 191 ± 0 

 

The 20 mL experiment using O4 showed a value of 184 mg g-1, close to maximum value of 

200 mg g-1 with a percentage uptake of 92%. This is still very near completion, while the 

30 mL studies showed uptakes much farther away from the theoretical maximum of 300 

mg g-1, with percentage uptakes of 80% and 54% for O4 and O6, respectively. The volume of 

solution in the flasks was therefore increased to 30 mL for all future liquid phase adsorption 

experiments. 

Once again it should be noted that the above values are from single batch adsorption 

experiments without repetition. These samples will have full liquid phase isotherm studies 

described in Chapter 7.  

Table 6.54 below compares the maximum uptakes of methyl orange dye of the highly 

adsorbing materials from this work with other carbonaceous adsorbents reported in the 

literature. 

Table 6.54: Comparison of O4 and O6 with other methyl orange adsorbents from literature 

Sample qmax (mg g-1) Reference 

O4 240 This work 

O6 191 This work 

Biochar from Hazelnut Shell 182 (173) 

Biochar from Cellulose 167 (173) 

Biochar from Glucose 147 (173) 

Biochar from Pomelo Peel 163 (174) 

Biochar from Chicken Manure 41.5 (175) 

Activated Carbon from Coconut Shell 3 (176) 

Activated Carbon from Aloe Vera 196 (177) 

                                                           
17 Errors calculated from propagation of error in Beer-Lambert law fit, , the error propagation 
equations are detailed in Appendix D 
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The uptake reported for O6 is comparable with the highest performing materials from the 

literature, such as the biochar derived from hazelnut shell and activated carbon derived 

from aloe vera, indicating it as a viable candidate for methyl orange removal in water 

treatment applications. However, the optimal sample, O4, vastly outperforms the other 

materials shown here. Sample O4 outperforms the best material from the literature, the 

activated carbon from aloe vera by approximately 22% indicating it may be an exceptionally 

effective adsorbent for the remediation of organic dyes.  

It is important to note that the qmax values from the literature reported above were 

obtained through Langmuir isotherm modelling, whereas the values for O4 and O6 were 

determined from a single sample with an initial concentration of 100 mg L-1. Consequently, 

the true qmax values for O4 and O6 may be even greater than those reported here.  

6.6 Optimisation ANOVA 

Analysis of variance (ANOVA) was carried out on the 4 models obtained above using 

Minitab 22 software. The ANOVA analysis was used to determine the significance of the 

factors, the curvature and the interactions within the models. The ANOVA table is shown 

with Table 6.55 below. 

Table 6.55: Optimisation ANOVA data 

Source DF Adj SS Adj MS F-Value P-Value 

Yield           

Model 5 488.649 97.73 37.02 0.000 

    x1 1 368.167 368.167 139.47 0.000 

    x2 1 24.402 24.402 9.24 0.019 

    x1*x1 1 51.643 51.643 19.56 0.003 

    x2*x2 1 3.501 3.501 1.33 0.287 

    x1*x2 1 43.56 43.56 16.5 0.005 

  Lack-of-Fit 3 11.518 3.839 2.21 0.23 

  Pure Error 4 6.96 1.74     

Total 12 507.128       

Surface Area      
Model 5 2033514 406703 32.32 0.000 

    x1 1 1254923 1254923 99.73 0.000 

    x2 1 105603 105603 8.39 0.023 

    x1*x1 1 451788 451788 35.91 0.001 

    x2*x2 1 4105 4105 0.33 0.586 
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    x1*x2 1 178084 178084 14.15 0.007 

  Lack-of-Fit 3 83320 27773 23.34 0.005 

  Pure Error 4 4759 1190     

Total 12 2121593       

Short Residence Time Kinetics  
     

Model 5 7617.8 1523.56 17.74 0.001 

    x1 1 3128.17 3128.17 36.43 0.001 

    x2 1 1093.5 1093.5 12.73 0.009 

    x1*x1 1 1445.75 1445.75 16.84 0.005 

    x2*x2 1 3.47 3.47 0.04 0.846 

    x1*x2 1 1764 1764 20.54 0.003 

  Lack-of-Fit 3 598.33 199.44 284.92 0.000 

  Pure Error 4 2.8 0.7     

Total 12 8218.92       

Long Residence Time Kinetics    
    

Model 5 14154.8 2830.97 12.77 0.002 

    x1 1 7004.2 7004.17 31.6 0.001 

    x2 1 1232.7 1232.67 5.56 0.05 

    x1*x1 1 4013.6 4013.56 18.11 0.004 

    x2*x2 1 297.5 297.54 1.34 0.285 

    x1*x2 1 1849 1849 8.34 0.023 

  Lack-of-Fit 3 1551.5 517.15 * * 

  Pure Error 4 0 0     

Total 12 15706.3       

Significant at p-value <0.05 

 

Model summaries were also obtained to help describe how well the models predict the 

responses. The model summaries are shown in Table 6.56 below. 

Table 6.56: Optimisation ANOVA model summaries 

Model S R2 R2 (Adjusted) R2 (Predicted) 

Yield 1.62474 96.36% 93.75% 75.77% 

Surface Area 112.173 95.85% 92.88% 61.63% 

Short Residence Time Kinetics 9.26689 92.69% 87.46% 25.91% 

Long Residence Time Kinetics 14.8875 90.12% 83.07% 6.26% 
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6.6.1 Yield 

The yield model shows strong overall significance, with a very low model p-value. Both 

main effects (x₁ and x₂) are highly significant, and their interaction is also significant, 

indicating that the factors influence each other. The ANOVA results show clear curvature in 

x₁, while curvature in x₂ is not detected. This makes the x₂² term statistically non-significant, 

its presence may be introducing noise but it does not cause instability in the model. 

Importantly, the lack-of-fit test is not significant (p = 0.23), meaning the quadratic model 

adequately captures the shape of the response surface. As a result, the model achieves high 

R² and adjusted R² values that are close together indicating a stable model. The strong 

predicted R², indicates that the yield model is reliable for predicting new values. 

6.6.2 Surface Area 

The surface area model also shows strong overall significance (p=0.000). The main effect x₁ 

is highly significant, and x₂ and the interaction term are also significant contributors. As 

with yield, the model detects curvature in x₁ but not in x₂, making the x₂² term 

non-significant and a likely source of noise. Unlike the yield model, however, the ANOVA 

indicates a significant lack-of-fit. The relatively low pure error mean square compared with 

the much larger lack-of-fit mean square shows that the model predictions deviate from the 

real data more than can be explained by random variation alone. This suggests that the 

quadratic model form does not fully capture the true response behaviour for surface area 

and may require additional or alternate terms to accurately represent the data. Although 

the model achieves high R² and adjusted R² values, the significant lack-of-fit results in a 

much lower predicted R², meaning the model performs poorly when predicting new points. 

Future work could improve this model by removing the non-significant x₂² term and 

refitting the model. 

6.6.3 Short Residence Time Kinetics 

The short residence time kinetics model is statistically significant overall, with a high F-value 

and low model p-value. The main effects x₁ and x₂, as well as the interaction term, are 

significant. Curvature is detected in x₁, but not in x₂, as shown by the extremely high p-value 

for x₂² (0.846). The lack-of-fit is highly significant, and the combination of a very low pure 

error mean square with a very large lack-of-fit mean square indicates that the overall shape 

of the modelled surface deviates substantially from the underlying response behaviour. The 

model summary shows high R² and adjusted R² values, but a very low predicted R², meaning 
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the model fits the existing data well but does not generalise well and performs poorly when 

predicting new values. Removing the non-significant x₂² term in future work may help 

reduce overfitting and noise. 

6.6.4 Long Residence Time Kinetics 

The long residence time kinetics model shows strong overall significance, with a low model 

p-value and high F-value. The main effect x₁, the interaction term x₁·x₂, and the quadratic 

term x₁² were all shown to be significant by ANOVA. The main effect x₂ shows borderline 

significance (p = 0.05), but due to the significant interaction term, it must remain in the 

model. As with the other responses, the quadratic term x₂² is non-significant, indicating no 

curvature in x₂ and contributing unnecessary noise. The lack-of-fit test cannot be computed 

because the pure error mean square is zero, caused by identical centre-point replicates. 

However, the large lack-of-fit mean square suggests that the model would likely show 

significant lack-of-fit if the test were calculable. The model achieves high R² and adjusted R² 

values, but the very low predicted R² indicates the model will be poor at predicting new 

points. Removing the non-significant x₂² term in future work would help reduce overfitting. 

6.6.5 ANOVA Summary 

Across all four models, the quadratic term for hold time (x₂²) is consistently non-significant, 

indicating that hold time behaves linearly across the experimental range. Removing x₂² in 

future modelling would reduce noise and help improve lack-of-fit. All models show high R² 

and adjusted R² values, but only the yield and surface area models achieve satisfactory 

predicted R² values, meaning only these two are suitable for predicting responses outside 

the measured data points. However, the optimal synthesis conditions of 900 °C and 

2.5 hours lie directly on an experimental point within the design space. Because this point is 

part of the dataset, the model accurately describes it, and it can be considered a reliable 

optimum for the purposes of this work. 

6.7 Optimisation Conclusions 

The optimisation design of experiments was successfully employed to determine biochars 

with high efficacy of removing methyl orange dye molecules from solution. The chars 

produced showed a reciprocal relationship between yield and adsorption capacity and 

adsorption kinetic performance, and a proportional relationship between surface area and 

adsorption capacity and adsorption kinetic performance.  
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The optimisation design of experiments did however come with some draw backs. 

Unphysical and impossible results like negative surface areas and negative adsorption 

uptakes were noted due to the simplicity and choice of model used. The model also only 

allowed for a single global minimum also giving rise to unexpected and incorrected results, 

this was also assigned as a shortcoming of the model employed in this work. As the optimal 

biochar, sample O4, was found in the upper corner of the design space at the maximum 

hold time and maximum temperature investigated, if future work was to be carried out, a 

widening of the design space is advised. This may lead to chars with higher surface areas 

and better adsorption performance, but will likely further reduce the yield of the biochars 

which must be taken into account. Model term reduction to remove the x2
2 term in all four 

optimisation models is also advised from the outcome of ANOVA to remove noise in future 

work. 

However, despite the shortcomings of the model, it did allow for the identification of the 

optimal points and for the optimal biochar within the range investigated to be found in a 

reduced number of experiments. The chars O4 and O6 were both identified as having 

significant adsorption performance to remove methyl orange from aqueous solutions, and 

so will both be fully characterised through composition, gas adsorption analysis, surface 

chemistry, morphology and liquid phase adsorption tests. This is not only to determine 

their effectiveness but also to study the differences between the two in closer detail. 
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7. Optimal Biochar Characterisation 

7.1 Sample Composition and Synthesis 

7.1.1 Yield and Proximate Analysis 

The optimal sample O4 (synthesised at 900 °C, 2.5 h hold time, 20 °C min-1 ramp rate and 

nitrogen and carbon dioxide gas flowrates of 100 mL min-1) and O6 (synthesised at 900 °C, 

1.5 h hold time, 20 °C min-1 ramp rate and nitrogen and carbon dioxide gas flowrates of 100 

mL min-1) from Chapter 6, were reproduced in order to provide sufficient sample for full 

characterisation, this duplicate synthesis also allowed for error analysis of the obtained 

yields. The samples from Chapter 6 will be referred to as O4.1 and O6.1; the samples 

synthesised for the full characterisation will be referred to as O4.2 and O6.2. All 

characterisation and analysis, unless otherwise stated, was carried out on samples O4.2 and 

O6.2. The average yields, with errors and proximate analysis data, are shown in Table 7.57. 

Table 7.57: Average yields for O4 and O6 and proximate analysis data for samples O4.2 and O6.2  

Sample Total Yield18 

(% dry basis) 

Moisture (%) Volatiles (%) Fixed carbon 

(%) 

Ash (%) 

O4 7.6 ± 0.4 4.6 15.7 67.8 11.9 

O6 10.8 ± 0.1 1.6 39.7 50.6 8.1 

 

The samples both exhibit compositions close to the 10 % ash content consent limit, which 

this was deemed acceptable for the current study but should be noted for future studies 

and/or potential commercialisation of these and related materials. 

A chart of the proximate compositions of the synthesised materials per 100g of BSG 

feedstock is shown in Figure 7.82. The samples have consistent amounts of ash and fixed 

carbon with only the amount of volatile carbon and water varying between the samples. 

While O4 and O6 were both produced at 900 °C, O4 was subject to a longer hold time (2.5 h 

compared to 1.5 h for O6), which resulted in a decrease in the mass of volatile carbon and 

an increase in fixed carbon. This is consistent with the pattern shown in the proximate 

analysis data obtained within the screening investigation, reported in Section 5.1.1, where a 

higher degree of pyrolysis increases the fixed carbon fraction of the synthesised biochars, 

                                                           
18 Samples were synthesized in duplicate for the purpose of error calculation, the standard error 
equation is detailed in Appendix D 
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affecting the surface chemistry, which can lead to varying water adsorption on the surface 

of the materials.  

 

Figure 7.82: Proximate components per 100g of BSG of samples O4 and O6 

7.1.2 CHN Elemental Analysis 

Carbon, hydrogen and nitrogen elemental analysis was carried out on both of the optimised 

samples in duplicate; the results can be seen in Table 7.58. 

Table 7.58: CHN elemental analysis of samples O4 and O619 

Sample Carbon (%) Hydrogen (%) Nitrogen (%) Other (%) 

O4 68.8 ± 2.0 0.5 ± 0.1 3.0 ± 0.1 27.7. ± 2.2 

O6 73.7 ± 0.0 0.2 ± 0.0 3.2 ± 0.0 22.9. ± 0.0 

 

A chart of the elemental compositions of the synthesised materials per 100 g of BSG 

feedstock is shown in Figure 7.83. Again, viewing the data in terms of the greater degree of 

pyrolysis, moving from O6 to O4, the data shows a slight decrease in the masses of nitrogen 

and ‘other’ elements, however, there is a significant decrease in the relative mass of carbon 

within the sample. The decrease is still relevant when considering the comparative yields 

                                                           
19 Errors calculated in duplicate from two samples of O4.2 and O6.2, the standard error equation is 
detailed in Appendix D 
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obtained for the two samples, with the reduction in carbon mass likely due to removal of 

the lignin macromolecular structure making up the volatile fraction, which is primarily 

comprised of carbon. The nitrogen decreases slightly due to the higher degree of pyrolysis 

removing surface nitrogen groups – notably, the protein fraction contained within the 

matrix of the material is left unpyrolysed. As was found from EDS analysis in Section 5.4.4.5, 

the ‘other’ elements in the biochars were found to be predominantly silicon and oxygen, 

with trace amounts of other metal and non-metal elements found. Some of these ‘other’ 

elements can be removed during a washing process, with higher ash removal levels seen for 

the materials synthesised using higher degrees of pyrolysis. This is further investigated for 

samples O4 and O6 in Section 7.3.4 and Section 7.3.5. 

 

Figure 7.83: Elemental composition of samples per 100 g of BSG 

7.2 Gas Adsorption Isotherms 

7.2.1 Nitrogen Adsorption Isotherms 

7.2.1.1 BET and Isotherm Analysis 

Nitrogen adsorption isotherms (at 77.4 K) were obtained for the newly re-synthesised O4 

and O6 samples. This data, in tandem with the nitrogen isotherms carried out to determine 

the surface areas of materials created in Chapter 6 (see Section 6.3) were used as 

duplicates to determine the average nitrogen adsorption characteristics of these samples. 

All isotherms can be categorised within the IUPAC classification system as Type I(b) with 
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Type H4 hysteresis, indicating that the materials contain wide micropores and small 

mesopores, similar in character to the 900 °C samples discussed in Section 5.2.1. All four 

newly acquired isotherms can be seen in Figure 7.84. 

 

Figure 7.84: Nitrogen adsorption isotherms for both samples of O4 and O6 

The data obtained was analysed using the BET isotherm model, employing the Rouquerol 

correction for calculation of the surface area of microporous materials. The monolayer 

capacity, BET constant, surface area, enthalpy of adsorption, IUPAC isotherm classification 

and hysteresis type are summarised in Table 7.59. 
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Table 7.59: BET parameters calculated from nitrogen adsorption isotherms on optimal biochar samples.20 

Sample 

 

Monolayer 

capacity (cm3g-1) 

BET 

constant 

BET Surface 

area (m2g-1) 

Enthalpy of 

adsorption(kJmol-1) 

IUPAC 

isotherm 

classification 

Hysteresis 

Type 

O4.1 292 ± 1 412 ± 35 1273 ± 5 9.4 ± 0.1 I(b) H4 

O4.2 366 ± 2 285 ± 24 1594 ± 7 9.2 ± 0.1 I(b) H4 

O4 

Average 

329 ±26 349 ± 45 1433 ± 114 9.3 ± 0.1 I(b) H4 

O6.1 244 ± 1 694 ± 52 1064 ± 3 9.7 ± 0.0 I(b) H4 

O6.2 278 ± 1 829 ± 120 1212 ± 4 9.9 ± 0.1 I(b) H4 

O6 

Average 

261 ± 12 762 ± 48 1138 ± 52 9.8 ± 0.0 I(b) H4 

 

The results show marked variation between the samples synthesised in the optimisation 

runs reported in Section 6.3 and the resynthesized samples for further characterisation. 

This is contrary to the very similar sample adsorption characteristics seen in the screening 

experiments in Section 5.2 which were also synthesised and tested in duplicate. One reason 

for the large variation in the samples could be due to aging effects in the BSG precursor 

material, which was stored in a frozen state, to preserve the ‘as received’ condition, prior to 

use. In the field of soil remediation, significant effects on biochar adsorption performance 

have been noted when studying sample aging, due to effects such as freeze/thaw action, 

leaching of soluble fractions through to rainfall or via biological degradation (178, 179). 

These processes have been shown to alter the pore volume, pore structure and surface 

functional groups of biochars, and often lead to an increase in surface area of the materials 

(180). Such an increase in surface area is demonstrated in the change from both O4.1 to 

O4.2, and O6.1 to O6.2, demonstrating an increase in available surface area for the samples 

synthesised from the precursor material which was kept frozen for longer. It is thought that 

the freezing process may not be a good long-term storage method, and that some form of 

aging has occurred between the two times for the sample syntheses, possibly as a 

consequence of raw material degradation. This may, however, be an advantage to the 

application of these biochars. As stated before, both aged samples exhibited higher surface 

                                                           
20 Single sample errors found through regression error propagation, average sample error found 
through standard error formula. Standard error formula and error propagation equations are shown 
in Appendix D. 



227 
 

areas and monolayer capacities, while still maintaining the same highly microporous 

character, as shown through the isotherm shape and hysteresis type. This suggests that 

beneficial sample degradation may occur during storage, producing enhanced materials 

post-freezing. The high error in the averaged samples for O4 and O6 is thought to be a 

consequence of the associated storage method and aging effects. It should be noted that all 

the samples listed above in Table 7.59 show greater surface areas than the physically 

activated biochars derived from BSG listed in the literature and discussed in Section 1.4.4. 

In previous studies, the maximum surface area exhibited for a physically activated BSG 

carbon materials, produced using carbon dioxide, is 551 m2 g-1 (87). 

7.2.1.2 Mesopore Size Characterisation 

The isotherm data was analysed using the installed Micromeritics ASAP 2420 software, to 

determine the pore size distribution, using the BJH method. This allowed the pore size 

distribution within the mesopore range to be determined for both original and repeat 

samples of O4 and O6, showing dominant peaks in the distributions at 3 nm. The resulting 

BJH plots can be seen in Figure 7.85. 

 

Figure 7.85: Mesopore size distributions for optimal biochars 
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The mesopore size distributions of the optimal biochars show good agreement with the 

mesopore size distributions of the biochars produced at 900 °C, as shown in Section 5.2.2.1, 

showing once again that the mesopore size distributions for the BSG biochars at 900°C are 

not possible to control based on the process parameters investigated in this work. This may 

imply that the mesopore size is inherent to the combination of precursor material and 

activation method used. 

7.2.1.2 Micropore Size Characterisation 

The Dubinin-Radushkevich equation was used to determine the microporous character of 

the optimal biochar samples, and the resulting Dubinin-Radushkevich plots can be seen in 

Figure 7.86. The data shows an upwards deviation in the high-pressure region, indicating a 

larger proportion of super micropores, greater than 1.4 nm in size, than would be expected 

from a Gaussian distribution in micropore sizes (as used to develop the Dubinin-

Radushkevich equation). 

 

 

Figure 7.86: Dubinin-Radushkevich plots for O4 and O6 

The data obtained from the Dubinin-Radushkevich plots were used to calculate the 

micropore area and percentage of the pore volume attributed to microporosity. The data is 

shown in Table 7.60 below. 
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Table 7.60: Dubinin-Radushkevich results for O4 and O6 samples21 

Sample Micropore surface area (m2g-1) Percentage pore volume 

attributed to micropores (%) 

O4.1 1372 ± 12 69.9 ± 0.6 

O4.2 1682 ± 18 65.1 ± 0.7 

O4 Average 1527 ± 110 67.5 ± 1.7 

O6.1 1184 ± 7 76.2 ± 0.5 

O6.2 1345 ± 9 76.8 ± 0.5 

O6 Average 1264 ± 57 76.5 ± 0.2 

 

The samples show high micropore surface areas and high percentage pore volumes 

attributed to micropores, this is the same trend as the washed microporous biochars 

discussed in Section 5.4.3, with micropore surface area increasing with hold time from O6 

to O4, but the percentage pore volume decreasing with increasing hold time. This, along 

with the surface area data shown in Table 7.59, indicates not just an increase in 

microporous surface area but an increase in mesopore volume with increase hold time and 

pyrolysis. This increase in mesopore volume is important for application in water treatment 

systems, due to the importance of such sub-structure sizes in transport of liquids through 

pores. It is worth noting that this may be partially responsible for the increased maximum 

adsorption capacity and speed of adsorption reported in Sections 6.4 and 6.5. 

7.3 Surface Characterisation 

7.3.1 Point of Zero Charge 

The point of zero charge provides insight into the surface polarity of tested materials, and 

was determined using the salt addition method for both O4 and O6. The results obtained 

are summarised below in Table 7.61: 

Table 7.61: Point of zero charge results for samples O4 and O6 

Sample PZC (pH) Net charge at pH 7 

O4 5.9 Negative 

O6 6.4 Neutral 

                                                           
21 Single sample errors found through regression error propagation, average sample errors found 
through standard error formula. Standard error formula and error propagation equations are shown 
in Appendix D. 
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The point of zero charge for these samples follows the same pattern reported in Section 

5.4.4, where the more porous biochars, which had greater surface areas, demonstrated 

lower points of zero charge. This is thought to be due to the presence of a greater number 

of surface functional groups available for protonation, as the larger surface area gives 

greater contact between surface functional groups and the adsorptive solution. Sample O6 

has a point of zero charge between that of sample S14W, produced at 900 °C and 0.5 h hold 

time (pH= 6.8), and samples S16W and O4, produced at 900 °C and 2.5 h hold time (pH=5.5 

and pH 5.9, respectively). This follows the logic that longer hold times and, therefore, a 

higher degree of pyrolysis leads to a higher surface area and a lower point of zero charge. 

However, both samples S16W and O4, which were produced at the same temperature and 

hold time, have varying points of zero charge, which may be a result of other varying 

synthesis conditions for these chars. The synthesis conditions of O4 and S16W are detailed 

briefly in Table 7.62 below. 

Table 7.62: Comparison of samples S16W and O4 

Sample Hold 

temperature 

(°C) 

Hold 

time 

(h) 

Ramp 

rate 

(°C min-1) 

CO2 

flowrate 

(mL min-1) 

N2 

flowrate 

(mL min-1) 

Acid 

washing 

PZC Surface 

Area  

(m2 g-1) 

S16W22 900 2.5 20 600 600 Yes 5.5 1776 ± 12 

O423 900 2.5 20 100 100 Yes 5.9 1433 ± 114 

 

It can be seen from the data shown within the table that, while the chars only vary in 

process parameters deemed to be statistically insignificant to the response variables tested 

in Chapter 5, the response variables do show significant deviation. While it was shown, in 

Section 5.3.3, that the point of zero charge was independent of the five pyrolysis process 

parameters used in the study, and that, in Section 5.4.4.1, acid washing was successful at 

altering the point of zero charge, there may be a relationship previously not investigated 

between the pyrolysis process gas flowrates and the response variables after washing with 

the acid solution. For example, an increased carbon dioxide gas flowrate may lead to a 

                                                           
22 Surface area error calculated through regression error propagation, the error propagation 
equations are shown in Appendix D. 
23 Surface area error calculated through standard error formula, the standard error formula is shown 
in Appendix D. 



231 
 

greater number of oxygen functional groups on the surface of the internal pores of the 

biochar, these oxygen functional groups contain lone pairs of electrons, which act as 

binding sites for protons, leading to a lower point of zero charge, and a more negative 

charge at pH 7. This increase of oxygen surface functional groups, alongside an increase in 

surface area, may have a synergistic effect, leading to greater proton adsorption during acid 

washing and a lower subsequent point of zero charge. However, due to the screening 

design of experiments being carried out prior to the acid washing experiments, it has not 

been possible, in the current study, to determine if either of the pyrolysis gas flowrates 

have a significant impact on the point of zero charge after washing, or if point of zero 

charge is purely a linked variable of surface area, which is, in turn, only dependent on hold 

temperature and hold time, as shown in Section 5.2.1. This should be investigated through 

further experiments. 

Regardless, the biochars optimised in this work both show a positive point of zero charge at 

the acidic pH values of methyl orange solutions, making them ideal candidates for methyl 

orange adsorption. 

7.3.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy  

The ATR-FTIR spectra of samples O4 and O6, were measured as outlined in Section 4.5.4, 

and are shown in Figure 7.87.

 

Figure 7.87: ATR FTIR spectra of samples O4 and O6 
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Table 7.63: Potential surface functional groups attributed to absorbance bands 

 

Table 7.63 details the absorbance peaks exhibited within the two spectra and potential 

functional groups to which they are ascribed. The peaks at approximately 3000 cm-1 were 

Peak 
Wavenumber 

(cm-1) 

Present 

in O4 

Present 

in O6 
Potential functional group 

1 1572 Yes Yes 
C=C-C aromatic 

ring stretch 

Secondary 

amine, >N-

H bend 

  

2 1403 No Yes 

Phenol or 

tertiary 

alcohol, OH 

bend   

   

3 1102 Yes No 

Secondary 

alcohol, C-O 

stretch  

 

Organic 

siloxane 

or silicone 

(Si-O-C)  

 

Alkyl-

substituted 

ether, C-O 

stretch  

 

Skeletal 

C-C 

vibration

s 

4 1055 No Yes 

Organic 

siloxane or 

silicone (Si-O-

Si)  

 

Alkyl-

substitute

d ether, 

C-O 

stretch  

 

Primary 

amine, CN 

stretch  

 

 

5 1020 Yes No 

Organic 

siloxane or 

silicone (Si-O-

Si)  

 

Primary 

alcohol, 

C-O 

stretch  

 

Primary 

amine, CN 

stretch  

 

 

6 800 Yes No 

Aromatic C-H 

out-of-plane 

bend  

 

Skeletal 

C-C 

vibrations  

 

  

7 680 Yes No 

Alcohol, OH 

out-of-plane 

bend  

 

Aromatic 

C-H out-

of-plane 

bend  

 

  

8 670 No Yes 

Alcohol, OH 

out-of-plane 

bend  

 

Aromatic 

C-H out-

of-plane 

bend  
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not included in the analysis, as these were thought to be due to residual acetone used to 

clean the ATR crystal between runs. 

The ATR-FTIR results show significant distortion of the peaks, similar to the samples 

reported in Section 5.3.2. These distortions are thought to be due to the highly absorbing 

nature of the black coloured biochar materials, their resulting high refractive index, and the 

nature of ATR-FTIR measurement principles. Due to this issue, significant difficulty was 

encountered during this analysis of these measurements and should be cross validated with 

other surface characterisation methods. 

Sample O4 showed five absorbance bands, denoted as peaks 1, 3, 5, 6 and 7 in Table 7.63. 

Peaks 1, 6 and 7 could be attributed to the aromatic ring structures present in the material, 

arising from the polyphenolic lignin material that remains unpyrolysed post-synthesis. 

Peaks 1 and 5 may be attributed to amine groups, which could be present due to the known 

high protein content of the BSG precursor material, which is confirmed by the high nitrogen 

content determined from CHN measurements shown in Section 7.1.2. Peak 3 could be 

indicative of an oxygen containing functional group, such as a secondary alcohol or ether C-

O stretch, or possibly indicative of a silicon and oxygen containing group such as siloxane 

and silanol on the surface of the material. 

Sample O6 showed four absorbance bands, designated as peaks 1, 2, 4 and 8 in Table 7.63. 

Peaks 1 and 8 are indicative of the aromatic rings structures resulting from lignin, as 

described above. Peak 2 is indicative of a phenolic alcohol group, also known to be present 

in the polyphenolic lignin structures present in the materials, peak 8 could also be the OH 

out of plane bend resulting from these phenol groups. Peak 4 may be attributed to an 

amine stretch, an ether or the silicon and oxygen containing surface functional groups 

similar to those observed for O4. 

Both samples show evidence of aromatic carbon, oxygen and nitrogen containing surface 

functional groups typical of an activated carbon while also presenting evidence of inorganic 

silicon containing functional groups like those identified through EDS in Chapter 5. These 

different chemical moieties should provide a wide variety of sites for the adsorption of 

methyl orange dye through a wide variety of intermolecular interactions. These findings will 

be helpful in determining the mechanism of adsorption in future work. 
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7.3.3 X-ray Photoelectron Spectroscopy  

The relative atomic concentrations of the functional groups found on the surface of 

samples O4 and O6 were determined at three separate analysis spots on the surface, and 

are shown in Table 7.64. An example of the three XPS scans curves with deconvoluted 

peaks for sample O4 Point 1 and fitting data can be seen in Appendix F. 

Table 7.64: XPS atomic functional group percentages for optimised samples24 

Binding energy 

(eV) 
284.6 285.5 288 398.2 400.8 402.8 532.4 533.2 535.5 

Functional 

Group 
C=C C-C C=O N6 N-Q N-X O-I O-II O-III 

Sample Point Relative atomic concentration (%) 

O4 

1 32 27 20 2 7 3 2 6 1 

2 29 27 20 1 9 3 2 7 1 

3 28 28 21 1 8 2 2 8 1 

O6 

1 26 28 24 2 8 4 1 6 1 

2 25 27 18 3 14 2 2 7 1 

3 29 27 20 2 10 3 2 5 2 

 

Sample O4 showed good consistency across all 3 analysis spots investigated, with relatively 

similar percentages found for all functional groups present on the sample surface. It 

showed 28-32 % C=C, 27-28 % C-C, and 20-21 % C=O. This almost 1:1 ratio of C=C to C-C is 

consistent with the expected lignin structure thought to be present within the material. The 

N1s scan also shows good consistency with 1-2 % N6 pyridine groups, 7-9 % quaternary 

nitrogen, and 2-3 % pyridine-N-oxide functional groups. This large percentage of nitrogen 

functional groups (11-13 % of the total) could provide adsorption sites for specific target 

molecules, utilising the lone pair of electrons on the nitrogen atoms in electron donor- 

acceptor (EDA) interactions. The analysed sites also showed good consistency in the O1s 

scan, with 2 % of the functional groups being attributed to C=O quinone groups, 6-8 % 

phenolic groups and 1 % attributed to physisorbed water or carboxylic acid groups. This 

                                                           
24 C-O, O-C=O and N5 functional groups were omitted due to none being detected during the analysis 
of O4 and O6 
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high proportion of oxygen functional groups (9-11 % total) also provides useful sites for 

adsorption processes to take place. 

Sample O6 also showed global consistency across the 3 analysis spots, although less than 

that of sample O4. This is thought to be due to localised spots of varying degrees of 

pyrolysis, leading to increased inconsistency between spots in the less pyrolysed sample, 

O6. Sample O6 showed the same approximate 1:1 ratio of C=C to C-C functional groups as 

O4, with C=C at 26-29 % and C-C at 27-28 %. The results show a quite inconsistent C=O 

functional group range of 18-24 %, while the N1s scan showed a pyridine concentration of 

2-3 %, and pyridine-n-oxide concentration of 2-4 %. The quaternary nitrogen was the most 

inconsistent functionality, with a range of 8-14 %,which was, on average, higher than that 

of sample O4. This may be due to residual protein from the BSG precursor material being 

under-pyrolysed, or may be due to the N substituted surface polyphenol material being 

more greatly pyrolyzed in sample O6, as compared to O4. Sample O6 has an overall higher 

percentage of nitrogen functional groups (14-19 % total) than that of O4, which may 

provide an advantage in adsorption performance for some applications. The O1s scan 

showed good consistency across the 3 analysis spots with a quinone group concentration of 

1-2 %, phenol concentration of 5-6 % and carboxylic acid or water concentration of 1-2 %. 

This showed good agreement with the O4 O1s scan, with a total oxygen functional group 

percentage of 8-10 % total. 

As outlined above, XPS analysis has been employed effectively to show several differences 

in the global surface characteristics of samples O4 and O6, and to determine the potential 

sites for adsorption process to occur. The first difference is in the homogeneity of the 

samples, with O4 being more consistent across all 3 analysis spots than O6. Secondly, 

sample O6 shows a greater number of nitrogen functional groups on the surface than that 

of O4, due to the shorter pyrolysis time of the former. Both samples show highly 

heterogenous surfaces on a global scale, with many types of surface sites for adsorption. 

This will be tested later with further adsorption experiments. Both samples show evidence 

of carboxylic acid functional groups or water on the surfaces. If the OIII peaks are present 

from water this indicates a hydrophilic nature, which is important for the effective passage 

of liquid through the pores of the material and imperative to liquid phase adsorption 

media. 
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7.3.4 Scanning Electron Microscope Imaging 

Scanning electron microscope secondary electron detector (SEM SED) images for the 

optimised samples were obtained. Both showed the same two distinct morphologies 

exhibited on the washed screening samples shown in Section 5.4.4.4, one exhibiting the 

glassy bead-like structures and an amorphous region. The SEM SED images for sample O4 

are shown in Figure 7.88 and sample O6 are shown in Figure 7.89. 

  

Figure 7.88: O4 scanning electron microscope secondary electron detector images, glassy bead sites (left), 
amorphous structure (right) 

  

Figure 7.89: O6 scanning electron microscope secondary electron detector images, glassy beads (left), 
amorphous structure (right) 

The glassy bead site images for both O4 and O6 show the same glassy beads which were 

shown to be concentrations of silicon oxides on the surface of the material through EDS 

mapping in Section 5.4.4.5. Results for samples O4 and O6, using EDS mapping, are 

presented in Section 7.3.5. The amorphous regions on both samples show indications of 

porosity, with openings penetrating deeper into the material indicative of a hierarchical 

pore structure. 
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7.3.5 Energy Dispersive Spectroscopy  

Energy Dispersive spectroscopy was used to determine the percentage mass of the 

elements present on the surfaces of the samples. The two different sites observed during 

SEM imaging were investigated. The percentage mass results for both the glassy bead sites 

and the amorphous region of O4 are shown in Table 7.65. 

Table 7.65: Percentage mass EDS results for sample O4 

Element 

O4 glassy bead 

sites (%mass) 

O4 amorphous 

region (%mass) 

C 73.83 82.43 

O 21.99 14.68 

Si 2.60 0.62 

P 1.20 1.40 

S 0.11 0.26 

Fe 0.14 0.31 

Cu 0.13 0.30 

Ash 4.18 2.89 

Non-Si Ash 1.58 2.27 

 

The EDS analyses show a distinct difference in elemental composition between the two 

different sites found on the sample. Both show carbon as the most prevalent element, with 

oxygen as a marked second. The glassy bead sites showed the third most prevalent element 

as silicon, while the amorphous region showed phosphorus as the third most prevalent 

element. The glass bead sites also exhibited a higher concentration of ash present on the 

surface as compared to the amorphous region, but in the amorphous region much more of 

the ash was attributed to non-silicon elements. 

The EDS maps of these samples were also investigated to see the distribution of the 

elements across the surfaces of the materials. The EDS maps for the O4 glassy bead sites 

are shown in Figure 7.90 and the O4 amorphous region is shown in Figure 7.91. 
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Figure 7.90: EDS elemental mapping of O4 glassy bead sites 
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Figure 7.91: EDS elemental mapping of O4 amorphous region 
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The EDS maps of the glassy bead sites clearly show concentrated regions of silicon and 

oxygen localised at the glassy bead structures seen in the SED images. With carbon 

dominating the vast majority of the surrounding biochar surface, the non-silicon ash 

elements are evenly distributed throughout the biochar but absent at the silicon-oxygen 

complex sites. 

The EDS map of the amorphous region shows a more typical biochar distribution with 

carbon and oxygen dominating almost the entire surface. While not obvious from the SED 

image, there are some small concentrations of silicon and oxygen present, likely of the 

same nature as for the glassy bead sites, just lower in number. Once again, the non-silicon 

ash elements are homogenously distributed across the surface of the biochar material. 

The percentage mass results for the glassy bead sites and amorphous region for O6 are 

shown in Table 7.66. 

Table 7.66: Mass % EDS results for sample O6 

Element 

O6 glassy bead 

sites (%mass) 

O6 amorphous 

region (%mass) 

C 76.66 82.21 

O 19.53 15.05 

Na 0.19 - 

Si 2.26 0.98 

P 0.91 1.23 

S  0.22 0.16 

Cl 0.06 0.05 

Ca - 0.05 

Fe 0.07 0.11 

Cu 0.11 0.16 

Ash 3.82 2.74 

Non-Si Ash 1.56 1.76 

 

The EDS results again show a distinct difference in the two sites, with the amorphous region 

showing a greater concentration of carbon, and the glassy bead sites showing a greater 

concentration of silicon and oxygen. The glassy bead sites show the third most prevalent 

element as silicon, while the amorphous region shows the third most prevalent element as 
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phosphorous, exactly like the sample for O4 above. The glassy bead sites have a greater 

proportion of ash overall, with the majority of that ash coming from silicon. The presence of 

chlorine in both sites indicates the sample may retain chloride ions from the hydrochloric 

acid washing process, which was not observed for sample O4; this may mean that O6 

requires a more intensive washing procedure to remove the chlorine from the surface of 

the material, or that O6 has a greater affinity for anions, like chloride ions. This may 

indicate a fundamental change in surface chemistry between O4 and O6 brought on by the 

varying residence time and greater degree of pyrolysis for sample O4. 

The EDS maps for O6 were also obtained to investigate the distribution of the elements 

across the surfaces of the materials. The EDS maps for the O6 glassy bead sites are shown 

in Figure 7.92 and the O6 amorphous region is shown in Figure 7.93. 
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Figure 7.92: EDS elemental mapping of O6 glassy bead sites 
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Figure 7.93: EDS elemental mapping of O6 amorphous region 

The EDS map of the glassy bead sites show localised concentrations of silicon and oxygen at 

the glassy bead sites seen in the SED images. The amorphous sample also shows a localised 

concentration of silicon and oxygen in the top left corner of the analysis window, this is 

likely from a site with a similar nature to the one seen in the glassy bead sites image. 

Possibly due to the inclusion of this other site, the values obtained for the silicon and 

oxygen percentage masses in Table 7.66 for the amorphous region site may not be 

representative of the pure amorphous material and should be treated with caution. As 

expected, the surfaces of both sites are primarily comprised of carbon and oxygen, and all 

non-silicon ash is distributed relatively homogenously across the surface of both types of 

sites. The amorphous region for O6 also shows an area with increased phosphorous and 

calcium concentrations at the centre of the particle, lending further evidence to the fact 

that the O6 samples may require further washing to remove ash, due to differences in 

surface chemistry or composition from sample O4. 

7.3.6 Silica Investigation 

The high silicon content observed for all of the materials tested in Sections 5.4.4.5 and 

7.3.5, and the unusual glassy bead formations found on the surfaces of these samples, 

warranted an investigation into the nature and origin of these structures. Four additional 

samples were analysed using SEM imaging and EDS analysis, each used to elucidate and 

better understand the formation and nature of these glassy bead structures. These samples 

were: i) a sample of dried BSG precursor material; ii) BSG ash recovered from TGA analysis 

of the BSG precursor material following the experimental procedure described in Section 

4.3.1; iii) a sample of biochar synthesised from BSG at a temperature 1100 °C, a ramp rate 

of 20 °C min-1 under a nitrogen atmosphere, a hold time of 1 h under a carbon dioxide 
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atmosphere, and cooled under nitrogen; and iv) a sample of ash from the TGA analysis of 

sample O4, following the experimental procedure described in Section 4.3.1. 

  

  

Figure 7.94: SED SEM images of BSG (top left), BSG ash (top right), 1100 °C biochar (bottom left), O4 ash (bottom 
right) 

From the SEM micrographs shown in Figure 7.94, only the 1100 °C biochar and the O4 ash 

show the distinctive glassy beads on the surface of the materials, indicating that the glassy 

beads are not inherent to the material, nor are they produced in the simple heating of the 

BSG. The presence of the glassy beads is dependent on the synthesis procedure under the 

specific conditions outlined in the biochar production. 

EDS was used to determine the percentage mass of the elements present on the surface of 

the samples. The percentage mass results for all 4 of the new sites are shown in Table 7.67. 

Please note that the 1100 °C Biochar and O4 ash samples were zoomed in as compared to 

SED SEM images above for the purposes of EDS analysis to minimise the EDS signal from the 

carbon tape used to adhere the samples to the analysis stubs. 
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Table 7.67: Percentage mass results for silica investigation samples obtained using EDS analysis 

Element BSG (%mass) BSG Ash (%mass) 

1100°C Biochar 

(%mass) O4 Ash (%mass) 

C 51.68 39.81 - 17.71 

N 1.21 - - - 

O 46.00 33.92 51.17 52.84 

Na 0.13 0.97 - - 

Mg 0.16 3.22 10.41 - 

Al 0.30 - - - 

Si 0.04 4.09 18.96 27.54 

P 0.26 8.42 14.23 1.43 

S 0.13 - - - 

K - 6.37 1.64 0.49 

Ca 0.08 1.79 3.59 - 

Fe - 0.68 - - 

Cu 0.01 0.74 - - 

Ash25 1.11 26.28 48.83 29.46 

Non-Si ash26 1.07 22.19 29.87 1.92 

 

EDS analysis of the BSG sample shows that there is a very small, but not insignificant, 

amount of silicon contained on the surface of the material, showing that the silicon is 

inherent to the BSG material and not introduced to the material in some way through the 

synthesis procedure. This is backed up by the results obtained for the BSG ash sample, 

which shows that the silicon surface concentration is increased after combustion, indicating 

more of the silicon is uncovered and shown on the surface of the material. 

The EDS maps for the four new samples were also obtained to investigate the distribution 

of the elements across the surfaces of the materials. The EDS elemental maps for BSG are 

shown in Figure 7.95, those for BSG ash are shown in Figure 7.96, analogous maps for 

1100 °C Biochar are shown in Figure 7.97 and finally, the results obtained for O4 ash are 

shown in Figure 7.98.  

                                                           
25 Ash is defined as all elements that are not carbon or oxygen 
26 Non-Si Ash is defined as all elements that are not carbon, oxygen or silicon 
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Figure 7.95: EDS elemental mapping of BSG 
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Figure 7.96: EDS elemental mapping of BSG ash 
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Figure 7.97: EDS elemental mapping of 1100 °C biochar 
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Figure 7.98: EDS elemental mapping of O4 ash 

 

The EDS map of the BSG sample shows that all of the ash, including silicon, is relatively 

homogenously distributed across the surface of the material. The BSG ash sample shows 

some local concentrations of silicon but no presence of the glassy bead like structures 

observed previously. The 1100 °C biochar and O4 ash samples both show the characteristic 

silicon and oxygen concentrations around glassy bead structures. Notably, the O4 ash 

sample shows a very small amount of carbon that was not combusted during TGA analysis, 

while the 1100 °C biochar sample exhibited no carbon signal, indicating complete removal 
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of carbon during synthesis at this higher temperature. The O4 ash sample shows the 

characteristic glassy bead structures in the foreground of the sample, indicating that the 

silica species were present on the surface prior to combustion in the TGA procedure, but 

also shows a silica backbone present in the background of the image. This demonstrates the 

mechanism through which the glassy bead structures are formed during synthesis. In 

summary, the BSG material has a silica backbone present in all of the samples, which is 

hidden within the structure of the material; during sustained pyrolysis under anoxic 

conditions this silica backbone begins to form a mesophase, as the carbonaceous layers 

separating it pyrolyse and are wicked away by the gas flow in the tube furnace. This 

mesophase cools and is left behind as the glassy beads seen in a number of the biochar 

SEM micrographs shown in this work. The silica may also go through a polymorph transition 

during the synthesis process, which explains the different appearances observed for the 

pyrolysed and unpyrolysed samples. The most common, and likely initial form, of the silica 

in the BSG is α-quartz, which has a melting point of 573 °C, at atmospheric pressure; this 

melting may cause polymorph transition into β-quartz, which can undergo a further 

transition into tridymite at 870 °C, again at atmospheric pressure (181). It would be 

valuable to understand the transitions between these three polymorphs in more detail and 

a suggestion is for researchers to investigate this in future work. 

The high silica content of the biochars suggests the availability of another surface 

functionality for intermolecular interactions with target pollutant molecules. The siloxane 

(Si-O-Si) functional groups offer lone pairs of electrons for EDA interactions, while the 

silanol (Si-OH) functional groups on the edges of the silica structures provide groups for 

dipole interactions, as well as protonation and deprotonation giving rise to anionic and 

cationic charges. Silicon biochars (SiChars) are an area of research for both water 

remediation and soil amendment applications. One study utilising fly-ash, a high silica 

content waste product from coal fired power stations and biomass(182), indicated an 

enhanced surface area and adsorption capacity for methylene blue dye using a silica 

composited biochar, as compared to only biomass derived biochars. This was attributed to 

the additional surface functionalities, and variety of inter-molecular interactions, in the 

silica-doped materials.  

A review carried out on silica rich biochars, for use in the controlled release of fertiliser 

materials for use in soil amendment applications (183), highlighted the potential of these 
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materials to be used as composite adsorbent materials, utilising the inherent chemical 

make-up of these materials rather than doping biochars with high silicon content additives. 

It indicated that cereal crops, such as rice, corn, and wheat, exhibit high silica contents, and 

offer good potential for upcycling into SiChar materials. Barley, from which the BSG used in 

this work is derived, also falls in this family of cereal crops, giving rise to the inherent silica 

content of the biochar materials synthesised in this work. The review also indicates that 

silica-rich adsorbent materials derived from silica rich biomass demonstrate higher surface 

charge densities and have a greater tendency to chemically react on their surface than 

more carbon-rich biochar materials (184). In an adsorption context, this suggests that the 

silica functionalities on the surface of the biochar may tend to chemisorb target species 

rather than exhibit intermolecular physisorptive interactions.  

A study in which a high silica content biochar composite material, obtained using red-mud 

derived silica and oil palm derived biochar, was used for dye adsorption, also showed 

increased surface and dye adsorption than for adsorption on the constituent parts (185). 

The study purposefully set out to maximise silica content on the surface of the biochar to 

encourage n-π interactions between the siloxane lone pairs and the aromatic rings on the 

rhodamine B dye. The study showed a silicon content of 0.36% on the surface of the 

material, through EDS analysis. This is in comparison to the 2.60% of silica measured for the 

glassy bead sites and 0.62% for the amorphous region of sample O4, equating to between 2 

and 8 times as much silica on the sample surface. While this work has not purposefully 

attempted to encourage the promotion of silica functional groups on the synthesised 

biochars, they are an attractive gain, and offer another surface functionality for use in 

adsorption of pollutant material. 

7.4 Liquid Phase Adsorption 

7.4.1 Adsorption Kinetic Modelling 

7.4.1.1 Pseudo First Order & Pseudo Second Order Modelling 

The kinetic performance of the two adsorbents O4 and O6 were tested by measuring the 

uptake of methyl orange dye at various contact times, using an initial solution 

concentration of 100 mg g-1 and an adsorptive solution volume of 30 mL. The data was then 

fitted to four kinetic models: pseudo first order (PFO), pseudo second order (PSO), Elovich 

and intraparticle diffusion models. The model parameters obtained for fits using the PFO 
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and PSO models can be seen below, in Table 7.68. These models, and the experimental 

points, are shown graphically in Figure 7.99 for sample O4, and Figure 7.100 for sample O6. 

Table 7.68: Model coefficients and R2 for pseudo first and pseudo second order kinetic models 

Sample 

PFO PSO 

K1 

(min-1) 
qe (mg g-1) R2 

K2 

(g mg-1 min-1) 
qe (mg g-1) R2 

O4 2.25x10-2 241 0.9795 1.07x10-4 271 0.9898 

O6 8.34x10-3 179 0.9376 5.08x10-5 199 0.9720 

 

 

Figure 7.99: Pseudo first and second order fits for methyl orange adsorption on sample O4 (dye initial 
concentration 100 mg g-1; solution volume 30 mL) 
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Figure 7.100: Pseudo first and second order fits for methyl orange adsorption on sample O6 (dye initial 
concentration 100 mg g-1; solution volume 30 mL) 

 

Both samples show a better fit using the PSO model, as shown through the higher R2 values 

obtained for this model. Both models fit the data well at low contact times, but the PFO 

model then overestimates uptakes for moderate contact times, and underestimates uptake 

at contact times approaching equilibrium. The PSO model fits the data better across the 

whole range of contact times tested. The kinetic constant K2 for sample O4 is larger than 

that of the O6, meaning that the rate of adsorption of methyl orange is greater for sample 

O4. The PSO model also predicts a greater uptake of methyl orange on sample O4 as 

compared to sample O6, which corroborates the findings of the optimisation experiments 

carried out in Chapter 6. As stated in Chapter 3, the PSO model may imply that the 

interaction between the adsorbent and adsorptive is chemisorptive in nature. However, 

further investigations must be carried out to verify the mechanism of the interaction. 

7.4.1.2 Elovich Kinetic Modelling 

The data was also fitted to the Elovich model, however, the initial state point (i.e. zero 

uptake at 0 min) was removed from the regression, due to a breakdown of the Elovich 

model at low contact times. The model coefficients, and R2 values, obtained are shown in  
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Table 7.69. The plots of the Elovich model fit for the experimental data is shown in Figure 

7.101. 

Table 7.69: Elovich kinetic model fitting parameters for methyl orange adsorption onto samples O4 and O6 

Sample 

Elovich 

a 

(mg g-1 min-1) 

b 

(g mg-1) 
R2 

O4 29.8 2.32x10-2 0.8772 

O6 5.42 2.81x10-2 0.9693 

 

 

Figure 7.101: Elovich model plots for samples O4 and O6 

The Elovich model breaks down when used to fit the data obtained for sample O4, at times 

below 1.44 min, while the model for O6 breaks down at times below 6.59 min. While the 

Elovich model provided a relatively poor fit for sample O4, in comparison to the PSO model, 

the Elovich model fitted the kinetic data for sample O6 very well, shown through the high 

R2 value of 0.9693. This could indicate that the mechanism of methyl orange adsorption 

onto the surface of O6 is chemisorptive in nature. This difference in mechanism could also 

explain why the kinetic behaviour of O4 is, in general, faster than for O6, as physisorptive 

processes are commonly much quicker than those of chemisorptive processes. 
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7.4.1.3 Intra-Particle Diffusion Kinetic Modelling 

The kinetic data obtained for methyl orange adsorption on both samples was fitted to the 

intraparticle diffusion model. Plots of uptake vs t0.5 were created and two linear sections 

were identified within the plots for both samples. The model coefficients obtained for each 

sample and the resulting R2 values are detailed in Table 7.70. The experimental plots and 

linear fits are shown in Figure 7.102. 

Table 7.70: Intra-particle diffusion model coefficients for both linear sections for samples O4 and O6 

Sample 

Region 1 Region 2 

𝑘𝑖𝑛𝑡,1 

(mg g-1min-

0.5) 

Cint,1 (mg g-

1) 
R2 

𝑘𝑖𝑛𝑡,2 

(mg g-1min-0.5) 

Cint,2 

(mg g-1) 

R2 

O4 20.1 9.29 0.9235 1.15 218 - 

O6 9.13 0.868 0.9554 2.28 105 - 

 

Figure 7.102: Intra-particle diffusion model experimental plots and fitting lines for samples O4 and O6 

Both samples show an initial, steep linear section with y-axis intercepts close to the origin. 

The regime indicated by IPD 1 for both of the samples is the step in which diffusion across 

the boundary layer to the surface of the adsorbent is the rate limiting step. The diffusion 

rate for the boundary layer diffusion step for O4 is greater than that for O6, as indicated by 
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kint,1 in Table 7.70 and by the gradient of the lines in Figure 7.102. This may be due to a 

greater attraction between the adsorptive molecules and the surface of O4 as compared to 

O6, allowing for faster diffusion of adsorptive molecules through the larger pores of the 

material.  

The second regime, IPD 2 for both samples likely relates to both the intra-particle diffusion 

step where the rate of diffusion slows due to the entering of pores and the equilibrium 

phase of the adsorption process, where the adsorption of dye molecules slows down due to 

the decrease in bulk dye concentration. While it is certain that this is a different regime 

from the section identified as the boundary layer diffusion rate limiting step section in IPD 

1, the rate constants and R2 values should be treated with caution due to the low number of 

experimental points within this section and inability to differentiate between the intra 

particle diffusion and equilibrium stages. In future studies, additional experimental points 

should be obtained in the longer contact times region to ascertain the adsorption rates of 

these sections with greater accuracy. 

7.4.2 Adsorption Isotherm Modelling 

Adsorption experiments using varying initial solution concentrations of methyl orange dye 

were carried out to obtain adsorption isotherms for both samples O4 and O6. The 

experiments were carried out at three fixed temperatures: 25 °C, 35 °C and 45 °C. The 

adsorbate uptakes vs equilibrium concentration of adsorptive in the solution were plotted 

and the data fitted to the Langmuir, Freundlich and Temkin isotherm models. The relevant 

model parameters are summarised in Table 7.71 for sample O4 and Table 7.72 for sample 

O6. The model plots for both samples O4 and O6 at all temperatures investigated are 

shown in Appendix C. 
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Table 7.71: Isotherm modelling parameters for sample O4 with methyl orange dye 

Model Parameters 
Temperature (°C) 

25 35 45 

Langmuir 

qmax (mg g-1) 347 368 400 

KL (L mg-1) 0.477 0.258 0.108 

R2 0.9186 0.9181 0.9022 

Freundlich 

nF 6.03 5.36 4.48 

KF (mg(n-1)/nL1/ng-1) 150 140 121 

R2 0.9116 0.9370 0.9586 

Temkin 

nT (mg g-1) 42.9 48.8 55.7 

KT (L mg-1) 22.5 11.1 5.26 

R2 0.9579 0.9786 0.9687 

 

For all three temperatures studied, the Temkin isotherm model fit the data the closest, as 

shown through the R2 values presented in Table 7.71. This indicates that adsorption onto 

sample O4 is heterogenous in nature, either through varying adsorption sites on the surface 

of O4 or through interactions between the adsorptive and adsorbate molecules.  

Table 7.72: Isotherm modelling parameters for sample O6 with methyl orange dye 

Model Parameters 
Temperature (°C) 

25 35 45 

Langmuir 

qmax (mg g-1) 247 261 292 

KL (L mg-1) 0.346 0.475 0.192 

R2 0.7874 0.8818 0.872  

Freundlich 

NF 6.17 6.92 5.79 

KF (mg(n-1)/nL1/ng-1) 107 124 116 

R2 0.9078 0.8762 0.9065 

Temkin 

nT (mg g-1) 29.3 29.8 36.4 

KT (L mg-1) 27.6 40.4 14.4 

R2 0.9181 0.9267 0.9430 

 

Similar to sample O4, the Temkin isotherm showed the best fit to the isotherm data for all 

three temperatures for sample O6. This similarly indicates a heterogenous adsorption 

process for this sample.  
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The relatively poor fitting of the data to the Langmuir isotherm model for either sample 

could indicate that one or more of the assumptions underpinning the Langmuir model did 

not apply for these systems. This could either be the assumption of monolayer coverage, 

the assumption of homogeneity of adsorption sites across the surface, or the assumption 

that there are no interactions between adsorbed molecules. While the Freundlich and 

Temkin isotherm models share many of the same assumptions: heterogeneity in adsorption 

sites, interactions between adsorbed molecules is possible, and multilayer formation is 

allowed; the key distinction is the variation in the enthalpy of adsorption with varying 

surface coverage. In the Temkin isotherm model this is assumed to linearly decrease with 

increasing coverage, while in the Freundlich isotherm model this is assumed to 

exponentially decrease with increasing surface coverage. The accuracy of this assumption 

will be checked later in Section 7.4.3, and the applicability of the Temkin isotherm model 

assessed in more detail.  

7.4.3 Adsorption Thermodynamics of Sample O4 

The Temkin isotherm equilibrium constants KT stated in Table 7.71 and Table 7.72 were 

used to calculate the maximum Gibbs free energy of the adsorption systems at the various 

temperatures of study, which occurs when the surface is pristine, prior to any adsorption 

taking place. This data was then used to calculate the maximum enthalpy and entropy of 

the system to better understand the nature of the adsorption mechanism taking place. The 

results are summarised in Table 7.73 for both samples O4 and O6. 

Table 7.73: Thermodynamic quantities calculated for samples O4 and O6 

Sample ΔHmax
θ (kJ mol-1) ΔSθ (J mol-1K-1) 

ΔGmax
θ (kJ mol-1) 

25°C 35°C  45°C 

O4 -57.2 -60.5 -39.2 -38.7 -38.0 

O6 -25.1 51.0 -39.7 -42.0 -40.6 

 

Sample O4 shows an exothermic enthalpy and a negative entropy, indicative of a 

physisorption process. It also shows an increase in Gibbs free energy with increasing 

temperature, another hallmark of physisorption, becoming less spontaneous with 

increasing temperature. Sample O6, however, shows a different behaviour, with an 

exothermic enthalpy but a positive entropy. This is indicative of an exothermic 

chemisorption process with a dissociative step leading to the increase in entropy of the 
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system. The Gibbs free energy does not follow any distinct pattern with the temperature 

change of the system. This is atypical of an entropic system where one would expect lower 

temperatures to be more spontaneous and therefore have a lower Gibbs free energy as 

discussed in Section 3.3.  

The trend in isotherm shape was investigated to corroborate the thermodynamic 

properties found. The Temkin isotherm fits for sample O4 at all three temperatures studied 

are shown in Figure 7.103.  

 

Figure 7.103: Temkin isotherm fits for sample O4 at 25 °C, 35 °C and 45 °C 

Contrary to the thermodynamic data discussed above, the isotherm curves show an 

increase in uptake with increasing temperature. This is counter to both the expected 

behaviour of a negentropic system but also the Gibbs free energy trend shown in Table 

7.73. A truncated view of the isotherms between equilibrium concentrations of 0 and 

60 mg L-1 can be seen in Figure 7.104. 
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Figure 7.104: Truncated view of Temkin isotherm fits for sample O4 at 25 °C, 35 °C and 45 °C 

From Figure 7.104, we see the characteristic negentropic behaviour at low equilibrium 

concentrations, less than 16 mg L-1, with uptake increasing with decreasing temperature. 

There is then a transition phase where the isotherms intersect each other: 25 °C and 35 °C 

intersect at an equilibrium concentration of 16 mg L-1 and uptake of 252 mg g-1; 25 °C and 

45 °C intersect at 25 mg L-1 and 272 mg g-1; and 35 °C and 45 °C intersect at 38 mg L-1 and 

295 mg g-1. Above an equilibrium concentration of 38 mg L-1 we see the entropic behaviour 

in which uptake increases with increasing temperature which is visible in the expanded 

view of the whole isotherm (Figure 7.103). 

At lower uptakes and equilibrium concentrations, the isotherms show the behaviour 

predicted by the thermodynamic properties calculated in Table 7.73, which, as highlighted 

earlier, indicates the initial pristine state prior to adsorption. The vastly different 

thermodynamic behaviour indicated by the isotherms suggest a system with multiple 

different mechanisms taking place, both entropic and negentropic in nature. To further 

understand the mechanism of adsorption, the van’t Hoff isochore was employed to 

determine how the enthalpy varies with uptake of adsorbate. The plot of how enthalpy of 

adsorption varies with adsorbate uptake for the Temkin isotherm fits of sample O4 is 

shown in Figure 7.105. 
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Figure 7.105: Enthalpy of adsorption vs uptake plot for sample O4 

Figure 7.105 shows a linear increase in enthalpy, as assumed by the Temkin isotherm 

model, indicating further merit to the application of the model in this work. The plot also 

shows an increase in enthalpy with increasing uptake, moving from an exothermic process 

to an endothermic one, while remaining a spontaneous adsorption process. The switch in 

behaviour from exothermic to endothermic corresponds to a mass uptake of approximately 

270 mg g-1, which is in the region of the isotherm where the entropy trend switches from 

negentropic (increasing with decreasing temperature) to entropic (increasing with 

increasing temperature). This indicates that at lower uptakes there is an exothermic and 

negentropic physisorptive interaction occurring with certain surface sites interacting with 

the adsorbate. After these sites are filled, an endothermic and entropic process takes place 

with formal chemical bonds being formed between the dye molecules and other sites on 

the adsorbent surface. Both of these processes are spontaneous and occur sequentially and 

on separate sites. It is likely that the physisorption process offers a more favourable 

interaction to the adsorptive molecules, as it appears to complete before chemisorption 

occurs. It is believed that these two different sites are what give rise to the heterogeneous 

nature of the interactions between the adsorbate and adsorbent, which manifests as 

Temkin isotherm behaviour. 
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To investigate the different sites for adsorption available on the surface, Scatchard analysis 

was carried out, and the Scatchard plots for sample O4 can be seen in Figure 7.106, Figure 

7.107 and Figure 7.108, at 25 °C, 35 °C, and 45 °C, respectively. 

A table of the Scatchard model parameters obtained for sample O4 are shown in Table 

7.74. 

Table 7.74: Scatchard parameters for favourable and unfavourable sites for sample O4 isotherms at 25 °C, 35 °C 
and 45 °C 

Temperature 

°C 

Favourable sites Unfavourable sites Intersection  

qs (mg g-1) Kb (L mg-1) qs (mg g-1) Kb (L mg-1) (mg g-1) 

25 287 0.792 412 0.0437 280 

35 262 0.780 427 0.0456 252 

45 232 0.849 472 0.0298 224 

 

 

Figure 7.106: Scatchard plot for sample O4 at 25°C 
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Figure 7.107: Scatchard plot for sample O4 at 35°C 

 

Figure 7.108: Scatchard plot for sample O4 at 45°C 
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The Scatchard plots for all three isotherms clearly show two linear zones, the first is for 

more favourable sites with higher kinetic constants Kb, and the second is for more 

unfavourable sites with a lower kinetic constant. The intersections of the two trendlines for 

the favourable and unfavourable sites lines occur approximately around the regime change 

from exothermic and negentropic to endothermic and entropic behaviour, i.e. at around 

270 mg g-1, as shown in the van’t Hoff plot in Figure 7.105. The two different sites also 

exhibit comparable kinetic constants for each temperature, indicating a similar mechanism 

occurs. The uptakes for each site, however, change with temperature - following the trend 

for the assumed entropic process taking place: at the favourable sites, the uptake increases 

with increasing temperature, indicative of a negentropic process, while at the less 

favourable sites, the uptake increases with increasing temperature, indicative of an 

entropic process. This is further corroboration for two different adsorption mechanisms 

taking place at low and high uptakes of adsorbent on the surface. 

7.4.4 Adsorption Thermodynamics of Sample O6 

The Temkin isotherm plots for sample O6 in Figure 7.109 show an agreement with the 

entropic thermodynamic behaviour discussed above, i.e. an increase in uptake is observed 

as temperature increases. A truncated view of the isotherms between equilibrium 

concentrations of 0 and 20 mg L-1 can be seen in Figure 7.110. 
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Figure 7.109: Temkin isotherm fits for sample O6 at 25°C, 35°C and 45°C 

                                                                      

 

Figure 7.110: Truncated view of Temkin isotherm fits for sample O6 at 25°C, 35°C and 45°C 
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A similar intersecting of the lines can be seen at low equilibrium concentrations on the 

Temkin isotherm fits for sample O6, as previously seen for sample O4. At equilibrium 

concentrations above 7 mg L-1, the isotherms show characteristic entropic behaviour where 

the uptake increases with increasing temperature. Below 7 mg L-1, there is a similar 

transition stage where the isotherms intercept: 45 °C and 35 °C intercept at 7 mg L-1 and 

168 mg g-1; 25 °C and 45 °C intercept at 1 mg L-1 and 97 mg g-1; and 25 °C and 35 °C 

intercept at very close to 0 mg L-1 and 0 mg g-1. The plot of how enthalpy of adsorption 

varies with adsorbate uptake for the Temkin isotherm fits of sample O6 can be seen in 

Figure 7.111. 

 

Figure 7.111: Enthalpy of adsorption vs uptake for sample O6 

The O6 van’t Hoff plot above shows a similar trend to the earlier O4 plot. The highly linear 

trend of increasing adsorption enthalpy with uptake further displays the applicability of the 

Temkin isotherm. Sample O6 shows a similar switch from an exothermic process to an 

endothermic process, with the switch occurring at approximately 100 mg g-1. This is within 

the intermediate intersection zone highlighted on Figure 7.110 which was from uptakes of 

0- 168 mg L-1. 

If adsorption on sample O6 follows the same mechanism as that for sample O4, then it can 

be assumed that, in the transitional intersection zone between uptakes of 0 and 168 mg L-1, 
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the adsorption process taking place switches from a negentropic and exothermic 

physisorptive process to an entropic, endothermic chemisorptive process. The reduced 

uptake of this physisorptive process for sample O6, as compared to sample O4, is likely 

linked to the reduced surface area of sample O6 compared to sample O4 (1527 m2 g-1 to 

1264 m2 g-1). 

This initial negentropic and exothermic process is, however, counter to the thermodynamic 

parameters found for the initial pristine surface, which indicates an initial adsorption 

process that is exothermic but entropically positive. This, coupled with the unusual lack of 

pattern to the Gibbs free energy variation with temperature, leads us to believe that one or 

more of the fits for one of the isotherms for sample O6 is incorrect. This is thought to be 

due to the inconsistency between samples of O6 used for the adsorption isotherms. The 

generally lower R2 values obtained for the adsorption isotherms of sample O6, as compared 

to sample O4, as well as the large spot-to-spot variation in oxygen and nitrogen functional 

groups, shown in the XPS analysis of sample O6, corroborate this hypothesis. The global 

variation in sample O6 is thought to be due to the lower furnace residence time used in the 

synthesis of this biochar. The longer hold time of a sample like O4 reduces the effect of 

natural variation between different samples of BSG, homogenising the final product.  

To further investigate the different adsorption sites available on sample O6, Scatchard 

analysis was carried out, and the Scatchard plots for sample O6 can be seen in Figure 7.112, 

Figure 7.113 and Figure 7.114, at 25 °C, 35 °C, and 45 °C, respectively.  
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Figure 7.112: Scatchard plot for sample O6 at 25 °C 

 

Figure 7.113: Scatchard plot for sample O6 at 35 °C 
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Figure 7.114: Scatchard plot for sample O6 at 45 °C 

The Scatchard parameters obtained for both the favourable and unfavourable sites on the 

surface of sample O6 can be seen in Table 7.75. 

Table 7.75: Scatchard parameters for favourable and unfavourable sites for sample O6 isotherms at 25°C, 35°C 
and 45°C 

Temperature 

(°C) 

Favourable sites Unfavourable sites Intersection  

qs (mg g-1) Kb (L mg-1) qs (mg g-1) Kb (L mg-1) (mg g-1) 

25 179 1.37 306 0.0356 176 

35 203 1.11 299 0.0598 198 

45 183 1.28 328 0.0556 176 

 

If sample O6 exhibits a similar mechanism as sample O4 then, at the favourable 

physisorptive sites, on which the negentropic exothermic process takes place, we would 

expect the capacity qs to increase with decreasing temperature, while at the unfavourable 

chemisorptive entropic and endothermic sites, we would expect the capacity to increase 

with elevated temperature. The behaviour of the 25 °C isotherm Scatchard does not follow 

this pattern for either of the favourable or unfavourable sites. Additionally, the magnitudes 

of the kinetic constants for 25 °C are both dissimilar to the other temperatures, which are 
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in good agreement, further lending evidence that it is the 25 °C isotherm for which an error 

has been obtained in the experimental data.  

Due to the possibility that the isotherm for sample O6 is inaccurate, the thermodynamic 

data for sample O6 can be assumed to not be fully accurate and should be treated with 

caution. As it is suspected that these systems exhibit chemisorption, it is not feasible to 

regenerate and reuse samples within a suite of isotherm experiments. In future work, 

isotherms at more temperatures should be carried out, where possible, and greater 

homogenisation of biochar samples should be carried out to avoid batch variation issues, as 

seen here.  

7.4.5 Error Analysis of Isotherm Fits 

Error analysis of the Temkin fits for each isotherm were carried out. The isotherm 

parameter values and associated margin of error are shown in Table 7.76 below. 

Table 7.76: Temkin isotherm parameters with associated margin of error 

Sample Parameters 
Temperature (°C) 

25 35 45 

O4 

nT (mg g-1) 42.9 ± 3.18 48.8 ± 2.56 55.7 ± 3.54 

KT (L mg-1) 22.5 ± 11.4 11.1 ± 3.59 5.26 ± 1.86 

R2 0.9579 0.9786 0.9687 

O6 

nT (mg g-1) 29.3 ± 3.09 29.8 ± 2.96 36.4 ± 3.17 

KT (L mg-1) 27.6 ± 21.6  40.4 ± 30.9 14.4 ± 8.41 

R2 0.9181 0.9267 0.9430 

 

The plots of this data for each sample and associated upper and lower bound curves are 

shown in Appendix G. 

Despite the high R2 values, the relative error in some of the isotherm fitting parameters is 

quite large, particularly KT. This is reflected in the curves shown in Appendix G which show  

large error bands for each of the isotherms for both samples and all 3 temperature curves 

lie within each other’s error envelopes. Statistically, this indicates that the  difference 

between each of the isotherms at 25, 35 and 45°C are small relative to the uncertainty in 

the fitted parameters. 
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 As a result, the apparent separation and intersection of the isotherms cannot be 

considered robust. This may indicate that the error in the system is too large to draw 

meaningful conclusions around the relative shape of the isotherms and therefore 

thermodynamic data derived using the van’t Hoff isochore may be inaccurate.  For this 

reason the values and conclusions should be treated with caution. Future work to add more 

points to the isotherms and additional isotherms at more temperatures should be carried 

out to validate or refute the thermodynamic claims made above. 

Despite these limitations, the mechanistic analysis that follows is based on the absolute 

values for the isotherm fitting parameters and the thermodynamic conclusions made from 

their analysis. These values remain informative for interpreting the adsorption behaviour, 

provided the above considerations are acknowledged. 

7.4.6 Physisorption Mechanism 

The effect of solution pH on the adsorption uptake was investigated for both samples O4 

and O6. Sample solutions were prepared at 100 mg L-1 with a solution volume of 30 mL. The 

solution pH was subsequently altered to pH 3, 5, 7, 9 and 11 using sodium hydroxide and 

hydrochloric acid. These results are also compared to the 100 mg L-1 samples from the 25 °C 

isotherm experiments and 24 h hold time samples from the kinetics experiments, these 

were used as references to the unaltered ‘natural’ pH of the adsorptive solution, which was 

found to be approximately pH= 5.6 at a concentration of 100 mg L-1. The results obtained 

for samples O4 and O6 are shown in Figure 7.115 and Figure 7.116 respectively. 
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Figure 7.115: Effect of pH on uptake of methyl orange on sample O4 

 

Figure 7.116: Effect of pH on uptake of methyl orange on sample O6 

Both samples showed enhanced uptake at pH 3, the pH below the quoted literature range 

of values at which methyl orange switches from the yellow in colour benzenoid structure to 

its red in colour acidified quinonoid structure. The reason for a greater degree of 

adsorption may be two-fold. The first is alteration of the chemistry of the methyl orange 
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dye molecules to the quinonoid structure of methyl orange (as shown in Table 7.77), which 

has two fixed charges in its structure, the negative charge at the sulphonate functional 

group, and the positive charge at one of the nitrogen atoms, either in the protonated azo 

group or the tertiary amine group, depending on the resonance structure. As stated in the 

discussion on point of zero charge, the acidic PZCs of the materials indicate that there is a 

greater number of positive charged surface functional groups - this does not, however, 

mean that there are no negatively charged functional groups to be found on the surface. 

This was corroborated by the XPS results that showed quinone and aromatic ring 

structures, which, as areas of high electron density, form intermolecular bonds readily with 

fixed positive charges. The increase in uptake could be explained by the new intermolecular 

interactions taking place between the positive charges on the quinonoid form of methyl 

orange and these functional groups, known to exist on both samples.  

The second potential reason for the uptake is the alteration of the adsorbent surface 

through protonation of the lone pairs existing on the surface of the biochar materials such 

as the nitrogen and oxygen containing functional groups. This would alter the structures 

from areas of high electron density to permanent dipoles with potential to form hydrogen 

bonds with areas of electron density like the lone pairs on the sulfonate group, lone pairs 

on the tertiary amine, π electrons of the aromatic rings or π electrons of the azo group. It is 

likely a combination of both of these effects which gives rise to the increase in uptake of 

methyl orange dye on the biochar materials.  

The uptake of methyl orange on the surface of both samples, at solution pHs when only the 

benzenoid structure is exhibited, is relatively constant and remains close to behaviour 

observed for the ‘natural’ pH values from the isotherm and kinetic experiments. There was 

no noticeable decrease or enhancement of adsorption uptake below or above the point of 

zero charge (pH=5.9 and pH= 6.4 for O4 and O6, respectively). This leads to the conclusion 

that the adsorption mechanism is not significantly controlled by the interactions between 

the electron donor groups, such as those identified by XPS, such as quinone, carbonyl or 

aromatic nitrogen groups nor by sites for hydrogen bonding, such as phenol, protonated 

aromatic nitrogen or pyridinic-N oxide. The physisorption mechanism is controlled more by 

sites that are not affected by protonation or deprotonation, such as the graphitic carbon 

structures that were identified as the most prevalent functional group using XPS. This also 

makes sense, as the biochar materials are derived from BSG material, which comprises a 
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significant lignin component - a large polyphenolic network comprising of aromatic rings 

(186, 187). The prevalent adsorption mechanism is, therefore, likely to be π-π interactions 

from the aromatic rings of the methyl orange structure or π-π interactions between the azo 

group π electrons or sulphone π electrons with the π electrons of the adsorbent aromatic 

rings. If the physisorption mechanism was controlled strongly by electrostatic interactions 

between functional groups on the surface that are easily affected by the protonation or 

deprotonation of lone pairs of electrons, we would expect a vast difference in uptake on 

the surface as the pH of the adsorptive solution surrounding the adsorbent changes from 

above to below the point of zero charge. 

Table 7.77 describes the functional groups found for methyl orange in its various forms and 

their role in intermolecular interactions. 

Table 7.77: Methyl orange forms and functional groups 

Species Structure Amine 

group 

Ring 

groups 

Azo group Sulfone 

group 

Benzenoid 

methyl 

orange  

Lone 

pair 

Pi and 

Pi* 

orbitals 

Lone pairs Anionic 

charge, 

lone pair  

Quinonoid 

methyl 

orange 

resonance 1 
 

Lone 

pair 

Pi and 

Pi* 

orbitals 

Cationic 

charge 

Anionic 

charge, 

lone pair 

Quinonoid 

methyl 

orange 

resonance 2  

Cationic 

charge 

Pi and 

Pi* 

orbitals 

Lone pair 

and 

hydrogen 

bond 

donor 

Anionic 

charge, 

lone pair 

 

Table 7.78 shows the organic groups identified through XPS analysis, their chemical 

environment, potential intermolecular interactions, and role in those interactions. 
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Table 7.78: Functional groups identified and potential adsorption mechanism with methyl orange 

Species Structure Mechanism 

Aromatic carbon 

 

π-electrons and orbitals: n-π* acceptor, π-π 

stacking, 

cation- pi interaction, 

Yoshida hydrogen bond acceptor 

Quinone (OI) 

 

Lone pair: hydrogen bond acceptor, lone pair-

cation interaction 

Ketone (OI) 

 

Lone pair: hydrogen bond acceptor, lone pair-

cation interaction 

Phenol (OII) 

 

Hydrogen-oxygen dipole: hydrogen bond 

donator 

Ether (OII) 

 

Lone pair: hydrogen bond acceptor, lone pair-

cation interaction 

Carboxylic acid (OIII) 

 

Lone pair: hydrogen bond acceptor, lone pair-

cation interaction 

Hydrogen-oxygen dipole: hydrogen bond 

donator 

Physisorbed water 

(OIII) 

 

Hydrogen-oxygen dipole: hydrogen bond 

donator 

Pyridinic nitrogen 

(N6) 

 

 

or 

Lone pair: hydrogen bond acceptor, lone pair-

cation interaction 
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Quaternary nitrogen 

(NQ) 

 

Lone pair: hydrogen bond acceptor, lone pair-

cation interaction 

Pyridinic-N Oxide 

(N-X) 

 

Lone pair: hydrogen bond acceptor, lone pair-

cation interaction 

Hydrogen-oxygen dipole: hydrogen bond 

donator 

Silica 

 

Lone pair: hydrogen bond acceptor, lone pair-

cation interaction 

Hydrogen-oxygen dipole at edge defects: 

hydrogen bond donator 

 

Note than in an acidified environment each of the lone pairs in the structures described in 

Table 7.78 above can become protonated, creating a fixed cationic charge. These positively 

charged cations will form intermolecular bonds with lone pairs, delocalised electrons in 

aromatic rings, and any anionic fixed charges present in the system. 

7.4.7 Chemisorption Mechanism 

7.4.7.1 Photocatalytic Degradation Investigation 

The endothermic and entropically positive adsorption of methyl orange dye onto sample 

O4 was initially investigated to determine if the process was a photocatalytic degradation 

reaction, as suggested by previous work where photocatalytic degradation was observed in 

a system using fullerenes functionalised onto a silica support in an acidic environment 

(188). This mechanism proposes that the visible light promotes the fullerene/ SiO2 complex 

to an excited state, with electron transfer from the complex to the quinoid form of the 
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methyl orange cleaving the azo bond, leading to sulphanilic acid and N, N-dimethyl-p-

phenylenediamine products. Within that study, the silica support was stated to not play a 

role in the reaction and only existed as a support for the fullerene active sites. It could be 

postulated that the role of fullerene, as a carbonaceous material containing delocalised 

electrons, may be replicated, in this work, by the basal plane graphene structures noted to 

be present in both samples O4 and O6. While silica was not explicitly stated to have a role 

in the mechanism, it is also present on the surface of the materials synthesised in this work.  

To test the hypothesis that photocatalytic effects may contribute to methyl orange 

reduction for sample O4, two experiments were proposed, batch adsorption in complete 

darkness with no light irradiation and an experiment under constant controlled visible light 

exposure. A reduced points isotherm experiment was carried out using initial methyl 

orange concentrations of 100, 200, 300 and 500 mg L-1. These were chosen to conserve 

material while giving two points expected to be above and below the transition from an 

exothermic and entropically negative to an endothermic and entropically positive 

adsorption mechanism, expected at an uptake of approximately 270 mg g-1 on sample O4. 

The experiments were carried out at room temperature with a flask volume of 30 mL and a 

contact time of 24 h. Due to the size of the dark-box available, the orbital shaker used for 

other batch liquid phase adsorption experiments could not be used. Instead, a magnetic 

stirrer, set at 350 rpm, was used to provide constant agitation of the vessel contents. The 

light source used was a Wolezek 80-LED lamp, consisting of 28 white 5000 K, 40 warm 

white 3000 K, and 12 red 660 nm LEDs. This lamp provides the full spectrum (380-800 nm) 

of visible light, simulating the visible band of sunlight. The LEDs were suspended 10 cm 

above the stirring plate and were used on full power at 40 W. A lux meter reading was 

taken prior to the experiment, the site of the flask read 4740 ±180 lux. Note that LEDs were 

specifically chosen due to their low heat production, minimising the potential effects of 

temperature on the experiments. The removal of methyl orange using sample O4, was 

determined using residual concentrations, and the data were fitted using the Temkin 

isotherm. The results are summarised in Table 7.79. 
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Table 7.79: Comparison of Temkin fitting parameters of methyl orange adsorption onto O4 for darkness and 
continuous light 

Experiment nT (mg g-1) KT (L mg-1) R2 

Dark 45.0 3.92 0.8323 

Light 44.2 3.98 0.8478 

 

The comparison plots of these two isotherms can be seen in Figure 7.117. 

 

Figure 7.117: Isotherm comparisons of methyl orange adsorption onto O4 in darkness and constant light27 

As can be seen from both the plots and the resulting isotherm fitting parameters, there is 

very little difference in the adsorption behaviour at the two sets of conditions. For this 

reason, it was deemed that the endothermic and entropically positive mechanism taking 

place is not photocatalytic and, therefore, chemisorptive in nature. While there is some 

variation in the fits for the two sets of conditions, the variation is significantly lower in 

magnitude than the difference between the Temkin isotherm fitting parameters shown in 

Table 7.71. The variation here is thought to be due to sample variation, or minute 

                                                           
27 Errors are included in the data points for these plots but are too small to be seen at this resolution 
but were calculated through propagation of Beer-Lambert regression error. The error propagation 
equations can be seen in appendix D. 
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differences in temperature between the two experiments. The coefficient of determination 

for the model fittings are much lower than those found previously in Table 7.71- this is 

likely due to the much lower number of data points used in the regression for these 

experiments.  

7.4.7.2 Chemisorption Mechanisms in Literature 

As both carbonaceous and silica groups have been identified on the surface of the biochar 

materials, both were investigated as potential sites for chemisorption with methyl orange. 

A chemisorption mechanism of methyl orange adsorption using magnetic core-shell Fe3O4@ 

SiO2 (189) has been observed. The researchers in that study ascribe a physisorption 

mechanism to the interaction, but show thermodynamics indicative of a chemisorption 

process: a positive entropy and enthalpy, and an inversely proportional relationship 

between Gibbs free energy and temperature. To further confuse the situation, they also 

report a reusability study in which, after 5 cycles, a 20% reduction in adsorption capacity 

was observed. This reduction in adsorption capacity may be due to incomplete desorption 

processes or may, possibly, be due to chemisorption taking place. This hints at the 

adsorption process in the reported study also being a hybrid process, with both 

physisorption and chemisorption taking place, similar to observations made in this work. 

The mechanism presented in that study suggests a strong hydrogen bonding interaction 

between the silanol groups, on the silica nanoparticles, with the sulfone anionic group, on 

the methyl orange molecules, which may create a formal chemical bond. 

A study of methyl orange adsorption utilising Finger-Citron residue activated carbon (190) 

also reported a positive enthalpy and positive entropy in calculation of the thermodynamic 

parameters. They also however, incorrectly, presume a physisorptive mechanism for the 

interaction, which cannot be the case based on the data presented. There is unfortunately 

no surface characterisation carried out in that study to potentially corroborate the findings 

carried out in that work. Similarly, in a study carried out where methyl orange dye was 

adsorbed onto birchwood pellet derived activated carbon (191), the predominant 

mechanism and rate-limiting step was determined to be chemisorption due to the close fit 

with the Elovich kinetic model. That study similarly showed an increase in uptake at low pH, 

when the methyl orange was in the quinoid form, perhaps indicating a relationship 

between the chemisorptive mechanism and the presence of the cationic charge on the 

adsorptive molecules. The biochar also presented a zeta potential point of zero charge - 
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analogous to the salt addition method- of approximately a pH of 5.5, similar to sample O4. 

This indicated a net positive surface charge on the surface of the material and a greater 

number of positively charged functional groups such as phenol groups and other hydrogen 

bond donors. These would form strong interactions with the fixed anionic charge on the 

sulphone group end of the methyl orange molecules. Unfortunately, no other surface 

characterisation of the biochars was presented to develop a better picture of the adsorbent 

surface sites. 

7.4.7.3 Proposed Chemisorption Mechanism 

In this work, two potential chemisorption mechanisms are proposed. The first is related to 

the negative charge on the sulfone group at one end of the adsorptive molecule. This 

cationic centre will form strong interactions with any positively charged areas on the 

adsorbent surface. These could arise from hydrogen bonding on a dipole on a phenolic -OH 

or silanol edge defect on silica, or from a protonated lone pair on a quaternary nitrogen 

group for example. These strong interactions may lead to a formal covalent bond being 

formed.  

The second involves the anionic charge that forms on the quinoid form of the methyl 

orange adsorptive at low pH. The low point of zero charge of the adsorbent, which is a 

result of the acid washing procedure during synthesis, may lead to local areas of high 

proton concentration while in solution. These may reduce the benzenoid structure to the 

quinoid one allowing for interactions with the cationic nitrogen. The hydrazine cation 

resonance form is highly sterically hindered, so the resonance form with the tertiary amine 

cation is more likely to be the form that bonds with the adsorbent. The positively charged 

cation will form strong interactions with any negatively charged areas on the adsorbent 

surface. These could be negatively charged ends of dipoles, such as carbonyl or quinone, or 

lone pairs of electrons present on any nitrogen- or oxygen-containing functional groups. 

The electrophilic cation may also undergo electrophilic aromatic substitution by attacking 

the delocalised π-electrons of the aromatic ring structures forming covalent bonds. The first 

case would also occur at low pH, as the sulfone anion is unaffected by the change in pH of 

the adsorptive solution; this may be one reason for the increased uptake seen at low pH 

(shown in Figure 7.115 and Figure 7.116). 
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7.4.7.4 Desorption Tests 

For each sample, dye-loaded biochars were recovered from an adsorption experiment, as 

described in Section 4.7.3, with an initial dye concentration of 500 mg L-1, a flask volume of 

30 mL, and a mass loading of 10 mg. A sample of the biochar was recovered and dried, 

denoted as ‘unwashed’. Some of this sample was taken and washed with 500 mL water, 

mixed for 10 min to encourage desorption from the surface. This step was repeated until 

the filtrate water ran clear, the biochars were then recovered and denoted as ‘washed’. 

These two biochar samples were tested, alongside a sample of virgin ‘clean’ biochar, using 

Ge ATR FTIR to identify any shifts in the spectral peaks obtained during analysis. The 

spectra for all three samples, at various levels of dye loading, are shown in Figure 7.118 for 

sample O4 and Figure 7.119 for sample O6. 

 

Figure 7.118: ATR FTIR spectra of sample O4 with various levels of methyl orange adsorbed 
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Figure 7.119: ATR FTIR spectra of sample O6 with various levels of methyl orange adsorbed 

For both samples, both the washed and unwashed spectra exhibit very similar traces, 

indicating that either full desorption of the physisorbed material had not been completed 

during the washing process, or that an irreversible chemisorption process had taken place 

and so, after washing, dye molecules were still bonded to the biochar surface. Due to the 

thermodynamic results discussed earlier, the latter was assumed to be more plausible. The 

large, well-defined peaks at approximately 1050 cm-1 and 1400 cm-1 were identified as an 

organic sulphate peak arising from the sulfone functional group on the methyl orange dye, 

the presence of this on both the ‘washed’ and ‘unwashed’ samples indicates its presence 

both pre- and post-desorption, adding further evidence to the presence of chemisorbed 

methyl orange on the surface.  
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A small peak shift from approximately 916 cm-1 to 880 cm-1 was noted on moving from the 

dye-loaded sample to the clean samples. This peak is attributed to skeletal C-C vibrations 

and indicates there may be an intermolecular interaction taking place on the basal aromatic 

carbon plane (192, 193). This fits with the observation found in the previously discussed 

investigation into pH influence on uptake, as pH and, therefore, protonation/deprotonation 

of functional groups did not greatly impact the amount of adsorption observed. A π-π 

stacking interaction between the aromatic rings on the methyl orange adsorptive and the 

basal aromatic plane of the biochar materials is likely a major interaction in this system.  

7.5 Summary 

Sample O4 was synthesised and fully characterised for use in liquid phase adsorption 

applications, being produced from brewers spent grain biomass feedstock in a tube furnace 

at 900 °C, at a hold time of 2.5 h, a ramp rate of 20°C min-1, nitrogen and CO2 gas flows of 

100 mL min-1, and subsequently washed with 0.1M hydrochloric acid. Sample O4 had a yield 

of 7.6 ± 0.4 %, with a carbon content of 68.8 ± 2.0 %. With a high surface area of 1433 ± 114 

m2 g-1, a supermicroporous micropore distribution and a pore size in the mesopore range of 

3 nm. The material showed an acidic point of zero charge at pH=5.9, with high 

concentrations of nitrogen (11-13%) and oxygen (9-11 %) surface functional groups as 

potential sites for adsorption. Scanning electron microscopy and energy dispersive 

spectroscopy indicated a hierarchical pore structure and heterogenous sites for adsorption: 

a carbonaceous site and a site with silicon and oxygen surface functionalities. Methyl 

orange adsorption studies showed a good fit with the Temkin isotherm model indicating 

heterogenous adsorption. Through a thorough thermodynamic investigation, both physical 

and chemical adsorption mechanisms were proposed on the surface of the material, with 

an initial entropically negative and exothermic physisorption process taking place at low 

surface coverage and an entropically positive and endothermic chemisorption process 

taking place after surface coverages of approximately 270 mg g-1, presumably once 

physisorptive adsorption sites are saturated. The initial enthalpy of adsorption on a clean 

sample of O4 was found to be -57.2 kJ mol-1.  

The physisorption mechanism is believed to involve many intermolecular interactions, such 

as hydrogen bonding, Yoshida hydrogen bonding (where the proton acceptor is the π 

electrons of an aromatic ring), and dipole interactions, but mainly π-π stacking of the 

aromatic basal plane of the biochar with the aromatic rings of the methyl orange. The 
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chemisorption mechanism is attributed to strong interactions with the fixed anionic charge 

on the methyl orange with protonated lone pairs, positive dipoles and cationic charge of 

the methyl orange dye in its quinoid form with negatively charged electron dense dipoles, 

or reactions with the delocalised electrons in the aromatic carbon basal plane.  
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8. Conclusions and Future Work 

8.1 Conclusions 

This work set out to develop a pathway to upcycle brewer’s spent grain waste biomass into 

value added biochar adsorbent materials for use in water remediation applications. These 

biochar materials were identified as a potential wastewater treatment technology to 

remove emerging contaminants through a low energy, ambient process. Design of 

experiments was employed to better understand the synthesis process and efficiently 

optimise the development of these materials. 

A screening design of experiments was employed to determine the factors of significance to 

the response variables yield, surface area and point of zero charge. Yield and surface area 

were found to only be influenced by hold temperature and hold time of the pyrolysis 

process, while point of zero charge was not found to be influenced by any of the synthesis 

variables tested. For this reason, a chemical activation step was introduced to include a 

surface chemical tunability in the synthesis process. Introduction of the washing step 

allowed for the lowering of the point of zero charge, indicating a modification of the surface 

chemistry of the material. 

Through initial investigation of the surface chemistry of the washed biochar materials 

through point of zero charge, Fourier transform infrared spectroscopy, X-ray photoelectron 

spectroscopy, scanning electron microscopy and energy dispersive spectroscopy, methyl 

orange dye was chosen as a proxy pollutant molecule for investigation in liquid phase 

adsorption studies. 

 A 2-factor central composite face centred optimisation design of experiments was 

developed using hold time and hold temperature as the synthesis variables. All other 

process variables were set to their most environmentally and economically efficient values. 

Yield, surface area, methyl orange uptake after 1 hour of contact and methyl orange uptake 

after 7 days were chosen as the response variables to capture both adsorbent performance 

and production efficiency. Model equations and surface response plots for each response 

variable were found and the optimal synthesis conditions for each found. The optimal 

biochar synthesis conditions were chosen to be hold temperature of 900°C and hold time of 

2.5 hours due to the exceptional adsorption capacities for both short and long residence 

times. Yield and adsorption capacity were found to be inversely proportional, and a low 
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yield was found at these synthesis conditions, which may be a barrier to process 

commercialisation in the future.  

The optimal biochar was resynthesised and its composition, surface chemistry, topology, 

surface area porosity were fully characterised. The optimal biochar sample O4, was found 

to have a yield of 7.6 ± 0.4%, with high carbon content of 68.8% and an ash content of 

11.9%. Surface area was found to be 1433 ± 114 m2 g-1 with a mesopore size of 3 nm. The 

sample displayed a high micropore volume of 67.5 ± 1.7% and a highly supermicroporous 

micropore distribution.  

The sample showed an acidic point of zero charge of 5.9 indicating a large proportion of 

positively charged surface functional groups. Oxygen and nitrogen containing surface 

functional groups as well as aromatic carbon were identified on the surface through a 

combination of XPS and FTIR. Scanning electron microscopy showed two separate surface 

sites: a typical carbonaceous site indicating a hierarchical pore structure; and a region with 

small glass-like beads present on the surface. EDS identified these small glassy beads as 

silicon and oxygen containing compounds, likely silica which is present in grassy materials 

like the barley from which the BSG this biochar was synthesised from is derived. Further 

investigation identified these silica sites as a product of the synthesis process, and not 

inherent to BSG itself. The silica sites were identified as a potential site for adsorption. 

Liquid phase kinetic adsorption studies with methyl orange dye showed optimal fit with the 

pseudo second order kinetic model. Equilibrium liquid phase adsorption studies with 

methyl orange and the optimised biochar showed Temkin isotherm behaviour at all three 

temperatures investigated, indicating heterogenous adsorption on the surface. The 

enthalpy and entropy of adsorption onto the pristine surface were determined to be -57.2 

kJ mol-1 and -60.5 J mol-1 K-1, respectively. The isotherm shapes, van’t Hoff plot and 

Scatchard analysis indicated a multi-mechanism adsorption taking place, with an initial 

exothermic and negentropic physisorption phase followed by an endothermic and entropic 

chemisorption phase which switches at an uptake of approximately 270 mg g-1. The 

physisorption mechanism has been attributed to intermolecular interactions such as 

hydrogen bonding, Yoshida hydrogen bonding, dipole interactions and π-π stacking of the 

aromatic rings of the biochar and those on the adsorptive. The chemisorption mechanism 

has been attributed to the strong interactions between the anionic charge on the methyl 

orange molecules and the positively charged functional groups such as protonated lone 
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pairs or positive dipoles, or due to the cationic charge of the methyl orange in its acidified 

form and negatively charged functional groups such as negative dipoles or delocalised 

electrons on the aromatic rings of the biochar. 

The interactions taking place and wide variety of surface functional groups make this 

biochar likely to be capable of adsorbing many different types of target emerging 

contaminants.  

From the work conducted here, it is proposed that the methodology developed is broadly 

applicable for the screening, optimisation, and validation of biochar derived from any 

carbonaceous feedstock. While the specific synthesis parameters, response variables, and 

validation approaches will inevitably depend on the experimental set-up and intended 

application, following the general framework outlined—together with the guiding principles 

of green chemistry and engineering—provides a systematic route to identifying an optimal 

material based on the selected key performance indicators. 

8.2 Future Work 

This study has shown the applicability in utilisation and upcycle of brewer’s spent grain into 

biochar materials for adsorbent applications. However, this work is presented as a 

launching off point for further investigation into these materials, with many applications 

and variations in synthesis routes available for research. For this reason, several areas for 

future work are suggested before commercialisation and implementation can be carried 

out. 

Most adsorbent wastewater treatment systems operate in flowing systems in columns or 

packed beds. As all adsorption tests carried out in this work were carried out in batch tests 

at small volumes, scale up in continuous systems is required to simulate real world 

operation.  

The small yield of the optimal biochar is another barrier to process commercialisation, as 

much larger amounts of biochar will be required for continuous column tests. For this 

reason, transfer from a small volume tube furnace to a larger volume furnace such as a 

muffle furnace is suggested for future production. Investigation into how the change in 

synthesis procedure affects adsorbent characteristics such as porosity, surface area, surface 

chemistry and adsorption capacity must all be closely monitored to maintain adsorbent 

effectiveness.   
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While the activating acid hydrochloric acid was used in this work to tailor the surface 

chemistry of the biochars synthesised in this work and lower the PZC, other activating 

agents could also be investigated. Basic solutions like sodium hydroxide can also be used to 

raise the PZC and make the surface contain more negatively charged functional groups 

making the material more applicable for the adsorption of cations. This should be 

investigated to broaden the range of pollutant molecules and tailor the surface chemistry 

to different applications. 

This work set out to avoid using chemical activating agents in the interest of sustainability 

and cost saving. Substitution of the mineral acid for a renewable organic acid such as 

ethanoic acid, which can be derived from sustainable synthesis, could be a way to better 

align the synthesis of the materials in this work with the principles of green chemistry and 

engineering. If not feasible, recycling and recovery of the spent hydrochloric acid could also 

be an avenue for future research. 

The π-π stacking interactions exhibited by the materials synthesised in this work make it an 

ideal candidate for adsorption of aromatic pharmaceuticals and personal care products like 

oestradiol, estrone and paracetamol. The suspected strong interaction between the anionic 

sulphone group and the adsorbent makes it potentially a good adsorbent for per fluoroalkyl 

sulphonic acids (PFSA) substances, an emerging contaminant class in the PFAS family. PFSA 

substances present a similar sulphone functional group to the methyl orange dyes studied 

here. However, full investigation of the adsorption capacity on these substances must be 

tested before any full conclusions can be drawn. 

Regeneration and reusability of the spent biochar is also an important next step in the 

commercialisation of the materials from this work. While this may not be possible after the 

adsorption of methyl orange due to the chemisorptive interactions which may be 

irreversible, the renewable capacity should be investigated to further argue the case of 

these materials as a commercially viable adsorbent.  

The optimisation model ANOVA analysis indicated that model reduction by removal of the 

quadratic term for hold time may be beneficial for all 4 models but especially the short and 

long residence time kinetics models. Carrying out this work would help to remove noise, 

improve lack-of-fit and increasing the reliability of the models in predicting new values.  
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The formulation of an objective function utilising all of the key performance indicators of 

the biochar to consider the trade-off between different key material characteristics (as seen 

in this work with yield and surface area) could be beneficial. This objective function could 

also be tailored to different applications by assigning appropriate weightings to each 

response variable, ensuring that the optimisation reflects the performance requirements of 

the intended use case. This would allow for a more holistic approach utilising multiple 

criteria that balance functionality, sustainability and productivity in the design of these new 

materials. 

Further exploration into the silicon and oxygen containing glassy bead structures found on 

the surface of the biochars should be investigated. Their isolation and testing should be 

carried out to determine their true chemical nature and to help evaluate their role in any 

adsorption interactions. Work utilising X-ray diffraction to determine the amorphous or 

crystalline nature of the glassy bead structures is currently ongoing. This may also help to 

identify specialised applications where the adsorbents synthesised here would demonstrate 

enhanced performance, as with the SiChar materials reviewed previously. 

Finally, further investigation into the mechanism taking place on the surface of the biochars 

should be carried out. Isotherms at other temperatures should be carried out to see if the 

suspected dual physisorption and chemisorption mechanism continues to take place and to 

improve the quality of the isotherm regressions. Other adsorbates such as methylene blue 

dye could be used to determine the mechanism taking place with a cationic azo-dye. This 

would help to elucidate the intermolecular and/or chemical bonding taking place common 

to both adsorbate molecules. Furthermore, utilisation of techniques such as XPS and BET 

nitrogen adsorption on adsorbents saturated with dye would also help to determine the 

functional groups which the dye molecules are interacting with and also any changes to 

pore size distribution will indicate the type of pores within the pore structure the dye has 

adsorbed onto. 
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Appendices 

Appendix A: Duplicate Screening Samples Isotherms and BET Parameters 

Table A80 shows the BET parameters calculated from the Nitrogen adsorption isotherms 

shown in Chapter 5. These experiments were carried out by myself and are denoted below 

as SJX (Screening Jordan Sample X). Table A81 shows the BET parameters calculated from 

the Nitrogen adsorption isotherms shown in Figure A120, Figure A121, Figure A122 and 

Figure A123. These experiments were carried out by Mathis Bornand, a visiting Erasmus 

trainee, and are denoted below as SMX (Screening Mathis Sample X). These parameters 

were averaged and the error calculated by the standard error formula and reported in 

Table 5.27 in the main body of this work.  

Table A80: Yield and BET parameters calculated from nitrogen adsorption isotherms on biochar samples of 
screen sample set 128 

Sample 
 

Yield (%) Monolayer 
capacity 
(cm3g-1) 

BET 
constant 

BET Surface 
area (m2g-1) 

Enthalpy of 
adsorption 
(kJmol-1) 

IUPAC 
isotherm 
classification 

Hysteresis 
Type 

SJ1 29.8 0 ± 0 348 ± 47 1 ± 0 9.3 ± 0.1 II - 

SJ2 20.8 129 ± 0 2595 ± 127  560 ± 0 10.6 ± 0.0 I(b) H4 

SJ3 28.0 6 ± 0 348 ± 29 28 ± 0 9.3 ± 0.1 II - 

SJ4 6.6 268 ± 2 202 ± 21 1169 ± 8 9.0 ± 0.1 I(b) H4 

SJ5 26.7 2 ± 0 86 ± 3 8 ± 0 8.4 ± 0.0 II - 

SJ6 17.9 140 ± 0 2388 ± 136 609 ± 1 10.5 ± 0.0 I(b) H4 

SJ7 27.0 5 ± 0 48 ± 6 22 ± 1 8.0 ± 0.1 II - 

SJ8 8.9 284 ± 2 271 ± 25 1236 ± 7 9.1 ± 0.1 I(b) H4 

SJ9 28.8 1 ± 0 40 ± 1 3 ± 0 7.9 ± 0.1 II - 

SJ10 18.2 141 ± 0 2107 ± 117 615 ± 1 10.5 ± 0.0 I(b) H4 

SJ11 26.5 4 ± 0 41 ± 9 16 ± 2 7.9 ± 0.1 II - 

SJ12 9.2 281 ± 1 299 ± 27 1223 ± 6 9.2 ± 0.1 I(b) H4 

SJ13 26.8 2 ± 0 167 ± 24 7 ± 0 8.8 ± 0.1 II - 

SJ14 19.0 133 ± 0 2298 ± 96 581 ± 0 10.5 ± 0.0 I(b) H4 

SJ15 28.1 2 ± 0 173 ± 15 9 ± 0 8.9 ± 0.1 II - 

                                                           
28 Errors calculated from propagation of error in BET isotherm fit, the error propagation equations are 
detailed in Appendix D 
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SJ16 5.8 252 ± 2 185 ± 18 1099 ± 7 8.9 ± 0.1 I(b) H4 

 

Table A81: Yield and BET parameters calculated from nitrogen adsorption isotherms on biochar samples of 
screen sample set 229 

Sample 
 

Yield (%) Monolayer 
capacity 
(cm3g-1) 

BET constant BET Surface 
area (m2g-1) 

Enthalpy of 
adsorption 
(kJmol-1) 

IUPAC 
isotherm 
classification 

Hysteresis 
Type 

SM1 29.1  6 ± 0 98 ± 24 28 ± 2 8.5 ± 0.2 II - 

SM2 20.9 128 ± 0 2538 ± 120 559 ± 0 10.6 ± 0.0 I(b) H4 

SM3 26.7 1 ± 0 197 ± 26 2 ± 0 8.9 ± 0.1 II - 

SM4 6.8 269 ± 2 183 ± 19 1171 ± 10 8.9 ± 0.1 I(b) H4 

SM5 29.2 1 ± 0 126 ± 17 5 ± 0 8.7 ± 0.1 II - 

SM6 19.4 142 ± 0 2435 ± 151 619 ± 1 10.6 ± 0.0 I(b) H4 

SM7 28.0 10 ± 0 100 ± 17 43 ± 2 8.5 ± 0.1 II - 

SM8 8.9 283 ± 1 290 ± 26 1232 ± 6 9.2 ± 0.1 I(b) H4 

SM9 28.7 6 ± 0 50 ± 7 26 ± 2 8.1 ± 0.1 II - 

SM10 19.7 134 ± 0 2160 ± 98 585 ± 0 10.5 ± 0.0 I(b) H4 

SM11 28.1 13 ± 0 218 ± 29 58 ± 1 9.0 ± 0.1 II - 

SM12 8.8 285 ± 2 274 ± 26 1242 ± 7 9.2 ± 0.1 I(b) H4 

SM13 28.3 10 ± 0 133 ± 24 43 ± 1 8.7 ± 0.1 II - 

SM14 19.3 133 ± 0 2571 ± 154 578 ± 0 10.6 ± 0.0 I(b) H4 

SM15 28.0 15 ± 0 164 ± 34 64 ± 2 8.8 ± 0.1 II - 

SM16 6.3 260 ± 2 161 ± 16 1134 ± 9 8.8 ± 0.1 I(b) H4 

 

                                                           
29 Errors calculated from propagation of error in BET isotherm fit, the error propagation equations are 
detailed in Appendix D 
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Figure A120: Screening isotherms SM1, SM3, SM5 and SM7 from sample set 2 

 

Figure A121: Screening isotherms SM9, SM11, SM13 and SM15 from sample set 2 



306 
 

 

Figure A122: Screening isotherms SM2, SM6, SM10 and SM14 from sample set 2 

 

Figure A123: Screening isotherms SM4, SM8, SM12 and SM16 from sample set 2 
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Appendix B: Methyl Orange Beer-Lambert Calibration 

Figure A124 shows the UV-Vis spectra for the various concentrations of methyl orange dye 

in water.  

 

Figure A124: UV-Vis spectra for MO calibration 

Figure A125 shows the Beer-Lambert line fitting for the absorbance peaks shown in Figure 

A124. 

 

Figure A125: Methyl orange calibration curve 
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Appendix C: Methyl Orange Isotherms 

Figures A124- A129 show the various isotherm model fits for both sample O4 and O6 at 

25°C, 35°C and 45°C. 

 

Figure A126: MO adsorption Langmuir, Freundlich and Temkin isotherm fits for O4 at 25°C 

 

Figure A127: MO adsorption Langmuir, Freundlich and Temkin isotherm fits for O4 at 35°C 
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Figure A128: MO adsorption Langmuir, Freundlich and Temkin isotherm fits for O4 at 45°C 

 

Figure A129: MO adsorption Langmuir, Freundlich and Temkin isotherm fits for O6 at 25°C 
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Figure A130: MO adsorption Langmuir, Freundlich and Temkin isotherm fits for O4 at 35°C 

 

Figure A131: MO adsorption Langmuir, Freundlich and Temkin isotherm fits for O4 at 45°C 
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Appendix D: Error Propagation 

Error calculation through duplicates utilised the standard error formula shown below 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 = √
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒
 

Individual sample errors were calculated by propagating error from the fitting parameters. 

The excel function =LINEST was used to determine the error in the gradient (m) and y-

intercept (b) for any linear fitting calculated. 

Propagation of the error for each of the calculated parameters is shown below.  

Monolayer Capacity vm 

𝑣𝑚 =
1

(𝑠𝑙𝑜𝑝𝑒 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡)
 

𝑣𝑚 =
1

(𝑚 + 𝑏)
 

𝜎𝑣𝑚
2 = (

𝜕𝑣𝑚

𝜕𝑚
)
2

𝜎𝑚
2 + (

𝜕𝑣𝑚

𝜕𝑏
)
2

𝜎𝑏
2 

𝜎𝑣𝑚
2 = (

−1

(𝑏 + 𝑚)2
)
2

𝜎𝑚
2 + (

−1

(𝑏 + 𝑚)2
)
2

𝜎𝑏
2 

𝜎𝑣𝑚
2 = (

−1

(𝑏 + 𝑚)2
)
2

𝜎𝑚
2 + (

−1

(𝑏 + 𝑚)2
)
2

𝜎𝑏
2 

𝜎𝑣𝑚
= √

𝜎𝑚
2 + 𝜎𝑏

2

(𝑏 + 𝑚)4
 

 

BET Constant c 

𝑐 =
𝑚

𝑏
+ 1 (3.52) 

𝜎𝑐
2 = (

𝜕𝑐

𝜕𝑚
)
2
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2 + (

𝜕𝑐

𝜕𝑏
)
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𝜎𝑐
2 = (

1

𝑏
)
2

𝜎𝑚
2 + (

−𝑚

𝑏2
)
2

𝜎𝑏
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𝜎𝑐
2 =

𝜎𝑚
2

𝑏2
+

𝑚2

𝑏4
𝜎𝑏

2 

𝜎𝑐 = √
𝑏2𝜎𝑚

2 + 𝑚2𝜎𝑏
2

𝑏4
 

BET Surface Area 

𝑃𝑣𝑚 = 𝑛𝑚𝑅𝑇 

𝜎𝑣𝑚
2 = (

𝜕𝑣𝑚

𝜕𝑚
)
2

𝜎𝑚
2 + (

𝜕𝑣𝑚

𝜕𝑏
)
2

𝜎𝑏
2 + (

𝜕𝑣𝑚

𝜕𝑃
)
2

𝜎𝑃
2 + (

𝜕𝑣𝑚

𝜕𝑅
)
2

𝜎𝑅
2 + (

𝜕𝑣𝑚

𝜕𝑇
)
2

𝜎𝑇
2 

 

P, R and T are all constants with no error 

𝜎𝑃 = 𝜎𝑅 = 𝜎𝑇 = 0 

𝜎𝑛𝑚
=

𝑃

𝑅𝑇
𝜎𝑣𝑚

 

Then,  

𝑆 =  𝑛𝑚 ∙ 𝑁𝐴 ∙ 𝐴𝑚 (3.54) 

NA and Am are constants with no error 

𝜎𝐴𝑚
= 𝜎𝑁𝐴

= 0 

So,  

𝜎𝑆 = 𝑁𝐴𝐴𝑚  𝜎𝑛𝑚
 

 

Enthalpy of Adsorption ΔHA 

𝑐 = 𝑒
[
|𝛥𝐻𝐴|−|𝛥𝐻𝐿|

𝑅𝑇 ]
 (3.55) 

|𝛥𝐻𝐴| = |𝛥𝐻𝐿| + 𝑅𝑇𝑙𝑛𝑐 

|𝛥𝐻𝐴| = |𝛥𝐻𝐿| + 𝑅𝑇𝑙𝑛 (
𝑚

𝑏
+ 1 ) 
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Micropore Area 
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𝜎𝑃 = 𝜎𝑅 = 𝜎𝑇 = 0 

𝜎𝑛0
2 = (

𝜕𝑛0

𝜕𝑏
)
2

𝜎𝑏
2 

𝜎𝑛0
=

ln(10)𝑃 √102𝑏

𝑅𝑇
𝜎𝑏 

𝑆 = 𝑛0 ∙ 𝑁𝐴 ∙ 𝐴𝑚 (3.54) 

NA and Am are constants with no error 

𝜎𝐴𝑚
= 𝜎𝑁𝐴

= 0 

So,  

𝜎𝑆 = 𝑁𝐴𝐴𝑚  𝜎𝑛0
 

𝜎𝑆 =
ln(10)𝑁𝐴𝐴𝑚𝑃 √102𝑏

𝑅𝑇
𝜎𝑏 

 

Percentage Volume Attributed to Micropores  

𝑀𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 % =
𝑣0

𝑀𝑄𝐴
∗ 100 

𝜎𝑀𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 % =
100 ∗ ln(10) √102𝑏

 𝑀𝑄𝐴
𝜎𝑏 

 

Liquid Phase Adsorption Uptake 

𝑈𝑝𝑡𝑎𝑘𝑒 =
𝑉(𝐶0𝜀𝑙 − 𝐴. 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟)

𝑀𝑎𝑠𝑠 ∗ 𝜀𝑙
 

All except 𝜀 are constant and have no error, 

𝜎𝑈𝑝𝑡𝑎𝑘𝑒
2 = (

𝜕𝑈𝑝𝑡𝑎𝑘𝑒

𝜕𝜀
)
2

𝜎𝜀
2 

𝜎𝑈𝑝𝑡𝑎𝑘𝑒
2 = (

𝐴𝑉.𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑀𝑎𝑠𝑠. 𝑙. 𝜀2
)
2

𝜎𝜀
2 

𝜎𝑈𝑝𝑡𝑎𝑘𝑒 =
𝐴𝑉.𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑀𝑎𝑠𝑠. 𝑙. 𝜀2
𝜎𝜀 
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Appendix E: Data Availability Statement  

All data underpinning this publication are openly available from the University of 

Strathclyde KnowledgeBase at https://doi.org/10.15129/1550527d-538d-416a-bfdb-

cd1151edc78e 

  

https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.15129%2F1550527d-538d-416a-bfdb-cd1151edc78e&data=05%7C02%7Cjordan.mooney%40strath.ac.uk%7C206433ac275c4740339f08de5e6860b8%7C631e0763153347eba5cd0457bee5944e%7C0%7C0%7C639051999543604811%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=BJys16P75irldKdPnmm20BUtI3WxmY3SBeVI0KSWZwo%3D&reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.15129%2F1550527d-538d-416a-bfdb-cd1151edc78e&data=05%7C02%7Cjordan.mooney%40strath.ac.uk%7C206433ac275c4740339f08de5e6860b8%7C631e0763153347eba5cd0457bee5944e%7C0%7C0%7C639051999543604811%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=BJys16P75irldKdPnmm20BUtI3WxmY3SBeVI0KSWZwo%3D&reserved=0
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Appendix F: XPS Examples 

In Figure A132, Figure A133 and Figure A134 below are the Fityk curve deconvolution 

software fits for the C1s, N1s and O1s scans of sample S9W point 1 respectively.  

 

Figure A132: C1s scan of S9W point 1 with deconvoluted peaks 

 

Figure A133: N1s scan of S9W point 1 with deconvoluted peaks 
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Figure A134: O1s scan of S9W point 1 with deconvoluted peaks 

Table A82 details the fitting parameters of the Voigt curves used to deconvolute the scans. 

Table A82: Voigt fitting parameters for S9W point 1 

Scan C1s N1s O1s 

Peak 1 2 3 1 2 3 1 2 

Centre 283.956 286.557 284.679 399.724 397.847 401.652 532.259 530.408 

Area 29713 11560.5 24535.2 17603 7692.27 4206.33 19775.1 6780.85 

Height 20802.9 1937.34 9099.77 8140.07 5068.44 676.9 8202.17 3555.08 

 

Figure A135, Figure A136 and Figure A137 below are the Fityk curve deconvolution 

software fits for the C1S, N1S and O1S scans of sample O4 point 1 respectively .  
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Figure A135: C1s scan of O4 point 1 with deconvoluted peaks 

 

Figure A136: N1s scan of O4 point 1 with deconvoluted peaks 
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Figure A137: O1s scan of O4 point 1 with deconvoluted peaks 

Table A83 details the fitting parameters of the Voigt curves used to deconvolute the scans. 

Table A83: Voigt fitting parameters for O4 point 1 

Scan C1s N1s O1s 

Peak 1 2 3 1 2 3 1 2 3 

Centre 284.040 288.089 284.878 399.817 397.695 402.315 532.230 530.327 533.680 

Area 45781.7 29077 39198.9 17996.5 4666.01 7717.93 26031.3 8117.18 5969.46 

Height 36773 4421.41 13969 6750.77 3057.98 1169.3 12773.4 3811.17 1674.56 
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Appendix G: Temkin Isotherm Error Analysis Curves 

Figure A138 and Figure A139 show the Temkin isotherms for all three temperatures with 

their upper and lower bounds calculated from their margin of error for Sample O4 and O6 

respectively. 

 

Figure A138: Temkin isotherm fits for sample O4 with upper and lower bound from error analysis 

 

Figure A139: Temkin isotherm fits for sample O4 with upper and lower bound from error analysis 


