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Abstract 

As worldwide reliance on fossil fuels refuses to subside, the importance of developing Carbon 

Capture and Storage (CCS) technologies grows. Within this field, there is a growing interest 

in reusable solid adsorbent materials that can be derived from sustainable sources. This study 

investigates the production of microporous nitrogen-doped biochars and hydrochars from 

surplus citrus peels, contributing to a circular economy through valorisation of waste 

streams, for use in carbon dioxide (CO2) capture systems.  

A robust Design of Experiments process was carried out for both biochar and hydrochar 

synthesis routes to identify influential process parameters, and statistical optimisation 

models were produced, after being informed by material characterisation results. These 

models aimed to optimise the porosity and elemental characteristics of the materials to 

enhance their applicability to carbon capture technologies. The samples with the highest 

response metrics, from both synthesis routes, were then tested for their CO2 adsorption 

performance and regenerative ability, under conditions analogous to industrial flue gas.  

Nitrogen doping, through inclusion of urea in the synthesis process, was found to successfully 

increase nitrogen content within carbonaceous chars, and activation of the chars using CO2 

was found to develop highly microporous materials. The highest performing sample in terms 

of CO2 adsorption, BC Control Mandarin, exhibited CO2 capacities of 0.61 mmol/g (0.1 bar) 

and 0.78 mmol/g (0.2 bar), at 60 °C. Meanwhile, the most effective nitrogen-doped char was 

found to be an optimised material, OPB Micropore Orange, with CO2 capacities of 

0.48 mmol/g (0.1 bar) and 0.70 mmol/g (0.2 bar), at 60 °C. Microporosity, particularly 

ultramicroporosity, of the materials was found to be key to adsorption at low pressure 

(< 1 bar), while overall pore volume determined adsorption capacity at higher pressure (5 – 

19.5 bar). Meanwhile, increasing the nitrogen content of the samples was not seen to 
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increase CO2 adsorption in any meaningful way, contrasting with literature findings. All 

samples tested for their cyclic adsorption characteristics showed minimal loss in capacity, 

indicating high levels of regenerative ability. 

This study has provided a detailed and extensive comparison between two synthesis routes 

for carbonaceous char sorbents, using two similar but distinct biological waste peel 

feedstocks of orange and mandarin, which both descend from the Rutaceae family. Through 

elemental and textural characterisation, it aims to provide an overview and assessment of 

the advantages and disadvantages of both char synthesis methods, and reaffirms the ability 

of CO2 to be used as an activating agent to promote micropore formation. By considering the 

properties and adsorption performance of the carbonaceous char materials, it has been 

established that Rutaceae peel-derived chars are sustainable and viable solid adsorbents for 

post-combustion carbon capture applications. The Design of Experiment work in this study 

also provides a base level to progress from for further process optimisation of chars produced 

from such feedstocks. 
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1 Introduction 

1.1 Carbon Dioxide Emissions and Net Zero Goals 

In an everchanging world, one of the largest threats to our modern society as a whole is 

posed by the prospect of irreversible global warming as a result of global carbon dioxide (CO2) 

emissions. CO2 is the most commonly released greenhouse gas (GHG) from anthropogenic 

activities on Earth, with global emissions reaching a new all-time high of 37.4 gigatonnes in 

2023 [1], a year after the average CO2 atmospheric concentration reached the all-time high 

of 417 ppm [2]. 

The process of global warming is simply the effect of the Earth’s average temperature 

increasing due to the greenhouse effect. This greenhouse effect is a phenomenon that occurs 

in the Earth’s atmosphere, and is caused by GHGs, such as CO2, methane, nitrous oxide and 

other fluorinated gases [3]. These gases accumulate within the lower atmosphere layer and 

both absorb and emit thermal infrared radiation [4]. They allow the passage of solar radiation 

from the sun, which provides heat to the planet, but they also absorb heat that is emitted in 

the opposite direction from the Earth. This is the primary issue, as small changes to the 

relative concentrations of GHGs can have large effects on the radiation absorbed by them, 

leading to an increase in global temperature due to the accumulation of heat.  

This global warming effect is likely to accelerate the journey to worldwide tipping points; a 

point of no return, where unavoidable natural disaster events will be triggered which will 

take, at a minimum, multiple generations to recover from. Examples of this are thought to 

be scenarios where loss of the West Antarctic ice sheet causes significant rises in sea level, 

causing cities to be submerged, or Arctic permafrost thaw which will release vast levels of 

GHGs into the atmosphere and destroy ecosystems [5], [6]. Similarly, the risk of more 
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frequent extreme weather events such as wildfires, flooding, storms and hurricanes is 

strongly linked with increasing global warming [7], [8].  

The landmark Paris Agreement signed at the UN Climate Change Conference (COP21) in Paris, 

2015, was designed with a view to prevent the rise in global temperature to a maximum of 

2 °C above pre-industrial levels, and more pertinently, to limit this rise in temperature to 

1.5 °C above pre-industrial levels [9]. It was agreed upon by 195 parties (governments), and 

in order to the meet the 1.5 °C goal it was required that GHG emissions must have peaked by 

2025. However, current emission predictions envisage this peak occurring at the end of the 

2020 decade [10]. As of 2019, global emissions were required to decrease by 43 % by 2030, 

and become net zero by 2050 to achieve a maximum rise of 1.5 °C [11]. Based on current 

legislation and actions this seems more and more unachievable.  

Scotland as a nation has set a closer target of 2045 to achieve Net Zero [12]. Barriers to the 

success of this strategy do nonetheless remain, as there are doubts over the ability of current 

energy providing infrastructure to cope with future demands, and sustained retrofitting of 

homes will be required to provide scope for use of heat pumps and hydrogen energy sources 

[13], [14]. In terms of fuel, concentrated focus is required on the petroleum and gaseous fuel 

sector as CO2 emissions are still sizeable in this sector. For gaseous fuels in particular, the CO2 

emissions from this source was found to have risen from 1990 to 2019 [15]. Over the same 

period, petroleum CO2 emissions decreased slightly, but further effort is required to deliver 

the reductions required.  

CO2 is one of the main contributors to global warming. Production as a result of fossil fuel 

use is a significant source of emissions [16], and whilst this will decrease with the transition 

to greener energy sources, remediation methods must be employed to bridge the gap 

between current energy production methods and the idealised future where renewable 
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sources become the primary source. Carbon capture, utilisation and storage (CCUS) 

technologies present an opportunity to realise this solution. These can be applied to 

industrial plants where there are large scale CO2 emissions, to attempt to prevent CO2 from 

entering the atmosphere. After capture of the gas, it can either be utilised in onward process 

applications, or transported to, and stored in, underwater geological formations such as 

depleted oil wells [17].  

1.2 Methods of Carbon Capture from Industrial Emission Sources 

There are currently three main methods for carbon capture that are utilised in industry, all 

at different scales. These are: post-combustion capture, pre-combustion capture and 

oxy-fuel combustion.  

1.2.1 Post-Combustion CO2 Capture 

Carbon Capture and Storage (CCS) carried out through post-combustion methods involves 

the utilisation of technologies to remove CO2 from output streams of industrial processes. 

This generally consists of CO2 being removed from exhaust flue gases, preventing its release 

to the environment after the combustion of fossil fuels. This is the most widely adopted 

method of carbon capture in use currently, due to being the easiest to retrofit to existing 

plant installations. It has been demonstrated to perform well when applied in industrial 

settings, and can be applied universally with no restriction on the fuel type used [18]. 

Nonetheless, it has high energy requirements, and the solvents used in current 

post-combustion plants degrade over time, resulting in reduced efficiency of the process.  

Typically, industrial plants with CO2 emissions carry out post-combustion capture through 

absorption processes which deploy amine solutions to remove CO2 from flue gas streams. A 

simplified diagram of this is shown in Figure 1.1. At standard conditions of 1 atm and 40 °C, 



4 
 

liquid absorbents provide adequate capacities for CO2 removal; diethanolamine displays a 

CO2 capacity of 0.95 mmol/g, while monoethanolamine can absorb 4.09 mmol/g [19].  

 
Figure 1.1: Example of CO2 Absorption in Industrial Setting Using Amine Solution Configuration [20] 

 

Although they provide effective CO2 removal, high temperatures of approximately 125 °C are 

required to regenerate the amine solution and release the CO2 in order for it to be 

compressed and stored [21]. Due to the presence of impurities in the mixture at the point of 

regeneration, amine degradation commonly occurs which both reduces performance and 

increases the risk of equipment corrosion and fouling. Due to this, there is a desire to find 

new types of sorbents for CO2 capture that could be implemented in post-combustion 

systems.  

1.2.2 Pre-Combustion CO2 Capture 

This method is used to remove CO2 before combustion of the relevant fuel has been 

conducted. A two-step method of steam reforming and water-gas shift reactions are used to 

convert fossil fuel into a mixture of CO2 and hydrogen (H2), which can then be separated; CO2 
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can then be utilised in other processes or transported and stored appropriately, and H2 can 

be used as a clean fuel [17].  

Steam reforming is the process of reacting the fuel, usually a hydrocarbon, with air or oxygen 

and water (H2O) to produce carbon monoxide (CO) and H2, a mixture commonly referred to 

as syngas. Note that for solid fuels such as coal this initial stage is usually gasification, while 

steam reforming is applied to liquid and gaseous forms of fuel such as natural gas. This 

resulting syngas can then be subjected to a water-gas shift reaction, where CO reacts with 

H2O to produce H2 and CO2. While this process can provide high CO2 capture efficiency, it too 

requires significantly high energy input which can impact on the efficiencies of the plants it 

is fitted to, and H2 production within the process brings additional storage, handling and 

safety challenges [18].  

1.2.3 Oxy-Fuel Combustion 

Oxy-fuel combustion is the process of burning the chosen fuel in an oxygen-rich atmosphere, 

which ensures that the resultant flue gas is a mixture of primarily CO2 and H2O, making the 

final separation process more efficient and streamlined. Instead of air, a mixture of 95 mol% 

pure oxygen (O2) and 5 mol% recycled flue gas provides the atmosphere within the reactor 

for combustion [22]. 

This method requires an air separation unit to remove nitrogen (N2) and any other trace gases 

from the incoming air, which typically necessitates cryogenic level temperatures as the 

individual gases are separated based on their boiling points. The purified O2 can then be used 

for combustion of the chosen fuel. The resulting flue gas would be expected to contain mainly 

CO2 and H2O, allowing CO2 capture to occur by condensing the H2O from the stream [22]. The 

use of highly pure O2 also results in lower NOX emissions from the final flue gas.  



6 
 

The main drawback from this form of carbon capture technology is the energy demands 

resulting from the need for both an air separation unit (pre-combustion) and a CO2 capture 

unit (post combustion), which can result in lower net efficiency for the technology when 

implemented on large scales [22]. There are examples of oxy-fuel plants on industrial scale, 

but they are limited in their power output compared to typical combustion plants. 

1.2.4 Rising Potential of Solid Adsorbents for CO2 Capture 

In an effort to address the high energy consumption requirements incurred by using liquid 

absorbents in post-combustion CO2 capture technologies, research has shifted focus to the 

potential of solid adsorbent materials. In contrast to conventional absorption technology, 

solid adsorbents present high CO2 adsorption capacities, incur smaller energy demands for 

regeneration, and can be produced from renewable feedstocks [23]. Despite the promise 

shown there are still challenges to overcome, as selectivity towards CO2 can be limited and 

the presence of impurities in flue gas streams can impact on performance of certain materials 

[19]. In addition, although advanced chemistry can be used to synthesise adsorbents 

specifically tailored to CO2 removal (or indeed any pollutant or contaminant), the financial 

cost of production is a hinderance to the scalability of the materials. The kinetics of CO2 

adsorption on these materials and their long-term stability are often key to their suitability 

for use in carbon capture technology; faster kinetics allow for a more efficient process, while 

their stability indicates the reliability of the system and also determines the operating costs. 

There are four main classifications of solid adsorbents that are actively being researched for 

industrial carbon capture applications: mesoporous silicas, zeolites, metal organic 

frameworks (MOFs), and carbonaceous materials. Note that this is not an exhaustive list, and 

many different variants of solid sorbent materials exist and are detailed further in literature.  
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Mesoporous silicas can provide high surface areas and material stability, but due to 

hydrophobic surface chemistry and neutral surface charge, their capacity for CO2 is low [24]. 

Similarly, synthetic zeolites possess high surface area and fast CO2 adsorption kinetics but 

their preference for adsorbing H2O over CO2 is problematic when considering applications 

where flue gas streams contain water vapour [25]. Additionally, they have low CO2 selectivity 

over N2 which is an issue for post-combustion scenarios [23]. In comparison, naturally 

occurring zeolites are widely available but do not display high CO2 capacities. MOFs present 

possibly the largest CO2 adsorption capacities and exhibit the highest levels of specificity of 

the four types of materials due to the fact they can be uniquely tailored towards target 

molecules [26]. Nonetheless, they can suffer stability issues when exposed to water vapour, 

particularly at high temperatures, and the associated expensive production methods limits 

their potential to be produced on the scale that is required for CO2 remediation [27].  

The development of carbonaceous materials for CO2 adsorption is able to reconcile some of 

the drawbacks that are presented by other adsorbent materials. Within this classification of 

materials there are adsorbents such as graphene, carbon nanotubes and nanofibers, and 

activated carbons; this final category is where biochars and hydrochars fall into. The 

production of activated carbons can be carried out at low cost and at large scale due to the 

abundance of feedstock materials, as many of these materials are produced from waste 

biomass [19]. Additionally, the synthesis and activation processes can be tailored to develop 

high levels of porosity, and increased surface functionalisation can be carried out easily 

through doping with nitrogen- or oxygen-containing chemicals [28]. High CO2 adsorption 

capacities have been reported in literature for both atmospheric conditions and high-

pressure applications [29], [30], displaying the versatility of these materials. While their 

adsorption capacities may still be lower than those presented by MOF materials, the 

potential to scale activated carbon production is much greater, providing a solution to one 
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of the main challenges faced by MOFs. High selectivity for CO2 over N2 and enhanced cycling 

ability has also been reported for various carbon adsorbents [31]. The potential regeneration 

of activated carbons through temperature or pressure swing adsorption presents further 

flexibility in process integration.  

The production of activated carbon typically involves taking a low-cost and readily available 

form of biomass and converting it through chemical and/or physical methods into the 

adsorbent material. In literature many different precursor materials have been used to 

produce biochars and hydrochars: sawdust and wood clipping, food waste such as olive 

stones or nut shells, brewery waste, and sewage sludge [32], [33], [34], [35], [36]. These are 

just a small selection of the numerous feedstocks that can be utilised in the synthesis of char 

adsorbents. An important consideration when choosing a precursor to use in this manner is 

both the availability but also the consistency of the material. This is why activated carbons 

are typically produced from wood or waste materials from a process stream, as they can be 

found to have generally homogenous consistencies and chemical formulations batch-to-

batch. As a result, the uniformity of the produced carbons can be guaranteed to a certain 

extent; although with organic resources there will always be a certain degree of variation.  

An interesting waste stream is that of citrus peels and pulp, especially orange peels. Oranges 

are an abundant citrus fruit worldwide with approximately 69 million tonnes produced 

annually [37], and are essential in different food and drink production process, such as fruit 

juice [38]. In this particular processing route, after the production of orange or associated 

juice there is a vast quantity of leftover waste, with 50 – 60 wt% of the original fruit being 

converted into orange peel waste [39]. Mandarins, of the same Rutaceae family as oranges, 

are also generated on a large scale globally with 48.6 million tonnes produced annually; when 

processed for juice production, the waste peels accounts for ~30 wt% of the original 
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mandarin [40]. Orange peel waste can be treated to remove valuable products such as 

essential oils, limonene and flavonoids [41], although most traditional disposal methods 

involved either landfilling or composting the material, which are not always environmentally 

friendly routes [42]. In order to avoid these routes, and provide a path for up-cycling the 

waste into a higher value product, there is scope to research the performance of orange and 

mandarin peel wastes as precursor materials for biochar and hydrochar production, for 

further use as CO2 adsorbent materials.  

1.3 Circular Economy and Sustainable Engineering  

1.3.1 Circular Economy 

Circular economy is a term use to describe a system which deviates from traditional linear 

systems of ‘take-make-waste’; in a circular economy, waste materials are recycled and 

valorised to ensure that maximum value is extracted and minimal unusable waste is created. 

Figure 1.2 provides a visualisation of an ideal circular economy. Through consistent recycling 

and repurposing of resources, the lifecycle of many products can be elongated, and therefore 

the requirement for raw material input is lowered, reducing the dependence on non-

replenishable materials. This can in turn remove volatility in supply chains and decrease the 

material consumption of individuals worldwide. Although an entire self-sustaining circular 

economy is unlikely to be achieved, it is important to strive through engineering to deliver a 

vision and future that is as close to it as possible, as this will inevitably aid in the journey to 

Net Zero.  
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Figure 1.2: Visualisation of Circular Economy Principles [43] 

 

Within this study, the main principle of circular economy that will be displayed is the process 

of valorising waste streams into materials which can be utilised for CO2 remediation 

purposes. Waste biomass, such as food waste, agricultural residue and wood chippings can 

be converted through pyrolysis or hydrothermal carbonisation (HTC) processes into added-

value products such as bioenergy fuel, or in the case that this thesis will examine, solid 

adsorbent materials [44], [45]. These materials can be utilised in adsorption applications, and 

tailored via their production methods to target specific pollutants. When used in this manner, 

the circular economy principles are met through both reducing material waste and removing 

the release of harmful contaminants and pollutants into the wider environment.  

It must be noted that it is unlikely this idealised circular economy will be achieved, and thus, 

the materials produced in this study will have a defined lifetime as solid adsorbents; beyond 

this point, they will not be suitable for carbon capture applications. In order to maximise their 

use in this particular application, they can be regenerated through both temperature and 
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pressure methods; chars can be heated to approximately 100 °C to remove physisorbed CO2, 

while exposing the materials to a vacuum will also lead to the removal of physisorbed CO2. 

This follows Le Chatelier’s principle; the process of physisorption is exothermic, meaning an 

increase in temperature will favour the desorption process, while increasing pressure creates 

a driving force for adsorption to occur. Thus, a decrease in pressure will consequently favour 

the desorption process. 

This process would allow the chars to be reused, however, over time, other undesired 

contaminants will build up, leading to fouling of the material. Once the chars can no longer 

be regenerated, other applications must be considered. Chars have been found to be useful 

in soil remediation applications, with high surface area and the potential for chemical 

functionalisation being important factors in this sector [46]. In some environments they can 

improve water retention, leading to more available water for plants [47], and provide 

mechanisms for heavy metals removal in contaminated regions [48]. Incorporation into soil 

can also slow the degradation of biochar, which ensures that the carbon within the produced 

chars is sequestrated and not released back into the atmosphere [49]. It would be vital to 

carry out a full chemical characterisation of the chars post-carbon capture application, if they 

were to be used in this field, to ensure they are both suitable and non-harmful to the chosen 

environment.  

Alternatively, the char materials could be burned as a renewable energy source. Due to their 

character of being carbon-rich and produced from waste biomass, they are classified as a 

renewable energy source [50], which makes them a more attractive source than conventional 

fossil fuels. Characterisation of the materials, such as Higher Heating Value (HHV) 

experiments would be required to determine the applicability of the chars for this 

application. When combusted, the CO2 released from these chars is considered to be 
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reabsorbed by plants as a feedstock, thus allowing these materials to be defined as carbon 

neutral fuels [50]. 

In both soil remediation and renewable energy applications, there is evidence that the solid 

char materials produced in this study would sit within a circular economy model. Without 

carrying out a full Life Cycle Assessment (LCA), it is difficult to provide a quantitative response 

to their level of environmental benefits, but the qualitative evidence shows they would be 

applicable in this scenario in some sense.  

1.3.2 Green Chemistry  

Green chemistry is a form of experimentation and engineering that aims to maximise 

sustainability and economic feasibility in the design of materials and processes. There are 

twelve key principles this field strives to implement, which can be utilised at different 

research and design stages [51]. This study aims to integrate the following principles from 

these practices: 

• 3. Less hazardous chemical synthesis. 

• 5. Safer solvents and auxiliaries. 

• 6. Design for energy efficiency. 

• 7. Use of renewable feedstocks. 

• 10. Design for degradation. 

Principles 3 and 5 were chosen in an attempt to reduce the chemical hazards that arise both 

directly and indirectly during the synthesis of adsorbent materials. During the production of 

char materials, doping agents such as tetraethylenepentamine, polyethylenimine and 

melamine are often used as nitrogen dopants [52], which are chemicals that present both 

handling hazards and environmental toxicity risks if released to the environment. Similarly, 

potassium hydroxide and sulphuric acid are examples of activating agents used to enhance 
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char characteristics through surface chemistry modification despite their own handling and 

environmental risks. To realise the design of ‘greener’ adsorbent materials, care should be 

taken to avoid use of environmentally harmful chemicals, and if chemicals are required, then 

those which pose the lowest harm should be utilised. 

When settling on a synthesis process, Principles 3 and 6 are vital and the process conditions 

should be chosen in accordance. For char production, the temperature and length of time of 

the process will contribute largely towards the overall energy consumption, while also 

influencing the quality of final product. Care should be taken to minimise the energy usage 

and associated input materials, while also attempting to reduce the formation of waste by-

products, chemical or otherwise. In addition, extra processing steps that incorporate 

unnecessary chemicals should be avoided, such as acid-washing of produced materials. 

Using food waste as a feedstock for the char production process brings compliance with 

Principle 7, as the chosen feedstock for this research work -originates from agricultural waste 

products, thus can be categorically defined as a renewable feedstock.  

Finally, Principle 10 is key, as to meet circular economy ethos it is important that the 

produced materials can be fed back into the environment without any pollution effects or 

additional treatments. Char, while not biodegradable, can be utilised for other purposes after 

its use as an adsorbent is exhausted: it can be spread on fields to increase soil quality and 

release nutrients, or burned as a renewable energy source. 

1.4 Thesis Outline and Structure 

The introduction to this thesis, Chapter 1, has attempted to set the scene for this research 

project, and hinted at what is to follow. The overall aim is to produce solid adsorbent 

materials for use in carbon capture adsorption technology, using waste citrus peels as a 

feedstock. Chapter 2 provides a detailed description of the materials that will be produced, 
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biochars and hydrochars, their synthesis routes and the characteristics that are shaped by 

these processes. Examples of related materials from literature are presented, alongside their 

experimental results in relation to CO2 adsorption. The identified literature gap that this 

project intends to fill is then discussed, and the detailed aims set out.  

The fundamental knowledge and scientific principles that will be employed throughout the 

thesis are discussed in Chapter 3. Chapter 4 details the methodologies followed, describing 

the process of experimental design, synthesis routes and characterisation methods 

employed. 

The results of the thesis are then split across three chapters. Chapter 5 provides the 

characterisation of all biochars produced in the study, and addresses the optimisation of 

these materials. The next chapter, Chapter 6, is a mirror chapter which presents the same 

information, but in this case, for the hydrochars produced in the study. The third results 

chapter, Chapter 7, moves the focus to the CO2 adsorption ability of the best performing 

chars produced throughout the study. This compiles CO2 adsorption capacities measured 

under both laboratory conditions and under conditions analogous to industrial flue gases, 

along with thermodynamic data and cyclability testing.  

Finally, Chapter 8 lays out the conclusions from the research project and proposes future 

work that could be carried out for either these materials, or comparable carbonaceous chars.  
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2 Literature Review 

2.1 Introduction 

This chapter consists of a review of the available literature surrounding carbon-based 

adsorbents, namely biochar and hydrochar materials, and their applicability to carbon 

capture scenarios. The fundamental properties and production methods of both char types 

are discussed, along with the impact that different process parameters can have on their 

characteristics, behaviour and performance as absorbents. The activation and doping 

methods available to enhance their properties are then assessed, before examples of their 

use in CO2 adsorption situations are presented in a comprehensive manner; this is in tandem 

with an assessment of the current research into chars produced from the chosen feedstock 

of citrus peels. Finally, key research gaps are highlighted, aims for the project are stated and 

the novelty of the project contextualised within the framework of the scientific field. 

2.2 Carbonaceous Materials  

2.2.1 Biochar 

Biochar is a carbon-rich material that is derived from waste biomass through the process of 

pyrolysis. This process is used to remove volatile materials from the biomass and carbonise 

it, giving a solid form that can then be used and tested in a range of applications, including 

as an adsorbent. Typically, biochar production involves a two-step procedure of 

carbonisation and activation – where the properties of the material are enhanced by physical 

or chemical means; however, some production processes combine these steps into a single 

operation.  

In the case of a two-step process, the initial stage is termed pyrolysis. During this part of the 

process carbonisation of the biomass can take place at temperatures ranging from 300 °C to 
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600 °C, under an inert, oxygen-free atmosphere to facilitate the removal of non-carbon 

components of the biomass [1]. After this, the product will be a form of biochar that will be 

carbon-rich, but which may not have the desired level of porosity or chemical characteristics 

to make it effective for use in adsorption applications [2]. Therefore, it is common practice 

for biochar to be activated by using either chemical or physical methods to further tailor the 

characteristics of the biochar to enhance its adsorption potential for targeted species. This 

second stage is usually carried out at temperatures of 600 – 900 °C [3]. Conversely, it is 

possible to produce activated biochar through a single-step process [4]; the biomass 

precursor is typically impregnated with selected chemicals before being pyrolysed to produce 

an activated carbon, at temperatures ranging from 500 – 900 °C [5], [6], [7]. This can increase 

variability in the final product, but in terms of energy efficiency, it may be a preferable 

process [8]. Note that this single-step process is also commonly referred to as pyrolysis, 

therefore it is important to differentiate whether biochar production is carried out in a single- 

or two-step process. 

Biomass is primarily composed of three main polymers: cellulose, hemicellulose and lignin 

[9]. During the pyrolysis process, the heat encourages the breakdown of these lignocellulosic 

structural components of the biomass, which in turn helps to create a porous structure and 

the removal of volatile non-carbonaceous components. Hemicellulose is the first component 

to degrade, occurring around 250 – 350 °C [1], with cellulose beginning to break down once 

the temperature reaches 325 °C. There are various reports on the degradation temperature 

of lignin, and different temperature ranges are reported for its decomposition; it is the most 

complex of the three components, and degradation initiates around 300 °C, however, some 

reports suggest onset at temperatures as low as 170 °C.  Nonetheless, it may then require 

temperatures of up to 900 °C to fully remove all lignin from the material [10], [11], [12].  
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For all three structural components, a variety of reactions take place during pyrolysis. 

Initially, depolymerisation and dehydration take place before molecular rearrangement 

occurs within the material as intermediates are produced. This then allows further 

polymerisation and aromatisation to occur, giving rise to the graphitic biochar structure that 

is commonly found [13]. The pyrolysis process can also be split into three stages from a 

carbonisation perspective; firstly, in the range of 250 – 450 °C, aromatic rings begin to form, 

after any residual water is evaporated and volatiles begin to be removed. Beyond this, 

between 450 – 750 °C, polycondensation occurs, which leads to further aromatisation and a 

two-dimensional structure begins to form, as oxygen-containing functional groups are 

removed. Above 750 °C, structured layers begin to form and porosity within the material 

develops [14]. 

Prior to any heat treatment, carbons can be classified as graphitic or non-graphitic, based on 

their naturally occurring structure [15]. Graphitic carbons exhibit an ordered three-

dimensional structure, while non-graphitic carbons only possess ordering in a maximum of 

two-dimensions, consisting of planar sheets. The non-graphitic carbon can further be 

categorised into graphitisable or non-graphitisable carbon based on its ability to form 

graphitic carbon upon heating to 3000 °C and beyond, as defined by Franklin [16], [17]. 

Graphitisable carbons are typically found to be soft and dense materials, in stark comparison 

to low density, harder non-graphitisable carbons, see Figure 2.1. Notably, non-graphitisable 

carbons are found to contain pores in the microporous range, as small as nanometres; it is 

this classification into which biochars, and hydrochars, fall. A graphitisable carbon will pass 

through a liquid phase upon heating, before forming an ordered three-dimensional structure 

[18], as described above, while this will not be achievable for non-graphitisable carbons 

under the same conditions.  
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Figure 2.1: Franklin's Models of Carbon Structures [19] 

 

Examining these non-graphitisiable carbons in more depth, they are seen to be isotropic in 

nature, see Figure 2.2. Thus, chars are seen to consist of unique, random internal carbon 

layers that never form a fully ordered three-dimensional structure. The process of 

carbonisation and/or pyrolysis is crucial in increasing the (two-dimensional) order of these 

carbon materials, even if they are not graphitisable materials [20]. As these carbons do not 

pass through a liquid stage when undergoing heat treatment, they do not achieve a graphitic 

crystalline structure, and instead possess a porous network of varying sizes, but primarily in 

the microporous region [21]. The small layer regions seen in both Figure 2.1 and Figure 2.2 

can be termed ‘crystallites’, which are joined to each other by cross-links; these crystallites 

struggle to join together due to the nature of the cross links, meaning a full graphitic 

crystalline structure cannot be achieved in these non-graphitisable carbons, instead resulting 

in small collections of turbostratic layer-structures [19]. However, it is due to this that the 
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aforementioned pores, and, therefore, internal surface area, are produced in chars, and thus, 

provides the characteristics in these materials that make them favourable for adsorption 

processes. Within the isotropic lamellae structures exist heteroatoms, atom vacancies, and 

defects [22], and it is these points, along with the edge of the carbon layers, with which 

gasifying agents can interact, in order to further increase the porosity, and, subsequently, 

the surface area of the materials. For example, gasification can be carried out using CO2, 

where carbon and CO2, react via the Boudouard reaction, to produce carbon monoxide, and 

create enhanced microporosity within carbon materials [23]. 

 
Figure 2.2: Isotropic and Anisotropic Carbon Lamellae Structure [15] 

 

It should be noted that the definitions of biochar and hydrochar can be conflated within 

surrounding literature. In the main, it is very common for articles to refer to any solid material 

produced through either pyrolysis, torrefaction, hydrothermal carbonisation (HTC) or 

gasification, as biochar [24]. In contrast, other authors will use the term hydrochar exclusively 

to describe the product of the HTC process [25]. This work will differentiate between the two 

materials, titling those materials produced through pyrolysis as biochar, and those produced 

through HTC as hydrochar.  



24 
 

2.2.2 Hydrochar 

Hydrochar is the name given to the solid product recovered after HTC of a wet biomass 

mixture; two other products are commonly formed in this process, namely bio-oil 

(biofuel/effluent) and biogas [26]. The hydrochar material produced is found to be carbon-

rich, and has the potential to be used in different processes such as adsorption of pollutants, 

soil remediation and amendment, or directly as a renewable energy source [27]. HTC has 

recently been viewed as an attractive alternative to pyrolysis, torrefaction or gasification of 

biomass, as it can be carried out using wet feedstock [28]. It is particularly interesting for the 

valorisation of food waste materials, as it can be utilised in a much shorter time scale than 

anaerobic digestion technology [29]. 

The process is carried out in a wet environment, with water commonly used as the reaction 

medium, where the biomass is heated in a sealed vessel to temperatures generally ranging 

from 180 – 250 °C, and beyond [30]. Similarly, residence times within the vessel can range 

from a few minutes up to 24 – 48 h [28]. Chemical doping can also be implemented by 

including the desired chemical in the reaction mixture before HTC takes place [31], [32]. The 

hydrochar product present after HTC is commonly found to have low levels of porosity; a 

significant issue if the intended application of the material is within adsorption processes, 

such as carbon capture. Consequently, further activation of the hydrochar is undertaken to 

increase its usability, quite analogous to the process of biochar production. These processes 

follow similar methods too; either chemical or physical activation can be carried out. 

During HTC, a variety of reactions occur within the vessel between the biomass feedstock 

and the process solution, typically water. These reactions are crucial for the breakdown of 

the structural components of biomass such as lignin, hemicellulose, and cellulose. As the 

process is carried out in a sealed vessel, the water solution exists within its subcritical region; 
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this is where water remains in its liquid state at temperatures above 100 °C. This is possible 

because the pressure within the vessel exceeds the saturation pressure of water at the 

elevated temperatures, thereby maintaining it in a liquid phase. When water is present in 

subcritical form, its fundamental properties change; for example, its dielectric constant 

decreases, which in turn reduces its polarity, allowing non-polar components from the 

biomass to dissolve more freely [29]. Concurrently, the hydrogen bonding within the water 

molecules weakens, which leads to more H+ ions being present in the mixture, further 

assisting any acid-catalysed reactions that occur.  

Overall, there is a wide range of reactions occurring in the HTC process, with many different 

pathways available to components. Generally, polymer hydrolysis is the first step, with 

carbohydrates and the lignocellulosic materials being broken down into monosaccharides, 

monomers and oligomers [26]. Acids are also generated early in the process, assisting further 

in hydrolysis, as well as the next stage of dehydration and latterly decarboxylation reactions 

[33]. From this stage, a selection of reactions, such as condensation, polymerisation, and 

aromatization, can occur, all leading to the formation of the final desired product of 

hydrochar, and by-products of bio-oil and gas [34]. A simplified diagram illustrating this 

process is shown in Figure 2.3. 

Looking at the structural components, it is notable that hemicellulose and cellulose begin to 

degrade at temperatures commonly seen in HTC, around 180 °C and 230 °C, respectively, 

while lignin does not decompose until temperatures above 260 °C [35]. This mirrors 

observations from biochar production, in that lignin is more resistant to degradation 

attempts. Therefore, although it will break down to some extent, lignin may still be present 

within the final carbonised material, as it is not as common to see temperatures of above 

250 °C used in HTC processes, due to safety considerations [36].  
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Figure 2.3: Simplified Breakdown of Reactions Occurring During HTC of Biomass [35] 

 

2.2.3 Pyrolysis and Associated Nomenclature  

Pyrolysis has been discussed in Section 2.2.1, but it is important to contextualise the use of 

this term within this study and in the wider literature. Pyrolysis is defined as the chemical 

reaction processes that occurs when biomass material is heated in an oxygen-free 

atmosphere [37]. Under the umbrella of this term lies the method of carbonisation, which is 

the process of creating carbon-rich materials through heating organic precursors in the 

absence of oxygen to remove volatile components. This is typically carried out under an inert 

atmosphere of N2 or argon gas. This is the common method of biochar production. 

Hydrochars are produced through HTC, as described in Section 2.2.2, which is also classified 

as carbonisation. 

After the chars are produced through either route, they are typically subjected to an 

activation process. Activation can be carried out in either a chemical manner or a physical 

manner. Chemical activation involves the addition of chemical activation agents, such as 

bases (potassium hydroxide, sodium hydroxide) or acids (hydrochloric acid, nitric acid), to the 

char before further thermal treatment is undertaken [38]; the addition of the chemicals to 

the process facilitates reactions with the char, and can lead to increases in porosity in the 
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material, introducing surface functionalities that can aid adsorption. Alternatively, physical 

activation can be carried out, which involves heating the char to temperatures of 700 °C and 

beyond in the presence of CO2, steam or air; this promotes pore development due to the 

oxidative environment provided [39]. 

Focusing on physical activation using CO2, this process can be specifically termed char 

gasification, as it takes places via the Boudouard reaction, Equation 2.1. This reaction involves 

the CO2 gas reacting with the carbon in the char material to produce carbon monoxide, and 

in turn creating porosity within the char material, as the carbon is etched away during the 

process. In the literature, there are numerous examples of the process being termed 

gasification [40], [41], [42] or physical activation [43], [44], [45], and both are deemed to be 

appropriate; gasification is the process of heating biomass in order to produce gaseous fuel 

[46] (in this case carbon monoxide), while physical activation is defined as the process of 

heating char material in the presence CO2 or steam to increase the porosity of the material 

[47].  

 𝐶 + 𝐶𝑂2 → 2𝐶𝑂 Equation 2.1 

 

In the context of this work, the biochar materials created, using the methods outlined in the 

experimental section, are produced through a single-step process, which consists of heating 

the biomass under a N2 atmosphere, before it is exposed to CO2 gas in order to attempt to 

increase its porous characteristics. This is a one-step synthesis route, and can be described 

in different terms, such as a combined carbonisation-gasification process [48], or 

alternatively a one-step physical activation process [49], [50], [51], [52]. Both terms are used 

within the literature in the field, and, thus, are used interchangeably throughout this thesis, 

but the process they are describing is consistently the same with regards to the experiments 
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carried out here. Nitrogen doping is also carried out, through soaking the precursor material 

in urea prior to heat treatment, which matches with the ‘one-step’ aspect of the process.  

The hydrochar material created, however, is produced through a two-step process of 

carbonisation (through HTC) followed by gasification (or activation) using CO2 to promote the 

formation of micropores. Again, the above caveats around gasification and activation apply 

to the terminology for description of this process through the thesis.  

2.2.4 Important Properties and Characteristics of Carbonaceous Materials 

2.2.4.1 Surface Area 

When considering potential materials for their capability in adsorption applications, surface 

area is a key characteristic to prioritise. This is because target molecules will, ideally, adsorb 

to sites on the surface of the adsorbent material through physicochemical bonding; thus, 

theoretically, a higher surface area material offers a higher adsorption capacity than a 

material with a lower surface area [53]. By generating a high surface area, this means samples 

have more active sites for adsorption and therefore, increase the likelihood of adsorption 

occurring.  

CO2 adsorption on char-based materials occurs mainly through physisorption mechanisms, 

and furthermore, higher surface areas correlate with increased CO2 adsorption [54], [55], 

[56], meaning creating a material with a large surface area is key to the success of this study. 

Surface area can further be classified in terms of its type: either microporous or mesoporous 

surface area. As CO2 molecules are small with a kinetic diameter of 0.33 nm, which falls within 

the microporous range (see Section 2.2.4.2), it is preferable to create this type of surface area 

to maximise adsorption potential [57]. 
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2.2.4.2 Porosity 

Porosity can be seen as a more general way of expressing surface area, pore volumes, sizes 

and the general networked structure within porous materials. When either of pyrolysis or 

HTC are carried out, the degradation of lignocellulosic material occurs through reaction 

pathways, creating void spaces within the structure of the char. These reactions also release 

gases, such as CO, CO2 and volatile matter, creating pathways throughout the material as the 

gases ‘push’ their way through the biomass to be released [58]. This creates a porous 

network, which can be utilised for transportation and adsorption of pollutant molecules. 

Pore volume is analogous to surface area in that an increased pore volume should 

hypothetically lead to increased adsorption capacity for a given char material. And, as pore 

filling is another important mechanism in adsorption processes for porous materials, it is 

often crucial to create large pore volumes in adsorbent materials [59]. However, each 

individual adsorption scenario requires consideration of the balance of each type of pore 

volume, such as micropores or mesopores. The focus of this project is the production of 

materials for use in CO2 adsorption applications; to achieve effective CO2 adsorption at low 

pressures, micropore volume is the important factor to maximise, whereas for high pressure 

CO2 adsorption, mesopores and their associated volume are more important [60].  

The size of pores within chars can be of vital importance when targeting a specific 

contaminant molecule. It has been reported that to maximise adsorption, materials with 

pores of between 1-2 times the size of the target molecule should be used [57]. Based on the 

kinetic diameter of CO2 (0.33 nm), pores of around 0.4 – 0.6 nm should be the optimal aim 

for this study, which is the ultramicropore size region. Again however, at higher pressures 

(approx. 10 – 20 bar) larger micropores and mesopores become more dominant for CO2 

capture [61]. 
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Finally, the overall pore structure can be key to enhancing adsorption processes. A well-

balanced network of macro-, meso- and micropores is useful, as it can provide navigable 

pathways for molecules to travel through. It has been demonstrated that mesoporous 

activated chars exhibit lower intraparticle diffusion resistance in their carbon frameworks 

than microporous samples [26]; thus, CO2 molecules are able to move more easily through 

pores.  

A trade-off between microporosity and pore volume can sometimes occur, dependent on the 

conditions of use for the char – higher pressure applications are favoured by materials with 

greater pore volumes, while lower pressure applications benefit from the use of microporous 

materials.  

2.2.4.3 Functional Groups  

As the adsorption of CO2 occurs in physicochemical terms, the surface functionalities of the 

chars play an essential role in adsorbing the gas. Both nitrogen- (N) and oxygen- (O) 

containing functional groups are important for adsorption, owing to the active sites they 

provide. This is due to the unpaired electrons offered by both groups, which can cause Lewis 

acid-base interactions with other polar species, such as CO2 [39]. Oxygen groups such as 

carbonyls and hydroxyls can also encourage interactions with CO2 molecules through 

hydrogen bonding [62]. 

Typically, these functional groups can be incorporated into chars in different ways. The 

choice of feedstock can impact the functional groups that remain after pyrolysis and HTC 

processes, as, despite carbonisation taking place, some groups will remain on the surface of 

the char. For example, using biomass with an initial high level of nitrogen can lead to the 

production of nitrogen-rich chars [63]. Nonetheless, including a doping agent in either the 

preliminary carbonisation (pyrolysis or HTC) or activation stage is more common to increase 
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the level of surface functionalities and influence surface chemistry. The use of different 

activating chemicals or gases can lead to the creation of favourable sites for chemisorption 

of target molecules.   

Typically, nitrogen doping chemicals such as urea, melamine and variations of ammonium 

salts are included in char production steps to increase nitrogen content [64]; meanwhile, air 

can be used to incorporate more oxygen-containing functional groups on char [65]. Doping 

of phosphorous and metals is also seen in literature [66]. It is known that different types of 

configurations of nitrogen bonds are formed with the carbon structure during nitrogen 

doping processes, such as pyrrolic nitrogen (pyrrolic-N), pyridinic nitrogen (pyridinic-N) and 

graphitic nitrogen (graphitic-N) [67]. These nitrogen moieties have a basic nature, which 

allows them to attract CO2 into the chars’ micropores and diffuse to appropriate adsorption 

sites. High pyrrolic-N content has been observed to enhance adsorption by creating Lewis 

base sites for CO2 to bond with and promoting hydrogen bonding between CO2 and surface 

functional groups [68]. In the same research, oxygen-containing functional groups were 

found to contribute to the high adsorption of CO2, due to their hydrophilic nature.  

2.2.5 Biochar Process Parameters 

2.2.5.1 Pyrolysis Temperature 

Pyrolysis temperature is often regarded as the most influential parameter during a pyrolysis 

process. It is key not only for carbonisation of the material, but for the development of 

porous structures and the makeup of surface functional groups, which are both essential for 

the facilitation of adsorption [69].   

Increased temperature reduces overall yield of biochar, as it encourages more volatile 

components to be removed from the biomass material, and also results in higher ash content 

of the final product [70]. Therefore, while resulting in lower yields, the degree of 
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carbonisation of the material is increased, meaning the biochar produced at these elevated 

temperatures shows high levels of elemental carbon [71]. Unsurprisingly, this higher 

temperature does therefore impact the number of functional groups present on the samples; 

the increase in carbonisation causes more oxygen-, hydrogen- and nitrogen-containing 

functionalities to be removed, as the aromaticity of the sample increases [72]. The number 

of oxygen-containing functional groups has been seen to decrease when pyrolysis 

temperature increases beyond 500 °C [73], with similar results seen in literature for nitrogen-

containing functional groups when pyrolysis temperature increased from 400 °C to 700 °C 

[71]. 

In terms of surface area, higher temperatures generally have a positive influence on porosity 

development within the biochar. Below 400 °C, devolatilisation of compounds within the 

char does not proceed to completion, meaning pores are not widely generated. At between 

400 – 500 °C, this process begins to create a porous structure in the material, as more 

volatiles are released, creating fractures and voids in the carbon structure, which initiates 

pore development [74]. Increasing the temperature beyond 500 – 600 °C can then lead to 

two scenarios: either, a further increase in surface area due to increased pore development, 

or a reduction in surface area. This inflexion point can be seen at different temperatures for 

different materials; pine nut biochars were shown to have their highest surface area at 600 °C 

[75], for rice husk biochars this occurred at 700 °C [76], and the optimum temperature for 

bagasse-based biochar was found to be 900 °C [77]. The reductions in surface area after a 

certain temperature could be attributed to pore blocking due to increased ash content, or 

the amalgamation of smaller pores into larger ones, thus reducing the overall surface area. 

On the other hand, in the case of bagasse, increasing temperature may continue to enhance 

the release of volatile material from the precursor material, in turn, giving a well-developed 

pore network including micro-, meso- and macropores. This proves that there is no 
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‘optimum’ temperature for general biomass pyrolysis with regards to creating a superior 

surface area. Instead, different temperatures must be tested for each given material to 

establish the most favourable conditions. It should be noted from the above, and also the 

table complied from available literature, seen in Section 2.3.5, that acceptable pyrolysis 

temperatures can vary from 300 – 900 °C.  

Note, however, that activation methods, either chemical or physical, can be considered as an 

alternative to overcome low biochar surface area and counteract the effect of blocked and/or 

under developed pores [78]. This will be discussed in Section 2.3.  

2.2.5.2 Pyrolysis Residence Time 

Residence time is an important factor to balance in the production of biochar; it is essential 

that biomass is pyrolysed for a long enough period to ensure that carbonisation occurs, but 

if the period becomes too long then detrimental effects can be witnessed. 

With respect to biochar yield, the effect of residence time is complicated and often hard to 

define. In one study, using straw as biomass, residence time has been shown to have little to 

no effect on any properties of the resulting biochar, over a range of 1 – 4 h [79], while another 

study using sewage sludge and cotton stalks showed a decrease in yield as residence time 

increased from 0.5 h to 1.5 h, but no further decrease from 1.5 h to 2.5 h [80]. A slight 

negative trend of residence time with yield was also seen with rapeseed biochar, but the 

differences in yield are sufficiently small that the results may fall within the same error 

region, thus raising the question of whether the trend is significant [81]. 

It could be argued that increased residence time gives more time and opportunity for volatile 

materials to be driven off from the biochar, thus giving a carbon-rich biochar product [82]. 

As a result however, reduced levels of oxygen- and hydrogen-containing functionalities can 
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also occur, as the extended time the biomass experiences harsh conditions may cause the 

loss of many other functional groups, while increasing the degree of carbonisation [83]. 

Regarding surface area, residence time has been seen to exhibit an inflection point, due to 

longer times resulting in increased detrimental degradation. [84]. However, in another study, 

residence time was shown to positively influence surface area, as the longer periods gave 

more time for porosity to develop [85].  

Coupled with higher temperatures, long residence times can be detrimental to the overall 

biochar product, as exposure to higher temperatures for long periods of time will result in 

break-down of the carbon framework of the material.  

2.2.5.3 Heating Rate 

There are four main types of pyrolysis: slow, fast, intermediate, and flash pyrolysis. Slow 

pyrolysis is the typical route used to produced biochar, as it operates around the magnitude 

of 1 – 10 °C/min, and thus is favourable for the production of solid products from biomass 

[53]. In contrast, fast pyrolysis implements heating rates of over 100 °C/min and very short 

residence times to enhance the production of bio-oil rather than biochar [59], with flash 

pyrolysis operating at even higher heating rates, 500 – 1000 °C/min. Meanwhile intermediate 

uses heating rates similar to fast pyrolysis but longer residence times, from seconds up to 

approximately 10 minutes. A study looking at poplar wood produced at heating rates of 

between 10 – 50 °C/min, found that higher heating rates reduced biochar yield at 

temperatures of 400 °C, but this effect became minimal at higher temperatures of 600 °C 

[86].  High heating rates, around 30 – 50 °C/min, have also been seen to cause a decrease in 

yield when tested using safflower seeds, and this also correlated with increasing temperature 

[87]. Production of rapeseed stem biochar at different heating rates in the range of 1 – 

20 °C/min showed the optimum rate in this study was 5 °C/min, but also noted from their 
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literature search that heating rate was not statistically significant for the parameter of 

biochar yield [81]. Another study using rapeseed feedstock assessed a large range of heating 

rates (5 – 50 °C/min), and found that increasing the rate of heating led to an increase in the 

burn off rate of the material.  

In terms of pore development, a study investigating rice straw derived biochar showed that 

lower heating rates are more conducive to pore development [88]. This concurs with 

literature examining moso bamboo derived biochar; chars produced at 10 °C/min in the study 

displayed superior textural properties compared to chars produced at 20 °C/min [89]. This 

observation was ascribed to the kinetic limitations that may have occurred when using the 

higher heating rate, as there was not sufficient time for gradual volatile removal to take 

place, and thus pore development was limited.  

A previous study carried out in the research group examined pyrolysis heating rate, and 

found it to be non-statistically significant at low heating rates (5 – 20 °C/min) [90]. This study 

will focus on slow pyrolysis, as it is the route which is most appropriate for biochar 

production. 

2.2.5.4 Inert Gas Flowrate 

During the pyrolysis process, a flowing gas is passed through the furnace and over the 

biomass sample to provide an inert environment, which prevents combustion of the sample. 

The most commonly used gas is N2, due to its widespread availability [91], but there are 

instances of argon also being used [92].  

Biochars produced from date pips under different levels of N2 showed that the amount of 

gas flowed over the samples can impact on the final porosity; a range of flows from 50 – 

400 mL/min were tested, with 150 mL/min being found as the optimum level to use to 

maximise biochar yield [93]. This effect is due to the fact increased gas flowrate leads to 
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increased removal efficiency of volatile components. However, increasing the rate beyond a 

certain value results in cooling of the biochar, which negatively impacts the volatile removal 

process and inhibits pore development. Studies with oil-palm-shells report a similar 

occurrence of an inflection point when testing flowrates of 50 – 300 mL/min N2 [94]. 

In the case of a study of peanut shells, increased gas flowrate was also found to slow down 

secondary reactions during pyrolysis, further reducing volatile removal, which impacted on 

both porosity and carbon content of the biochar product, and gave rise to lower yields at 

higher flowrates [95]. Noticeably, increasing flowrate, from 20 mL/min to 200 mL/min of N2, 

gave a consistent increase in surface area for each sample; it should be noted that these 

surface areas were very similar, so may be within error ranges.  

2.2.6 Hydrochar Process Parameters 

2.2.6.1 HTC Temperature 

Temperature of the HTC process is generally seen as the most important factor in the process, 

due to the fact that it provides the energy to initiate a range of reactions in the mixture, and 

also provides the conditions for the maintained subcritical water phenomena [96]. As a 

result, it follows that the higher the temperature used, the lower the yield of hydrochar 

recovered; at elevated temperatures, there is more driving force for reactions to occur, which 

break down the initial biomass [33]. Once the temperature exceeds 200 °C, hydrothermal 

liquefication becomes more prominent, which also acts to increase the bio-oil yield at the 

expense of solid product [97]. Decrease in yield with increasing temperature has been 

observed experimentally, for example, with hydrochars produced from grape pomace [34]. 

In the same study, it was reported that elemental carbon content increased with increasing 

temperature. This matches with other literature, in that higher temperature correlates with 

higher levels of carbonisation [98], as more of the volatile materials are removed. 
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In terms of surface area, it can be said that increasing temperature results in higher values, 

but for unactivated hydrochars this can be misleading; in general, hydrochars are low to non-

porous materials, meaning HTC alone is not enough to create a material suitable for carbon 

capture applications. Nevertheless, increases in surface area were observed when 

temperature was increased from 200 °C to 250 °C, in a study examining maize straw 

hydrochar formation [99]. Further increases, beyond 250 °C, were then seen to cause a 

decrease in surface area; it is expected that HTC below this temperature allows for 

degradation of hemicellulose and cellulose, creating gases in the process which can 

penetrate and create a porous network, but beyond 250 °C this network then collapses, 

causing the observed reduction in surface area and general porosity.  

The process parameters used in HTC have, in the main, comparable effects on the final 

hydrochar yield as they do for biochar. When assessing HTC reaction temperatures, lower 

temperatures result in higher yields of solid hydrochar produced but at the expense of a 

lower conversion of biomass material to carbon. This creates a product with more oxygen- 

and hydrogen-containing functional groups than for a conventional ‘char’. Thus, higher 

temperature HTC process can be seen as an effective carbonisation route for waste materials, 

but may need to be supplemented by a subsequent activation stage to create a product with 

high fixed carbon content that is suitable for use in gas adsorption processes.  

2.2.6.2 HTC Residence Time  

HTC residence time produces similar results to its associated parameter in biochar 

production, in so much as biomass must undergo HTC for a long enough period to give 

sufficient removal of volatile components and produce a carbon rich product. That said, a 

vast range of residence times are reported in literature, from 0 h experiments to anything up 

to several days. Silver fir sawdust hydrochar was produced using times of 0 – 2 h, loblolly pine 
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was treated for 0.5 h, and tree leaves were subject to HTC for 5 h [100], [101], [102]. At the 

other end of the scale, sugarcane bagasse was tested at HTC times of 12, 24, 36 and 48 h 

[103]. A range of examples with a variation of residence times can be seen in the literature 

table, Section 2.3.5.  

Conflicting information is, however, found with regards to the effect of HTC residence time 

within the literature. A surface response methodology used to produce hydrochars from food 

waste reported a clear link between increased residence time (from 2 h to 6 h) and a decrease 

in product yield [104]. This study also found that temperature had the same effect on yield. 

In other papers, it has been stated that residence time does not have the same effect on yield 

as temperature, as increasing the time for HTC of fir wood was seen to cause no significant 

change to the final yield [105]. A similar result in terms of no change in yield was noted in the 

HTC of soybean hulls, where times of 0.5 – 6 h were tested [106]; nonetheless, a minimal 

increase in elemental carbon content was registered. It also reported a decrease in porosity 

and associated surface area with increased experiment time. The same trend for surface area 

was found in bamboo hydrochars, and is ascribed to the reaction pathways that HTC follows 

[107]. It is thought that once the hydrolysis of biomass constituents has occurred and started 

to develop porosity, carbonisation commences and can cause a breakdown of this pore 

network. Conversely, another surface response study examining residence time of 2 – 8 h for 

hydrochar production using microalgae showed a consistent increase in surface area with 

thermal residence time; therefore, it is possible that both factors are intrinsically linked [108]. 

The statistical analysis results from this last study suggests temperature is the dominant 

factor, but that residence time remains important, although with less impact on 

carbonisation. 
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Most evidence points towards increased HTC residence time resulting in an increase in 

carbon content of hydrochar, as seen by the above papers and again in the case of HTC of 

municipal waste materials; a change in the quantity of oxygen-containing functional groups 

is not observed here though [109]. Therefore, it can be said that, generally, longer HTC 

residence times should result in a carbon rich product, but the degree of porosity achieved 

may vary depending on the chosen feedstock.  

2.2.6.3 HTC Heating Rate 

It may be expected that heating rate remains an important factor in HTC, similar to the role 

it plays in pyrolysis of biochars. Yet, despite frequent references to this in the literature [110], 

[111], it is an under-investigated parameter of the process. Naturally it would be thought to 

have an effect on the carbonisation aspect, as it directly influences the time of the process 

and the heat transfer that can take place. One study showed that increased heating rate of a 

hydrothermal process involving corn stover led to a decrease in hydrochar yield and increase 

in bio-oil yield [112]. Although not examined in terms of the hydrochar porous properties, 

heating rate of HTC processes was found to have minimal to no effect on the adsorbent 

potential of pineapple waste based hydrochars when tested in a fixed-bed column [113]. 

Beyond these studies, most literature and research use a set heating rate usually in the range 

of 5 – 10 °C/min for HTC [102], [114], [115]. 

The main issue with using a high heating rate is that this can result in a limitation to both 

mass and heat transfer within the mixture, and also reduce the time available for secondary 

reactions to take place during HTC [116]. The combination of these issues would be expected 

to result in incomplete carbonisation of the biomass, and subsequently a poorly developed 

pore network, both of which are detrimental to adsorption.  
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2.3 Activation and Doping Methods 

It is commonly found, after the preliminary processes of pyrolysis and HTC, that the chars 

produced in each case are of high carbon content, but do not always possess a well-

developed porous structure, high surface areas, or multiple surface functionalities. 

Therefore, methods of improving these characteristics are usually implemented to make the 

materials more suitable for adsorption of target components [117]. Chemical and/or physical 

activation can be carried out, which normally enhances the textural properties, while doping 

of desired chemical components can be carried out separately or alongside this to increase 

the content of different elements.  

2.3.1 Chemical Nitrogen Doping  

Chemical doping can be carried out to increase the number of functional groups or atoms of 

a desired element onto the surface of chars to help target certain contaminants for 

adsorption [66]. Typically, in applications targeting CO2, it is nitrogen- and oxygen-containing 

surface functionalities that are most desired to assist with adsorption, as discussed in Section 

2.2.4.3. Thus, nitrogen doping onto char samples can be an effective way of increasing CO2 

adsorption capacity. It can be carried out via various methods: doping of biomass precursor 

prior to any processing, doping during initial pyrolysis/HTC process, or during the activation 

process after initial char production [118]. An alternative route is to use biomass rich in 

elemental nitrogen to produce nitrogen-doped chars without any additional agents [119]. 

While nitrogen can be generally introduced via doping, the specific forms of nitrogen present 

after pyrolysis and/or activation are dependent on the temperatures utilised in these 

processes. The three typical forms of nitrogen functionalities found in chars (doped and non-

doped) are: pyrrolic (N-5), pyridinic (N-6) and quaternary (N-Q) [120], and these can be seen 

in Figure 2.4. An additional form, called pyridone nitrogen, is also classified under N-5. Upon 
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heating the biomass or char material to 600 °C, N-5 is seen to remain stable while N-6 slowly 

begins to undergo condensation reactions to initiate the formation of N-Q [120], [121]. Upon 

increasing the temperature to 800 °C, N-5 content is typically seen to decrease, as it is 

converted to N-6 [122]. Finally, as temperatures increase to 1000 °C, N-5 forms of nitrogen 

disappear from the material, leaving N-6 and N-Q, along with some forms of oxidised 

nitrogen (N-X).  

 
Figure 2.4: Nitrogen-Containing Surface Functional Bonding Groups [123] 

 

N-5 represents nitrogen that exists in five-membered aromatic rings, while N-6 exists in six-

membered rings, and N-Q can be seen as a modified version of six-membered rings. These 

N-5 and N-6 forms are thus seen to be present on the edge of the carbon layers within the 

char material, while N-Q exists as the most stable form of nitrogen within the graphene-like 

layers that have formed during pyrolysis [124]. As the temperature increases in the range of 

800 – 1000 °C, the five-membered rings break open, leading to ring expansion, resulting in 

an increase in six-membered rings, such as N-6 and N-Q [120]. Additionally, N-Q formation 
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occurs as the nitrogen atoms in either N-5 or N-6 rings position themselves within the 

aforementioned layers, replacing carbon atoms. This, in turn, affects the potential for 

nitrogen functionalities to interact during adsorption, as the N-5 and N-6 forms are more 

accessible to CO2 molecules as they move through the char structure, while the N-Q form, 

which is embedded within the carbon layer structure, cannot be accessed as easily.   

While nitrogen doping is reported to increase CO2 adsorption capacity, it may not always be 

an effective step in the synthesis process, as, if the doping is carried out post-carbonisation 

then, it can result in pore blocking, which reduces the accessible surface area available for 

adsorbate molecules [125]. Furthermore, the use of nitrogen doping agents post-

carbonisation may also cause the degradation of pores during the activation stage; melamine 

was seen to destroy the pore structure of soybean derived biochars when used as an 

activator, leading to a reduction in overall surface area [126]. In another case, urea doping, 

combined with KOH activation, was shown to cause a decrease in the porous properties of 

biochar due to reactions between KOH and nitrogen-containing functional groups, leading to 

the breakdown of pore walls, once again reducing the surface area [127]. Alternatively, when 

incorporated in the initial carbonisation stage, the nitrogen doping agents can take part in 

reactions during pyrolysis, such as dehydration, condensation and polymerisation reactions, 

which help to integrate nitrogen-containing functionalities into the developed carbon 

framework [128]; note that this may still cause pore blocking in the resultant product.    

In the literature, melamine and urea are frequently seen as useful nitrogen sources for in-

situ doping of the biomass or char, whereas flowing ammonia (NH3) over produced char 

samples can prove to be effective at nitrogen doping during activation processes. Black locust 

tree derived biochar has previously been activated with potassium hydroxide (KOH) and then 

NH3 to produce highly porous materials [129]. The use of NH3 was observed to result in 
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significant increase in surface area of the sample, and an increase in elemental nitrogen 

content; the combination of these two factors was later seen to enhance CO2 adsorption 

capacities.  

It has been observed that melamine-doped orange peel hydrochars, activated with 

potassium oxalate (K2C2O4), were found to have superior surface and pore characteristics, 

and enhanced CO2 adsorption uptakes, compared to non-melamine doped samples [130]. 

During the activation process, K2C2O4 was seen to decompose to potassium carbonate 

(K2CO3), which subsequently reacted with the nitrogen-containing moieties on the sample 

surface and the melamine to produce NH3. This led to an increase in porosity of the samples, 

likely due to NH3 permeating into the carbon network of the char, as the nitrogen content 

decreased and gave more favourable features for CO2 adsorption. Thus, despite nitrogen 

content decreasing after activation, the overall process had still incorporated nitrogen on to 

the surface of the chars, while also assisting in increasing porosity.  

Another study using hydrochar produced from potato starch, cellulose and sawdust saw 

chars further activated using KOH and melamine as a doping agent; the results showed highly 

microporous and micromesoporous carbons were produced, with increased nitrogen-

containing functionalities [60]. The inclusion of melamine was thought to both incorporate 

nitrogen atoms within the structure and enlarge pore sizes, due to the gases released during 

its decomposition, as seen above. Impressive results were found for CO2 adsorption with 

these materials (2.8 mmol/g at 25 °C) but the samples without melamine doping 

demonstrated marginally better performances than those including it; this indicates that, 

while functional groups can play a part in CO2 adsorption, the development of a porous 

network is of greater importance.  
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This concurs with doping that was carried out with KOH activated cucumber biochars, where 

melamine was again used as nitrogen doping agent [68]. While a sufficient level of CO2 

adsorption was observed for the nitrogen-doped activated chars, the non-doped chars 

adsorbed slightly more gas, further indicating microporosity is the dominant factor for 

adsorption in this case. High concentration of oxygen molecules, likely carbonyl groups, were 

seen to be another factor that influenced adsorption on the non-doped samples, as their 

electrical quadruple moment attracted CO2 molecules and enhanced adsorption. Considering 

these melamine-doped chars, their activation at 900 °C caused the nitrogen doping to 

significantly widen the pores within the material and led to breakdown of the microporous 

network, impacting their adsorption ability. Therefore, it seems apparent that a middle 

ground must be found to allow for sufficient nitrogen-containing groups to exist on the chars 

and improve their porosity, but using conditions that do not adversely affect other 

characteristics.  

Urea has been used, though normally along with other activators, for nitrogen doping in both 

biochars and hydrochars. D-glucose derived hydrochars were doped with urea before 

undergoing activation with K2CO3 and tested for CO2 adsorption [131]. The doping process 

showed increased nitrogen content on the hydrochar samples, which then decreased after 

activation due to the reactions with K2CO3; this was, however, coupled with an increase in 

surface area, likely due to gaseous products causing pore development. Results for CO2 

adsorption were positive in comparison to other studies, but no direct correlation between 

CO2 capacity and microporosity, or nitrogen content, was found. Nonetheless, on an 

individual sample basis, the reference sample produced with no urea doping was out-

performed by a sample made at the same condition with urea, suggesting that doping had a 

positive influence. 
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In terms of biochars, urea impregnation has been coupled with KOH activation to produce 

nitrogen-doped bagasse derived biochars [132]. The addition of nitrogen-containing 

functionalities was found to increase both surface area and CO2 adsorption, up to a certain 

level of doping; beyond that point, higher levels of doping brought no further improvements.  

It is clear, based on the literature, that nitrogen doping can be deemed important in not only 

providing new nitrogen sites for adsorption to occur, but also in helping to form an 

appropriate pore network suitable for adsorption. While ammonia and melamine have been 

shown to be used to good effect for enhancing CO2 adsorption, they are both unpleasant 

chemicals to work with. Melamine is classified as a health hazard and carcinogen [133], and 

ammonia has many hazards such as being toxic, corrosive to skin, flammable and a general 

danger to the environment if released [134]. Alternatively, urea does not possess any of these 

dangers and is classified as a non-hazardous substance; subsequently, it would be appealing 

to use this more widely for nitrogen doping in future. 

2.3.2 Chemical Activation 

One of the most commonly used chemical activators is KOH, as it can produce materials with 

large surface areas of over 2000 m2/g [135]. It is also especially useful for developing more 

micropores in the materials [136], essential in this case for CO2 adsorption. Typically used as 

an activator at 600 – 800 °C, the KOH can initiate the formation of other potassium-based 

compounds, such as potassium oxide (K2O) and K2CO3, and together all three diffuse into the 

carbon structure of the chars, causing pore widening and formation [24]. Meanwhile, 

gaseous products from these reactions can further etch into the network and increase 

textural properties [137]. As well as being used as an activator after char production, KOH 

can be used in a one-step method where carbonisation and activation are carried out 
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together; both methods are shown to increase overall Brunauer–Emmett–Teller (BET) 

surface area [138], [139]. 

Zinc chloride (ZnCl2) is another chemical used for char activation; it works in a similar manner 

where it reacts with the carbon structure, and the gaseous products formed etch micropores 

into the material structure [140]. A study of biochar derived from pine sawdust saw both 

KOH and ZnCl2 activation give an increase in overall surface area and micropore volume of 

the samples [141].  

Phosphoric acid (H3PO4) can be used as a dehydration agent for activation, and has been used 

for production of sunflower seed husk derived biochars, resulting in enhanced surface areas 

compared to a purely pyrolysis process [142]. Sodium hydroxide (NaOH) also works in the 

same way as KOH, and greatly improved the porous structures of spent coffee ground 

biochars when applied as an activator [143]. However, it has been seen to cause pore 

blocking in some instances [144].  

Nevertheless, all of these chemicals can present problems in their own way. KOH is classified 

as a corrosive and irritant substance, which can cause severe burns and skin damage [145]. 

ZnCl2 shares these classifications, while also being an environmental hazard, which raises 

issues both in handling and cross-contamination if the activated chars were to be used in 

sensitive industries [146]. H3PO4 and NaOH both fall under corrosive hazards, again posing a 

potential risk of burns and skin damage. While all four are proven to be effective activators, 

they do present risks during their use; either through exposure in the production process or 

in the final application of the chars. As such, it would be preferable to use methods of 

activation that are less harmful and more environmentally friendly. 
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2.3.3 Physical Activation 

The main alternative to chemical methods of activation is physical activation, using gases 

such as CO2, steam or air. The process of activation remains comparable; it is commonly 

carried out after initial carbonisation, but sometimes, in the case of biochars, a one-step 

process of carbonisation-activation is employed [6], [147]. This method allows the chosen 

gaseous agent to diffuse into and react with the carbon network of the char; thus, creating 

new porous structures and widening existing pores [39]. It is carried out at elevated 

temperatures of 700 °C and above, with some examples reaching 1000 °C [148]. While this 

can be energy intensive, the oxidative environment created can provide the final activated 

chars with increased quantities of oxygen-containing functional groups to provide adsorption 

active sites.  

Air is generally the least common of the three activators, as it obviously heightens the risk of 

the carbon-based char undergoing oxidation and burn-off, thus, it is important that the 

oxidising environment is well controlled. The oxidation process causes the production of CO 

and CO2, along with intermediates, which react to produce oxygen-containing functionalities 

on the char surface. When carried out correctly new pores are formed, but over-activation is 

common and can cause complete pore collapse [149]. There is evidence that this method 

increases surface area properties; wood derived biochar was activated under a mixed 

atmosphere of N2/air to increase the BET surface area from 389 m2/g to 586 m2/g when 

temperature increased from 600 °C to 800 °C [150]. Despite this, air activation is not useful 

for increasing microporosity at lower temperatures (300 – 600 °C) and can further reduce the 

micropore volume by pore blocking through newly created oxygen-containing functional 

groups [39]. 
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Steam activation is driven by chemisorption of the water molecules onto char surfaces, 

followed by water shift and gasification reactions, with the reaction sequence well 

documented in the literature [39]. It is a useful agent, as it can react with leftover volatile 

functional groups from pyrolysis, creating both fresh mesopores and micropores, and has 

been shown to give higher total pore volumes than CO2 activation [151]. However, downsides 

to this activation can occur, as, at high temperatures and residence times, steam will cause 

the porous structure to collapse and reduce the overall char surface area, and bring about 

higher ash content [152].  

For the activation stage, when using CO2 as an activator, the main reaction mechanism 

follows the Boudouard reaction, see Equation 2.1 in Section 2.2.3, where carbon reacts in a 

gasification reaction with CO2 to give CO [153]. As the Boudouard reaction is highly 

endothermic at 25 °C (~ 172 kJ/mol), this gasification process becomes thermodynamically 

favourable at temperatures of 700 °C or above [39]. Notably, this method of activation is 

known to create activated chars with greater microporous structures, and higher surface 

areas than those activated using steam [74]. This can be related to both the different reaction 

mechanism of steam and also the fact that steam molecules are smaller; thus, they can 

diffuse faster than CO2, and have a greater tendency to increase the size of micropores to 

mesopores, rather than just creating fresh micropores which is what CO2 does [154]. CO2 

activation has also been known to produce biochar with greater levels of aromaticity, and 

the final materials are of a high carbon purity, meaning that no post-activation washing stage 

is required (as may sometimes be needed after chemical activation) [151]. Research using 

barley straw biochar has confirmed these characteristics, as CO2 activation gave an 

approximate 40 % increase in surface area and micropore volume compared to steam 

activation [155]. Further to this, CO2 activated cotton-stalk biochar was found to have 

increased CO2 adsorption compared to unmodified biochar [156]. In addition to this, using 
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CO2 instead of N2 as pyrolysis gas can lead to increased oxygen and nitrogen content in the 

produced char [39]; this is a desired trait as discussed in Section 2.2.4.3, as these types of 

functional groups can improve CO2 adsorption.  

In literature, a Life Cycle Assessment (LCA) was found that focused on CO2 activated 

hydrochar derived from municipal solid waste for use in the plaster industry [157]. In this 

case, activation with CO2 was found to be the most impactful stage of the process, mainly 

due to the high temperatures required for the process, but the thermal energy category of 

the study found significant energy recovery was present during syngas combustion. Overall, 

the process was seen to prove that net environmental gains in terms of climate change were 

achievable through the combined HTC-activation process, when compared to typically waste 

management practices. Similarly, a study examining physical activation of cellulose derived 

chars via CO2, H2O and combined CO2-H2O methods carried out an LCA that found CO2 

activation to be the most environmentally beneficial method of the three tested [158]. Again, 

the activation stage was the most impactful stage of the process, which is understandable, 

due to the temperatures required and the use and release of unreacted CO2 during it. A study 

of coconut shell biochar included a qualitative LCA, and compared chemical and physical 

activation of the same feedstock; while no numerical values are presented, the chemical 

activation route is seen to include an additional stage for washing and neutralisation 

compared to the physical activation route [159]. This extra stage could possibly require 

additional energy or water input, which, in turn, increases the negative environmental impact 

of the chemical synthesis route in comparison to the physical route. 

A further study, which conducted an LCA on chemically and physically activated carbons 

found that steam activation was a more viable route for mitigating the environmental impact 

of the process compared to activation with H2SO4 and H3PO4 [160]. While not identical to CO2 
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activation, this provides further backing to the notion of physical activation meeting circular 

economy principles. Note that the literature does acknowledge that this is not always the 

case, as a H3PO4 microwave activated carbon was seen to have a lower environmental impact 

than an equivalent CO2 activated carbon in an alternative study [161]. Thus, without carrying 

out an in depth LCA on each individual synthesis route for a given material, it is difficult to 

quantify the full impact of each process, meaning each method must be assessed on a case 

by case basis. It can be suggested, however, that, in the case of this project, by incorporating 

CO2 activation in the synthesis method and then utilising the final material in CO2 capture 

applications, there is scope for a net positive environmental impact to be achieved; this 

would require a full and detailed LCA to be carried out to validate these suggestions.  

2.3.4 Biochars and Hydrochars Used for CO2 Capture 

Table 2.1 shows data obtained for a variety of biomass-based char materials produced 

through either pyrolysis or HTC for use as CO2 adsorbents. From surveying literature, it is 

abundantly clear that KOH is the most commonly favoured material for chemical activation 

[11]; this is understandable, based on the positive results it consistently gives in terms of 

porosity creation. Meanwhile, CO2 activation seems to be the most commonly used physical 

method.  

The adsorption data in Table 2.1 has been selected to give a view of the varying range of CO2 

adsorption capacities observed in other literature. A larger and more comprehensive table is 

included later in the thesis in Chapter 7, alongside further observations on individual studies. 

Briefly, the main characteristics that influence CO2 adsorption are the quantity of narrow 

micropores [31], otherwise known as ultramicropores (pore width < 0.7 nm), and the 

abundance of functional groups on the surface of the chars, such as nitrogen- or oxygen-

containing functionalities [162] [163].  
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Table 2.1: CO2 Adsorption Capacities of Various Biochar and Hydrochar Materials Produced in Literature 

Biomass 
Material 

Biochar or 
Hydrochar 

Activation CO2 Adsorption Capacity 
(mmol/g) 

Ref. 

0 °C, 1 bar 25 °C, 1 bar 

Orange Peel Hydrochar Chemical (K2C2O4) 6.67 3.97 [130] 

Jujun Grass  Hydrochar Chemical (KOH) - 4.9 [164] 

Cemellia 
japonica 

Hydrochar Chemical (KOH) - 5.0 [164] 

Garlic Peel Hydrochar Chemical (KOH) 6.25 4.22 [31] 

Cellulose Fibres Biochar Physical (steam) - 2.33 [165] 

Lignin Hydrochar Chemical (KOH) 6.0 - [166] 

Camphor 
Leaves 

Biochar Chemical (KOH) 5.86 3.74 [167] 

Celtuce Leaves Biochar Chemical (KOH) 6.04 4.36 [168] 

Cucumber Peels Biochar Chemical (KOH 
and melamine) 

7.35 4.30 [68] 

Pine Nut Shells Biochar Chemical (KOH) 6.05 3.96 [169] 

Black Locust 
Tree 

Biochar Chemical (KOH) 7.19 5.05 [129] 

Potato Starch Hydrochar Chemical (KOH) - 2.8 [60] 

Sugarcane 
Bagasse 

Biochar Chemical (KOH 
and urea) 

- 4.80 [132] 

Cotton Stalk Biochar Physical (CO2 and 
NH3) 

- 2.25 (20 °C) [156] 

Orange Peel Biochar Chemical (KOH) 1.01 - [170] 

Bamboo Biochar Chemical (KOH) 0.63 - [170] 

Orange Peel Hydrochar Chemical (KOH) - 3.05 [171] 

Starch Biochar Physical (CO2) - 2.1 
(approx.) 

[148] 

Vine Shoot Biochar Physical (CO2) 4.07 1.58 [172] 

Pomegranate 
Peels 

Biochar Chemical (KOH) 6.03 4.11 [173] 

Soybean Straws Biochar Physical (CO2 and 
NH3) 

- 2.02 (30 °C) [174] 

Sawdust Biochar Chemical (Urea 
phosphate) 

- 1.34 (30 °C) [175] 

Avocado Seeds Biochar Chemical (H3PO4) - 3.30 [176] 

Olive Stones Hydrochar Chemical (ZnCl2) 2.78 - [30] 

Microcrystalline 
Cellulose 

Hydrochar Chemical (NaOH) - 5.49 [177] 

Date Seeds Biochar Physical (CO2) - 2.94 [178] 

Coconut Shell Biochar Chemical (Urea 
and K2CO3) 

6.0 4.0 [179] 
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2.3.5 Identification of Char Production Process Parameters for Investigation  

Table 2.2: Previous Literature Studies That Have Used Citrus Peels or Waste for Biochar Production and Characterisation 

Feedstock Synthesis Conditions Further Activation Surface Area 
(m2/g) 

Application Ref. 

Temperature 
(°C) 

Time (h) Other Factors 

Orange Peels + 
Blended Biomass 

650 1 50:50 w/w blends 
5 – 10 °C/min 
N2 inert gas 

No No 
measurements 

Characterisation [180] 

Orange Peel 337 (peak) 2 
(approx.) 

A variable reactor was 
used 

ZnCl2 104.4 – 132.6 Characterisation  [181] 

Pomelo Peel 800 4 Mixture of H2SO4, KOH 
and nickel acetate  

Chemical – KOH 798 – 1615 Supercapacitor [182] 

Orange Peel 300 – 700 1  No 67.5 Phenol adsorption [183] 

Orange Peel  150 – 700 6  No 7.75 – 201 Naphthalene and 1-
naphthol adsorption 

[73] 

Orange Peel (post 
limonene and fatty 
acid extraction) 

550 1 10 °C/min 
N2 inert gas 

Physical – CO2 and N2 (800 °C, 
10 °C/min, 1 h) 

40 – 326 Characterisation [184] 

Orange Peel 700 2 N2 inert gas 
One-step process 

Chemical – KOH (pre-pyrolysis) 592.5 Water remediation [185] 

Orange Peel 450 – 550  N2 inert gas 
One-step process 

Chemical – H3PO4 and ZnCl2 (pre-
pyrolysis) 

611.4 – 1450.6 Methylene blue 
adsorption 

[186] 

Orange + Lemon 
Peels 

600 3 Equal mix of orange and 
lemon peels 

Chemical – H3PO4 (pre-pyrolysis) 168.3  Methylene blue 
adsorption 

[187] 

Orange Peel 700  N2 inert gas Chemical – K2CO3 (carried out in 
microwave stage post-pyrolysis) 

6.9 – 1104.5 Methylene blue 
adsorption 

[188] 

Orange Peel 500 2  Chemical – H3PO4 (pre-pyrolysis) 
and CTAB (posy-pyrolysis) 

618.4 – 697.1  Congo red dye 
adsorption 

[189] 

Orange Peels 400 3  N2 inert gas Chemical – KOH (900 °C, 3 h, N2 
inert gas) 

23.6 – 1998  Chromium removal 
from water 

[190] 
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Feedstock Synthesis Conditions Further Activation Surface Area 
(m2/g) 

Application Ref. 

Temperature 
(°C) 

Time (h) Other Factors 

Orange Peels + 
Various Kitchen 
Waste 

400 1 25 % mix of orange 
peel, with the balance 
made up of potato and 
banana peels and coffee 
residue 

No 4.8 Methylene blue and 
methyl orange 
adsorption 

[191] 

Orange Peels 250 – 600 1  No 46.2 Characterisation  [192] 

Orange Peel 550 0.5  Chemical – ZnCl2 (pre-pyrolysis) 1079 Methylene blue [193] 

Orange Peels 500 1 10 °C/min Chemical – KOH (pre-pyrolysis) 51.6 CO2 adsorption [170] 

Orange Peels 700 2 5 °C/min 
N2 inert gas 

Chemical – H3BO4  
Also doped with MOF material 

172.5 – 674.3 Ammonia adsorption [194] 

Orange Peels and 
Orange Albedo 

300 2  No 352.5 – 356.3 Characterisation [195] 

Orange Peel 500 – 700 1 5 °C/min 
N2 inert gas 

Ball-milled post-pyrolysis 296 Wastewater 
remediation  

[196] 

Orange Peel 400 1 8 °C/min Chemical – KOH (pre-pyrolysis) 403.1  Aminophenol 
adsorption 

[197] 

Mandarin Peel 700 6 5 °C/min 
N2 inert gas 

Chemical – NH4Cl and ZnCl2 (both 
pre-pyrolysis) 

8.5 – 1085.0 Methyl orange and 
fast green FCF 
adsorption 

[198] 

Orange Peel 550 1 10 °C/min 
N2 inert gas 

Chemical – H3PO4 (pre-pyrolysis) 29 – 675 Demetallisation 
adsorbent 

[199] 

Orange Peel 300 – 800 1 8 °C/min 
N2 inert gas 

Chemical – KOH (pre-pyrolysis). 
One and two-step process tested 

965 – 1404 Phenol Adsorption  [200] 

Orange Peels 300 – 600 1 N2 inert gas No 0.8 – 2.2  Lead adsorption [201] 

Orange Peels  0.25 Microwave pyrolysis – 
900 W 

Chemical – H3PO4 (pre-
microwave) 

67.4 Chromium adsorption  [202] 

Orange Peels 800 3   No 1049 – 1074  Methylene blue [203] 

Orange and 
Mandarin Peels 

900 0.25 5 °C/min 
N2 inert gas 

Physical – CO2 and H2O 166 – 399  Cu (II) adsorption [204] 
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Feedstock Synthesis Conditions Further Activation Surface Area 
(m2/g) 

Application Ref. 

Temperature 
(°C) 

Time (h) Other Factors 

Tangerine Peels 400 2  2.5 °C/min 
N2 inert gas 

Chemical – KOH (post-pyrolysis) 8 – 1047  Methylene blue, 
tetracycline, 
fluorescein sodium 

[205] 

Orange Peel 800 1  8 °C/min 
N2 inert gas 

Chemical – KOH (pre-activation)  
Physical – pre-carbonisation was 
also tested 

965 – 1404  Phenol [200] 

Orange Peels 600 1.5  N2 inert gas Chemical – H3PO4 (pre-activation) 
Then washed with KOH post-
activation 

497  No adsorption [206] 

Orange Peels 400 0.75  5 °C/min 
N2 inert gas 
Microwave prepared 
sample produced 

Physical – CO2 (800 °C, 0.75 h) 263 – 266  Herbicides [207] 

Orange Peels 400 2  10 °C/min 
N2 inert gas 

Chemical – melamine (pre-
pyrolysis) and KOH (post-
pyrolysis, 800 °C, 2 h) 

1681 – 2350  Water deionisation [208] 

Orange Peels 400 2 5 °C/min 
N2 inert gas 

Chemical – MgO (post-pyrolysis, 
600 °C, 2 h) 

270 – 460 Ammonium 
adsorption  

[209] 

Mandarin Peels 500 1  No 8 Methylene blue [210] 

Tangerine Peels 800 1 N2 inert gas Chemical – CaCl2 and FeCl3 (pre-
pyrolysis) 

9 – 559  Phosphate ions [211] 

Orange Peel 400 2 N2 inert gas Chemical – potassium citrate and 
magnesium citrate (post-
pyrolysis, 750 °C, 2 h) 

309 – 1768 CO2 adsorption [117] 
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Table 2.3: Previous Literature Studies That Have Used Citrus Peels or Waste for Hydrochar Production and Characterisation 

Feedstock Synthesis Conditions Further Activation Surface Area 
(m2/g) 

Application Ref. 

Temperature 
(°C) 

Time (h) Other Factors 

Orange Peels 190  24  15 g feed: 110 mL water 
8 °C/min 

Oxidised with HNO3 20 – 34  Methylene blue 
adsorption 

[212] 

Orange Peels 200 20 10g feed: 100 mL water Physical – CO2, N2 and Air 
Chemical – H3PO4 

0.4 – 618  Pharmaceuticals 
adsorption  

[213] 

Orange Peel 180 – 220 3 4 g feed: 60mL water Chemical – KOH (700 °C, 2 h) 50.60 – 457.22 CO2 adsorption [171] 

Orange Peel 210 2 15 g feed: 120 mL urea 
solution 

Physical – Ar 
Chemical – KOH 

7.6 – 3053 Toluene and iodine 
adsorption 

[214] 

Orange Peel 200 2 – 24 Peel solution of 60 % 
moisture 

No 7.1 Soil amendment  [215] 

Orange Peel 240 
700 – 900 
activation 

4   
(2 for 
activation) 

6 g feed: 6 g melamine: 
60 mL water 

Chemical – K2C2O4 530 – 2130 CO2 adsorption [130] 

Orange Peels 150 3  5 g feed: 50 mL H3PO4 Chemical – K2CO3 
(impregnated, no heating) 

2.4 – 21.2 Biodiesel  [216] 

Orange Peels 210 2  15 g feed: 120 mL urea 
solution 

Chemical – KOH (800 °C, 2 h) 1643 – 2934 Volatile organic 
compound (VOC) 
adsorption 

[32] 

Orange Peels 175 12  2 g feed: 75 mL water and 
100 mL copper solutions 

Chemical – CuSO4 (pre-HTC) 27 – 31  Reduction of methylene 
blue  

[217] 

Orange Pulp 
and Bagasse 

100 – 200 8 – 14  6.25 g: 50 mL water Chemical – H3PO4, NaOH 
(post-HTC) 
Then thermally activated at 
300 °C 

0 Fe and Mn removal from 
water 

[218] 

Orange Juice 180 6  30 mL of juice Chemical – KOH (800 °C, 
0.5 h) 

1724  No adsorption [219] 
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Feedstock Synthesis Conditions Further Activation Surface Area 
(m2/g) 

Application Ref. 

Temperature 
(°C) 

Time (h) Other Factors 

Orange Peel 160 12  3 g feed: 30 mL water Chemical – HCl and H2O2 
(post-HTC) 
Some activated at 600 °C 
under N2 

7 – 312  Pharmaceutical 
pollutants 

[220] 

Orange Peel 180 – 250 1  1 g feed: 5 g water  46 – 64  Cationic dye [221] 

Orange Peel 150 – 200 2 – 24  20 g orange peel paste Chemical – magnetite 
deposition 

6 – 73 Brilliant Black food 
colouring 

[222] 

Orange Peel 240 2  1 g feed: 8 mL water No 7 – 27  No adsorption [223] 

Orange Peel 190 24  20 g feed: 120 mL water No 7 – 15 Methylene green [224] 

Tangerine Peel 200 3  2.5 g feed: 20 mL FeCl3 
solution 

Chemical – FeCl3 (pre-HTC) 
Physical – N2 (post-HTC, 
800 °C, 4h) 

7 – 287 Ni(ii) adsorption [225] 
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Table 2.2 and Table 2.3 present an overview of literature studies that have used orange or 

other citrus peels for biochar and hydrochar production respectively, and the process 

parameters that were used. It is clear that high pyrolysis temperatures are a key contributor 

to producing high surface area materials, with residence time and doping methods also 

influencing the process. Over the studies presented, there is a wide range of conditions for 

both temperature and residence time, although no definitive set of conditions are presented 

as ‘optimal’, as most works only vary one of these parameters. This raises the opportunity 

for research to be conducted into this area of the process, and attempt to determine the 

influence that each process parameter has on the final produced char. For this project, it was 

decided to choose a selection of the most commonly tested parameters from these literature 

studies, and study the effect of varying them through a Design of Experiment (DoE) 

methodology. The use of this method would allow for quantification of both the impact of 

each process parameter, but also the interactions between the parameters. Presented in 

Appendix A are two tables showing further examples of biochars and hydrochars produced 

in literature, and the range of conditions used for synthesis; factors such as pyrolysis 

temperature, residence time and gas flow rate are presented, along with the various type of 

activators employed in different studies. These tables provide the basis for the following 

discussion on the range of values to be tested for each factor. 

In terms of pyrolysis temperature of biochars in general, there is a wide range of values seen 

in different studies, ranging from low temperatures of 300 – 400 °C up to 800 – 900 °C. It is 

commonly known that porosity does not begin to significantly develop until temperatures 

have increased beyond 500 °C [74], therefore, it was decided to use this as the lower bound 

for this project (note that this was later altered in the optimisation stage of the biochar 

experiments). Conversely, excessively high temperature can be damaging to the char and 

lead to high rates of burn off and pore coalescence. With regards to the Boudouard reaction, 
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typically temperatures of 700 °C or higher are required for the reaction to become 

thermodynamically favourable [226]. Therefore, an upper limit of temperature was chosen 

to be 800 °C, in order to allow the Boudouard reaction to proceed, but limit the degradation 

of the char samples. The use of a lower temperature bound of 500 °C was also in line with 

the sustainability goals of the study. An estimate of thermal energy cost required to heat the 

tube furnace and crucible to the target pyrolysis temperatures of 500 °C and 800 °C was 

carried out using Equation 2.2, using an average heat transfer coefficient for alumina [227], 

which is the material of manufacture for the tube furnace used in this study. 

 𝑄 = 𝑐 𝑚 ∆𝑇 Equation 2.2 

Where: 

 𝑄 = thermal energy required (J) 

 𝑐 = specific heat capacity of alumina (J/kg K) ≈ 850 J/kg K 

 𝑚 = mass of alumina furnace tube and crucible (kg) ≈ 0.95 kg 

 ∆𝑇 = change in temperature, from room temperature to pyrolysis target 

 temperature (K) = 475 K for 500 °C target, and 775 K for 800 °C target 

Using the above values, the 𝑄 values are found to be 384 kJ and 626 kJ for the 500 °C and 

800 °C target temperatures respectively. Note that this is an approximation, and further 

detailed calculations would be required to provide a comprehensive energy cost for the 

process at both temperatures. Nonetheless, this estimate demonstrates that if chars could 

be produced at 500 °C that possess positive characteristics in relation to CO2 adsorption, the 

use of this lower temperature would present energy saving benefits, and therefore, a more 

sustainable synthesis route for solid adsorbents.  
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When assessing appropriate residence times, it is clear from the data presented in Table 2.2 

and Appendix A that porosity is achievable in relatively short times, e.g. 0.5 – 1 h, and that, 

in some cases, longer times lead to higher values of surface area being achieved in biochar 

materials. As such, a lower limit of 0.5 h was chosen with a view to minimising heating time 

in order to conserve energy. The upper limit of 3 h was selected in order to determine if the 

benefits of a longer time period, and subsequent energy cost, would be worth the trade-off 

compared to the 0.5 h experiments.  

In terms of ramp rate, the 15 °C/min used in the experimental stage of this project is higher 

than the commonly used values of 5-10 °C/min (see Appendix A, Appendix Table A.1), but 

was required due to time restraints related to cooling of the biochars and laboratory policy 

on operation of gas cylinders outwith the hours of 9 am and 5 pm. Note however, that there 

are even higher values of ramp rates reported in literature for biochar production, up to 

25 °C/min [228], [229], indicating that the chosen rate of 15 °C/min is still an acceptable 

value. A range of gas flow rates, of either N2 or CO2, was chosen to be 100 and 400 mL/min 

based on the literature values presented in Appendix A; 400 mL/min was a typical value seen 

in other studies, while the use of the lower flowrate 100 mL/min was again an attempt to 

minimise gas usage, in line with green chemistry principles.  

For the hydrochar studies, the influence of the initial HTC factors is difficult to contextualise, 

as when subsequent activation is carried out, this masks the initial characteristics of the 

materials. For example, two studies into hydrochars derived from orange peels used similar 

conditions, 190 °C and 24 h vs 200 °C and 20 h [212], [213], yet the char activated with HNO3 

displayed a surface area of 34 m2/g, compared to a surface area of 618 m2/g for the sample 

activated using H3PO4. Similar examples of this effect can be seen in Appendix A, further 

emphasising the importance of activation of hydrochar materials. If activation is not 
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employed, then hydrochar materials typically present a low porosity no matter the 

temperature and residence time utilised during HTC; orange peel hydrochar produced at 

240 °C for 2 h displayed a surface area of 21 m2/g [223], while a similar study also using 

orange peel precursor produced a hydrochar with surface area of 15 m2/g after undergoing 

HTC at 190 °C for 24 h [224]. 180 °C is commonly seen in literature to be the lower limit of 

temperature used in hydrochar studies, see Appendix A, Appendix Table A.2, as 

temperatures below this tend to result in lower levels of carbonisation and poor char 

characteristics in general [98]; thus, this was chosen as the lower limit to be followed in this 

project. The upper temperature limit of the equipment being used in this study was 250 °C, 

as above this it was possible that issues relating to overpressure would occur. In order to 

work below this inherent limit, a maximum of 220 °C for HTC temperature was chosen for 

the initial experiments.  

The choice of residence time was also limited, due to the fact that experiments had to be run 

overnight; thus, the experiment had to be started at 4:45pm, and to have completed and 

cooled to room temperature by 9 am the next day. As a result, 12 h was deemed the upper 

limit of time that would allow the process to run in line with laboratory policy. A lower limit 

of 2.5 h was set, to allow an appropriate time for carbonisation to occur, but also a short 

enough period to fit with the aim of lower energy consumption.  

The activation temperature range for the hydrochar materials was chosen to be 750 – 800 °C, 

partly due to the limitation of the Boudouard reaction below 700 °C, and partly due to the 

success of these temperatures in the biochar phase of the project. Use of higher 

temperatures in the biochar section of the work, such as 831 °C, had led to large relative 

reductions in yield of final char, so it was decided to keep the upper limit of hydrochar 
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activation around 800 °C. A ramp rate of 15 °C/min and a gas flow rate of 400 mL/min CO2 

were chosen to maintain consistency between the biochar and hydrochar syntheses.  

In terms of activation, the chemical route appears to give slightly better properties within the 

resulting activated chars. For example, KOH activation biochars produced from pomelo peels 

[182], and orange peels [200], are seen to give surface area values in the range of 1400 – 

1600 m2/g, while hydrochar derived from orange peel and activated with KOH was shown to 

exhibit a surface area of approximately 2900 m2/g [32]. Other chemicals, such as H3PO4 and 

ZnCl2, used with orange peel biochar gave surface areas in the range 610 – 1450 m2/g [186]. 

But, as previously discussed, there is a desire to avoid chemical activation in this project in 

order to meet green chemistry principles. Therefore, for this study the use of physical 

activation was selected, in order to try and minimise the environmental damage that could 

occur through the synthesis process. The decision to choose CO2 as the physical activation 

agent was primarily due to evidence from the literature that shows its usefulness in creating 

micropores, which are essential for CO2 capture, as highlighted in Section 2.3.3; while the 

date presented in Table 2.2, shows that surface areas in the range of 260 – 400 m2/g have 

been produced for other orange peel related studies using CO2 [184], [204], [207]. It should 

also be noted that the experimental configuration available in the laboratory was also 

deemed unsuitable for use with steam at the high temperatures required in this study.  

Something that has not been discussed within literature so far is a comprehensive 

comparison between the two processes used to produce chars – namely pyrolysis and HTC. 

To do this for a specific feedstock would be significant as it would allow a review of the 

different properties each process brings to the respective products, and possibly showcase 

which route is ‘better’ to follow. Thus, a feedstock was selected to carry out such a 

comparison; and thorough research into the physicochemical makeup of different biomass 
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found in the literature allowed orange and mandarin peels to be selected. This was mainly 

due to their apparent high cellulose content in the range of 22 – 40 wt% [230], [231], [232], 

[233], and their vast abundance as a waste material, in both the food and drink industry 

[234], with approximately 32 million tonnes of orange peel waste generated per year [235]. 

Additionally, the use of these two feedstocks allowed for comparisons between similar yet 

distinct feedstocks, as both peel types originate from the same genus, the Rutaceae family.  

A DoE response surface methodology was used for the duration of the process, to allow for 

statistical analysis of results and, eventually, an optimisation process to take place, which 

would hopefully produce ‘optimal’ chars for targeted adsorption of CO2.  

2.4 Research Gap, Novelties and Project Aims 

2.4.1 Research Gap 

A large amount of work has been carried out researching the production of both biochars 

and hydrochars from citrus related biomass, as portrayed in Section 2.3.5. Within these 

studies, a small selection have tested the produced chars for CO2 adsorption capacities. The 

following research gaps were identified during the literature search: 

• Biochars have been produced for carbon capture applications through physical 

activation using CO2, and have also been produced using urea in the process as a 

nitrogen doping agent. However, no biochar has been produced by incorporating 

urea and CO2 activation together within the production process. The same can be 

said for hydrochar produced for carbon capture processes.  

• Sustainable engineering or circular economy is often attributed to methods of 

production of biochar and hydrochar, despite hazardous activating and doping 

agents being used such as KOH or ZnCl2. Similarly, an excessive number of pre-

treatment steps, some of which are energy intensive, are often carried out in the 
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process of producing these chars, meaning there is doubt over the net environmental 

benefit that the final product provides. This presents a gap to explore the use of non-

hazardous doping agents in these char production processes, and similarly, the 

opportunity to reduce the pre-treatment of any material.  

 
Figure 2.5: Example of Traditional Method of Varying One Process Parameter at a Time (left) v Varying Both 

Parameters Simultaneously Using a Design of Experiment Methodology (right) [236] 

 

• Studies are often found to vary one process parameter such as pyrolysis/HTC 

temperature or residence time, with all other parameters maintained at a constant 

value. This is not the most effective method of assessing parameter influence on a 

process, as optimal points or areas can be missed, see Figure 2.5. As such, this raises 

a research gap which could be explored by using a DoE methodology in an aim to 

optimise multiple process parameters towards production of a material with optimal 

adsorption performance. This type of experimental design has not been utilised 

within any previous studies on citrus peel derived biochar. 

• The majority of studies which use citrus fruits focus on waste orange peels, with little 

distinction between the types of oranges available: sweet oranges, mandarins, bitter 

oranges etc. Therefore, there is scope for investigation into the effect that the peel 

precursor has on char properties and adsorption performance.  
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• No study has compared the two different char production methods (pyrolysis for 

biochars, and HTC followed by activation for hydrochars) for the same feedstock. This 

presents an opportunity to develop a comparative study into production methods of 

biochar and hydrochar, for orange and mandarin peel feedstocks.  

• The use of biochars and hydrochars in post-combustion CO2 remediation 

technologies is often discussed and reported, but the results presented in studies are 

often at temperature levels not comparable to flue gas that would typically be 

treated by post-combustion methods (flue gas temperature is > 60 °C, studies often 

test at 0 °C or 25 °C). Thus, there is scope to carry out adsorption studies at 

industrially applicable conditions, with specific attention to flue gas composition and 

temperatures. 

2.4.2 Research Aims and Objectives 

To address the research gaps highlighted in Section 2.4.1, the following aims were set for the 

work in this thesis: 

• Nitrogen-doped biochars will be produced through a single-stage pyrolysis-activation 

process, and nitrogen-doped hydrochars produced through a two-stage HTC and 

activation process. The nitrogen doping will be carried out using urea as a doping 

agent and activation by using CO2 as an activating agent.  

• A Design of Experiments methodology will be used to examine four different process 

parameters in both the biochar and hydrochar production processes. This will take 

the form of a screening and then optimisation design for each of the chars. From 

these designs, optimisation models will be used to produce ‘optimal’ samples of both 

char types to attempt to maximise their performance as CO2 sorbents.  
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• Material characterisation will be carried out on each type of char produced, to 

determine their textural and elemental properties and yield insights into how 

process parameters influence the make-up and porosity of the chars.  

• A comparison will be made between the chars produced from each feedstock, 

orange peels and mandarin peels, to determine which is more suitable for sorbent 

material production. Similarly, a comparison will be made between the two different 

char production routes for each feedstock.  

• The chars which show characteristics most suitable for CO2 adsorption will be tested 

for their CO2 capacity under a range of conditions (temperature and pressure), and 

under conditions analogous to those found in flue gas streams.  

2.4.3 Research Novelties 

Following on from the aims set out in Section 2.4.2, this study will look to realise the following 

research novelties:  

• Investigate two char production routes which adhere to green chemistry and 

sustainable engineering principles, alongside circular economy goals. This will be 

achieved by carrying out minimal pre-treatment to the feedstocks, and through the 

use of urea as a doping agent. The use of CO2 as an activating agent as well as the 

target adsorption molecule fulfils the circular economy aspect, as does the 

valorisation process of turning waste orange and mandarin peels into higher value 

products.  

• The use of Design of Experiments will facilitate the comparison between using two 

different but related feedstock materials for char production, and the comparison 

between the two different char production routes for each feedstock.  
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• The use of Design of Experiments will also allow for the simultaneous optimisation 

of process parameters in the production of citrus peel derived biochars and 

hydrochars. This will aim to produce nitrogen-doped chars tailored towards the 

adsorption of CO2.  

• The adsorption performance of the chars most suited to CO2 adsorption will be 

tested under both conventional laboratory conditions, and under conditions 

analogous to those found in flue gas streams. The testing carried out under flue gas 

stream conditions allows a more realistic judgement of the suitability of materials for 

application in industrial CO2 capture processes.  

2.5 References 

[1] Z. Kong, H. Zhang, T. Zhou, L. Xie, B. Wang, and X. Jiang, ‘Biomass-derived functional 
materials: Preparation, functionalization, and applications in adsorption and catalytic 
separation of carbon dioxide and other atmospheric pollutants’, Sep. Purif. Technol., vol. 
354, p. 129099, Feb. 2025, doi: 10.1016/j.seppur.2024.129099. 

[2] C. D. Venkatachalam, S. Sekar, M. Sengottian, S. R. Ravichandran, and P. 
Bhuvaneshwaran, ‘A critical review of the production, activation, and morphological 
characteristic study on functionalized biochar’, J. Energy Storage, vol. 67, p. 107525, Sep. 
2023, doi: 10.1016/j.est.2023.107525. 

[3] L. M. Sun et al., ‘Biochar production, activation, and applications: A comprehensive 
technical review’, Carbon Capture Sci. Technol., vol. 16, p. 100421, Sep. 2025, doi: 
10.1016/j.ccst.2025.100421. 

[4] N. Karakehya, ‘Effects of one-step and two-step KOH activation method on the 
properties and supercapacitor performance of highly porous activated carbons prepared 
from Lycopodium clavatum spores’, Diam. Relat. Mater., vol. 135, p. 109873, May 2023, 
doi: 10.1016/j.diamond.2023.109873. 

[5] Y. Fu, N. Zhang, Y. Shen, X. Ge, and M. Chen, ‘Micro-mesoporous carbons from 
original and pelletized rice husk via one-step catalytic pyrolysis’, Bioresour. Technol., vol. 
269, pp. 67–73, Dec. 2018, doi: 10.1016/j.biortech.2018.08.083. 

[6] A. Balla et al., ‘One-Step CO2-Assisted Pyrolysis of Spent Coffee Grounds: A Simpler 
Route to Highly Porous Biochar Compared with Two-Step Pyrolysis–CO2 Activation’, 
ChemEngineering, vol. 10, no. 1, p. 14, Jan. 2026, doi: 10.3390/chemengineering10010014. 

[7] X. Ren, Y. Gao, W. He, S. Yang, and G. Yin, ‘Ultramicroporous carbon materials 
preparation via one-step pyrolysis of biomass’, Chem. Eng. Sci., vol. 321, p. 122820, Feb. 
2026, doi: 10.1016/j.ces.2025.122820. 



67 
 

[8] G. Duran-Jimenez et al., ‘Single-step preparation of activated carbons from pine 
wood, olive stones and nutshells by KOH and microwaves: Influence of ultra-microporous 
for high CO2 capture’, Chem. Eng. J., vol. 499, p. 156135, Nov. 2024, doi: 
10.1016/j.cej.2024.156135. 

[9] F.-X. Collard and J. Blin, ‘A review on pyrolysis of biomass constituents: Mechanisms 
and composition of the products obtained from the conversion of cellulose, hemicelluloses 
and lignin’, Renew. Sustain. Energy Rev., vol. 38, pp. 594–608, Oct. 2014, doi: 
10.1016/j.rser.2014.06.013. 

[10] Y. K n et al., ‘Lignocellulosic biomass-based pyrolysis: A comprehensive review’, 
Chemosphere, vol. 286, p. 131824, Jan. 2022, doi: 10.1016/j.chemosphere.2021.131824. 

[11] R. Maniarasu, S. K. Rathore, and S. Murugan, ‘Biomass-based activated carbon for 
CO2 adsorption–A review’, Energy Environ., pp. 1674–1721, Apr. 2022, doi: 
10.1177/0958305X221093465. 

[12] W. Li, K. Yang, J. Peng, L. Zhang, S. Guo, and H. Xia, ‘Effects of carbonization 
temperatures on characteristics of porosity in coconut shell chars and activated carbons 
derived from carbonized coconut shell chars’, Ind. Crops Prod., vol. 28, no. 2, pp. 190–198, 
Sep. 2008, doi: 10.1016/j.indcrop.2008.02.012. 

[13] Z. Zhang, Z. Zhu, B. Shen, and L. Liu, ‘Insights into biochar and hydrochar production 
and applications: A review’, Energy, vol. 171, pp. 581–598, Mar. 2019, doi: 
10.1016/j.energy.2019.01.035. 

[14] J. Liu et al., ‘Biomass pyrolysis mechanism for carbon-based high-value products’, 
Proc. Combust. Inst., vol. 39, no. 3, pp. 3157–3181, Jan. 2023, doi: 
10.1016/j.proci.2022.09.063. 

[15] Ashleigh Jane Fletcher, ‘THE COMPENSATION EFFECT IN THE 
ADSORPTION/DESORPTION OF GASES/VAPOURS ON POROUS MATERIALS’, PhD, University 
of Newcastle Upon Tyne, Newcastle, 2000. 

[16] P. J. F. Harris, ‘Structural Models of Non-Graphitising Carbon: A Brief History’, C, vol. 
11, no. 4, Oct. 2025, doi: 10.3390/c11040078. 

[17] P. J. F. Harris, ‘Rosalind Franklin’s work on coal, carbon, and graphite’, Interdiscip. 
Sci. Rev., vol. 26, no. 3, pp. 204–210, Mar. 2001, doi: 10.1179/030801801679467. 

[18] H. Marsh, ‘A tribute to Philip L. Walker’, Carbon, vol. 29, no. 6, pp. 703–704, Jan. 
1991, doi: 10.1016/0008-6223(91)90004-3. 

[19] R. E. Franklin, ‘Crystallite growth in graphitizing and non-graphitizing carbons’, Proc. 
R. Soc. Lond. Math. Phys. Sci., vol. 209, no. 1097, pp. 196–218, Oct. 1951, doi: 
10.1098/rspa.1951.0197. 

[20] J. Biscoe and B. E. Warren, ‘An X‐Ray Study of Carbon Black’, J. Appl. Phys., vol. 13, 
no. 6, pp. 364–371, Jun. 1942, doi: 10.1063/1.1714879. 

[21] Z. Zhang et al., ‘Investigating the structure of non-graphitising carbons using 
electron energy loss spectroscopy in the transmission electron microscope’, Carbon, vol. 49, 
no. 15, pp. 5049–5063, Dec. 2011, doi: 10.1016/j.carbon.2011.07.023. 



68 
 

[22] H. Marsh and R. Menendez, ‘Chapter 2 - Mechanisms of Formation of Isotropic and 
Anisotropic Carbons’, in Introduction to Carbon Science, H. Marsh, I. A. S. Edwards, R. 
Menendez, B. Rand, S. West, A. J. Hosty, K. Kuo, B. McEnaney, T. Mays, D. J. Johnson, J. W. 
Patrick, D. E. Clarke, J. C. Crelling, and R. J. Gray, Eds, Butterworth-Heinemann, 1989, pp. 
37–73. doi: 10.1016/B978-0-408-03837-9.50007-5. 

[23] H. Marsh and K. Kuo, ‘Chapter 4 - Kinetics and Catalysis of Carbon Gasification’, in 
Introduction to Carbon Science, H. Marsh, I. A. S. Edwards, R. Menendez, B. Rand, S. West, 
A. J. Hosty, K. Kuo, B. McEnaney, T. Mays, D. J. Johnson, J. W. Patrick, D. E. Clarke, J. C. 
Crelling, and R. J. Gray, Eds, Butterworth-Heinemann, 1989, pp. 107–151. doi: 
10.1016/B978-0-408-03837-9.50009-9. 

[24] D. Yu et al., ‘Biochar raw material selection and application in the food chain: A 
review’, Sci. Total Environ., vol. 836, p. 155571, Aug. 2022, doi: 
10.1016/j.scitotenv.2022.155571. 

[25] B. González and J. J. Manyà, ‘Activated olive mill waste-based hydrochars as 
selective adsorbents for CO2 capture under postcombustion conditions’, Chem. Eng. 
Process. - Process Intensif., vol. 149, p. 107830, Mar. 2020, doi: 10.1016/j.cep.2020.107830. 

[26] J. O. Ighalo, F. C. Akaeme, J. Georgin, J. S. de Oliveira, and D. S. P. Franco, ‘Biomass 
Hydrochar: A Critical Review of Process Chemistry, Synthesis Methodology, and 
Applications’, Sustainability, vol. 17, no. 4, p. 1660, Jan. 2025, doi: 10.3390/su17041660. 

[27] E. Diaz, I. Sanchis, C. J. Coronella, and A. F. Mohedano, ‘Activated Carbons from 
Hydrothermal Carbonization and Chemical Activation of Olive Stones: Application in 
Sulfamethoxazole Adsorption’, Resources, vol. 11, no. 5, Art. no. 5, May 2022, doi: 
10.3390/resources11050043. 

[28] M. Cavali et al., ‘A review on hydrothermal carbonization of potential biomass 
wastes, characterization and environmental applications of hydrochar, and biorefinery 
perspectives of the process’, Sci. Total Environ., vol. 857, p. 159627, Jan. 2023, doi: 
10.1016/j.scitotenv.2022.159627. 

[29] S. Wu et al., ‘Hydrothermal carbonization of food waste for sustainable biofuel 
production: Advancements, challenges, and future prospects’, Sci. Total Environ., vol. 897, 
p. 165327, Nov. 2023, doi: 10.1016/j.scitotenv.2023.165327. 

[30] L. Gallego-Mena, R. Campana, A. Villardon, F. Dorado, and L. Sánchez-Silva, 
‘Optimisation of hydrothermal carbonisation of olive stones for enhanced CO₂ capture: 
Impact of zinc chloride activation’, J. Environ. Chem. Eng., vol. 13, no. 4, p. 117321, Aug. 
2025, doi: 10.1016/j.jece.2025.117321. 

[31] G. Huang, Y. Liu, X. Wu, and J. Cai, ‘Activated carbons prepared by the KOH 
activation of a hydrochar from garlic peel and their CO2 adsorption performance’, New 
Carbon Mater., vol. 34, no. 3, pp. 247–257, Jun. 2019, doi: 10.1016/S1872-5805(19)60014-
4. 

[32] Q. Zhou, H. Liu, Y. Wang, K. Xiao, G. Yang, and H. Yao, ‘Synthesis of porous carbon 
from orange peel waste for effective volatile organic compounds adsorption: role of typical 
components’, Front. Chem. Sci. Eng., p. 942−953, Feb. 2023, doi: 10.1007/s11705-022-
2264-x. 



69 
 

[33] A. L. Pauline and K. Joseph, ‘Hydrothermal carbonization of organic wastes to 
carbonaceous solid fuel – A review of mechanisms and process parameters’, Fuel, vol. 279, 
p. 118472, Nov. 2020, doi: 10.1016/j.fuel.2020.118472. 

[34] J. PetroviĿ et al., ‘Hydrothermal conversion of grape pomace: Detailed 
characterization of obtained hydrochar and liquid phase’, J. Anal. Appl. Pyrolysis, vol. 118, 
pp. 267–277, Mar. 2016, doi: 10.1016/j.jaap.2016.02.010. 

[35] M. Jalilian, R. Bissessur, M. Ahmed, A. Hsiao, Q. S. He, and Y. Hu, ‘A review: 
Hydrochar as potential adsorbents for wastewater treatment and CO2 adsorption’, Sci. 
Total Environ., vol. 914, p. 169823, Mar. 2024, doi: 10.1016/j.scitotenv.2023.169823. 

[36] K. S. Ro, J. A. Libra, and A. Alvarez-Murillo, ‘Comparative Studies on Water- and 
Vapor-Based Hydrothermal Carbonization: Process Analysis’, Energies, vol. 13, no. 21, p. 
5733, Nov. 2020, doi: 10.3390/en13215733. 

[37] T. Bhaskar, B. Balagurumurthy, R. Singh, and M. K. Poddar, ‘Chapter 12 - 
Thermochemical Route for Biohydrogen Production’, in Biohydrogen, A. Pandey, J.-S. 
Chang, P. C. Hallenbecka, and C. Larroche, Eds, Amsterdam: Elsevier, 2013, pp. 285–316. 
doi: 10.1016/B978-0-444-59555-3.00012-X. 

[38] C. D. Venkatachalam, S. Sekar, M. Sengottian, S. R. Ravichandran, and P. 
Bhuvaneshwaran, ‘A critical review of the production, activation, and morphological 
characteristic study on functionalized biochar’, J. Energy Storage, vol. 67, p. 107525, Sep. 
2023, doi: 10.1016/j.est.2023.107525. 

[39] B. Sajjadi, W.-Y. Chen, and N. O. Egiebor, ‘A comprehensive review on physical 
activation of biochar for energy and environmental applications’, Rev. Chem. Eng., vol. 35, 
no. 6, pp. 735–776, Aug. 2019, doi: 10.1515/revce-2017-0113. 

[40] J. Laine and S. Yunes, ‘Effect of the preparation method on the pore size 
distribution of activated carbon from coconut shell’, Carbon, vol. 30, no. 4, pp. 601–604, 
Jan. 1992, doi: 10.1016/0008-6223(92)90178-Y. 

[41] R. Khalil, G. Várhegyi, S. Jäschke, M. G. Grønli, and J. Hustad, ‘CO2 Gasification of 
Biomass Chars: A Kinetic Study’, Energy Fuels, vol. 23, no. 1, pp. 94–100, Jan. 2009, doi: 
10.1021/ef800739m. 

[42] N. Ofuani and P. Bhoi, ‘Carbon Dioxide Gasification of Biochar: A Sustainable Way of 
Utilizing Captured CO2 to Mitigate Greenhouse Gas Emission’, Sustainability, vol. 16, no. 12, 
Jun. 2024, doi: 10.3390/su16125044. 

[43] F. Rodríguez-Reinoso, M. Molina-Sabio, and M. T. González, ‘The use of steam and 
CO2 as activating agents in the preparation of activated carbons’, Carbon, vol. 33, no. 1, pp. 
15–23, Jan. 1995, doi: 10.1016/0008-6223(94)00100-E. 

[44] A. Alcazar-Ruiz, S. Maisano, V. Chiodo, F. Urbani, F. Dorado, and L. Sanchez-Silva, 
‘Enhancing CO2 capture performance through activation of olive pomace biochar: A 
comparative study of physical and chemical methods’, Sustain. Mater. Technol., vol. 42, p. 
e01177, Dec. 2024, doi: 10.1016/j.susmat.2024.e01177. 

[45] N. A. Rashidi and S. Yusup, ‘Potential of palm kernel shell as activated carbon 
precursors through single stage activation technique for carbon dioxide adsorption’, J. 
Clean. Prod., vol. 168, pp. 474–486, Dec. 2017, doi: 10.1016/j.jclepro.2017.09.045. 



70 
 

[46] H. Yang and H. Chen, ‘11 - Biomass gasification for synthetic liquid fuel production’, 
in Gasification for Synthetic Fuel Production, R. Luque and J. G. Speight, Eds, in Woodhead 
Publishing Series in Energy. , Woodhead Publishing, 2015, pp. 241–275. doi: 10.1016/B978-
0-85709-802-3.00011-4. 

[47] C. Zhang et al., ‘The Application of Biochar for CO2 Capture: Influence of Biochar 
Preparation and CO2 Capture Reactors’, Ind. Eng. Chem. Res., vol. 62, no. 42, pp. 17168–
17181, Oct. 2023, doi: 10.1021/acs.iecr.3c00445. 

[48] F. Müller, L. C. Rodriguez Molano, E. R. Schöfbänker, and F. Winter, ‘Surface 
adjustment of biochar by CO2 gasification under fixed and fluidized bed conditions’, 
presented at the #PLACEHOLDER_PARENT_METADATA_VALUE#, 2024, pp. 318–325. doi: 
10.34726/9639. 

[49] K. Yang, J. Peng, H. Xia, L. Zhang, C. Srinivasakannan, and S. Guo, ‘Textural 
characteristics of activated carbon by single step CO2 activation from coconut shells’, J. 
Taiwan Inst. Chem. Eng., vol. 41, no. 3, pp. 367–372, May 2010, doi: 
10.1016/j.jtice.2009.09.004. 

[50] A. C. Lua and J. Guo, ‘Activated carbon prepared from oil palm stone by one-step 
CO2 activation for gaseous pollutant removal’, Carbon, vol. 38, no. 7, pp. 1089–1097, Jan. 
2000, doi: 10.1016/S0008-6223(99)00231-6. 

[51] G. Greco, R. L. S. Canevesi, C. Di Stasi, A. Celzard, V. Fierro, and J. J. Manyà, 
‘Biomass-derived carbons physically activated in one or two steps for CH4/CO2 separation’, 
Renew. Energy, vol. 191, pp. 122–133, May 2022, doi: 10.1016/j.renene.2022.04.035. 

[52] M. Puig-Gamero, A. Esteban-Arranz, L. Sanchez-Silva, and P. Sánchez, ‘Obtaining 
activated biochar from olive stone using a bench scale high-pressure thermobalance’, J. 
Environ. Chem. Eng., vol. 9, no. 4, p. 105374, Aug. 2021, doi: 10.1016/j.jece.2021.105374. 

[53] S. Guo, Y. Li, Y. Wang, L. Wang, Y. Sun, and L. Liu, ‘Recent advances in biochar-based 
adsorbents for CO2 capture’, Carbon Capture Sci. Technol., vol. 4, p. 100059, Sep. 2022, doi: 
10.1016/j.ccst.2022.100059. 

[54] H. Weldekidan, H. Patel, A. Mohanty, and M. Misra, ‘Synthesis of porous and 
activated carbon from lemon peel waste for CO2 adsorption’, Carbon Capture Sci. Technol., 
vol. 10, p. 100149, Mar. 2024, doi: 10.1016/j.ccst.2023.100149. 

[55] A. E. Creamer, B. Gao, and M. Zhang, ‘Carbon dioxide capture using biochar 
produced from sugarcane bagasse and hickory wood’, Chem. Eng. J., vol. 249, pp. 174–179, 
Aug. 2014, doi: 10.1016/j.cej.2014.03.105. 

[56] N. M. Amer, A. N. Shafawi, P. Lahijani, M. Mohammadi, and A. R. Mohamed, 
‘Development of high-performance CO2 adsorbents from urea-modified Leucaena 
leucocephala hydrochar’, Biomass Convers. Biorefinery, vol. 15, no. 13, pp. 19823–19837, 
Jul. 2025, doi: 10.1007/s13399-025-06634-1. 

[57] G. Zeng et al., ‘Preparation of Microporous Carbon from Sargassum horneri by 
Hydrothermal Carbonization and KOH Activation for CO2 Capture’, J. Chem., vol. 2018, p. 
4319149, Dec. 2018, doi: 10.1155/2018/4319149. 



71 
 

[58] D. V. Cuong et al., ‘A critical review on biochar-based engineered hierarchical 
porous carbon for capacitive charge storage’, Renew. Sustain. Energy Rev., vol. 145, p. 
111029, Jul. 2021, doi: 10.1016/j.rser.2021.111029. 

[59] C. Goel, S. Mohan, and P. Dinesha, ‘CO2 capture by adsorption on biomass-derived 
activated char: A review’, Sci. Total Environ., vol. 798, p. 149296, Dec. 2021, doi: 
10.1016/j.scitotenv.2021.149296. 

[60] M. Sevilla, W. Sangchoom, N. Balahmar, A. B. Fuertes, and R. Mokaya, ‘Highly 
Porous Renewable Carbons for Enhanced Storage of Energy-Related Gases (H2 and CO2) at 
High Pressures’, ACS Sustain. Chem. Eng., vol. 4, no. 9, p. 4710−4716, Sep. 2016, doi: 
10.1021/acssuschemeng.6b00809. 

[61] S. Jung, Y.-K. Park, and E. E. Kwon, ‘Strategic use of biochar for CO2 capture and 
sequestration’, J. CO2 Util., vol. 32, pp. 128–139, Jul. 2019, doi: 10.1016/j.jcou.2019.04.012. 

[62] A. N. Shafawi, A. R. Mohamed, P. Lahijani, and M. Mohammadi, ‘Recent advances in 
developing engineered biochar for CO2 capture: An insight into the biochar modification 
approaches’, J. Environ. Chem. Eng., vol. 9, no. 6, p. 106869, Dec. 2021, doi: 
10.1016/j.jece.2021.106869. 

[63] Z. Li et al., ‘Advances on nitrogen-doped biochar for adsorption and degradation of 
organic pollutants from aquatic environment: Mechanisms and applications’, Sep. Purif. 
Technol., vol. 354, p. 129017, Feb. 2025, doi: 10.1016/j.seppur.2024.129017. 

[64] N. Kasera, S. Hall, and P. Kolar, ‘Effect of surface modification by nitrogen-
containing chemicals on morphology and surface characteristics of N-doped pine bark 
biochars’, J. Environ. Chem. Eng., vol. 9, no. 2, p. 105161, Apr. 2021, doi: 
10.1016/j.jece.2021.105161. 

[65] V. C. Dinh, C.-H. Hou, and T. N. Dao, ‘O, N-doped porous biochar by air oxidation for 
enhancing heavy metal removal: The role of O, N functional groups’, Chemosphere, vol. 
293, p. 133622, Apr. 2022, doi: 10.1016/j.chemosphere.2022.133622. 

[66] J. Zhao, Y. Jiang, X. Chen, C. Wang, and H. Nan, ‘Unlocking the potential of element-
doped biochar: from tailored synthesis to multifunctional applications in environment and 
energy’, Biochar, vol. 7, no. 1, p. 77, Jun. 2025, doi: 10.1007/s42773-025-00467-x. 

[67] H. Jiang, L. Liu, K. Zhao, Z. Liu, X. Zhang, and S. Hu, ‘Effect of pyridinic- and pyrrolic-
nitrogen on electrochemical performance of Pd for formic acid electrooxidation’, 
Electrochimica Acta, vol. 337, p. 135758, Mar. 2020, doi: 10.1016/j.electacta.2020.135758. 

[68] U. Kamran, K. Y. Rhee, S.-Y. Lee, and S.-J. Park, ‘Solvent-free conversion of 
cucumber peels to N-doped microporous carbons for efficient CO2 capture performance’, J. 
Clean. Prod., vol. 369, p. 133367, Oct. 2022, doi: 10.1016/j.jclepro.2022.133367. 

[69] Z. Zhao et al., ‘Removal performance, mechanisms, and influencing factors of 
biochar for air pollutants: a critical review’, Biochar, vol. 4, no. 1, p. 30, May 2022, doi: 
10.1007/s42773-022-00156-z. 

[70] B. Dziejarski, J. Serafin, K. Andersson, and R. Krzyżyńska, ‘CO2 capture materials: a 
review of current trends and future challenges’, Mater. Today Sustain., vol. 24, p. 100483, 
Dec. 2023, doi: 10.1016/j.mtsust.2023.100483. 



72 
 

[71] X. Gai et al., ‘Effects of Feedstock and Pyrolysis Temperature on Biochar Adsorption 
of Ammonium and Nitrate’, PLOS ONE, vol. 9, no. 12, p. e113888, Dec. 2014, doi: 
10.1371/journal.pone.0113888. 

[72] Q. Luo, Y. Deng, Y. Li, Q. He, H. Wu, and X. Fang, ‘Effects of pyrolysis temperatures 
on the structural properties of straw biochar and its adsorption of tris-(1-chloro-2-propyl) 
phosphate’, Sci. Rep., vol. 14, no. 1, p. 25711, Oct. 2024, doi: 10.1038/s41598-024-77299-5. 

[73] B. Chen and Z. Chen, ‘Sorption of naphthalene and 1-naphthol by biochars of 
orange peels with different pyrolytic temperatures’, Chemosphere, vol. 76, no. 1, pp. 127–
133, Jun. 2009, doi: 10.1016/j.chemosphere.2009.02.004. 

[74] L. Leng et al., ‘An overview on engineering the surface area and porosity of 
biochar’, Sci. Total Environ., vol. 763, p. 144204, Apr. 2021, doi: 
10.1016/j.scitotenv.2020.144204. 

[75] D. Chen, X. Chen, J. Sun, Z. Zheng, and K. Fu, ‘Pyrolysis polygeneration of pine nut 
shell: Quality of pyrolysis products and study on the preparation of activated carbon from 
biochar’, Bioresour. Technol., vol. 216, pp. 629–636, Sep. 2016, doi: 
10.1016/j.biortech.2016.05.107. 

[76] D. Liu, W. Zhang, H. Lin, Y. Li, H. Lu, and Y. Wang, ‘A green technology for the 
preparation of high capacitance rice husk-based activated carbon’, J. Clean. Prod., vol. 112, 
pp. 1190–1198, Jan. 2016, doi: 10.1016/j.jclepro.2015.07.005. 

[77] Y. Kondo et al., ‘A new application of bagasse char as a solar energy absorption and 
accumulation material’, Earth Environ. Sci. Trans. R. Soc. Edinb., vol. 103, no. 1, pp. 31–38, 
Mar. 2012, doi: 10.1017/S1755691012000023. 

[78] B. R. Patra, A. Mukherjee, S. Nanda, and A. K. Dalai, ‘Biochar production, activation 
and adsorptive applications: a review’, Environ. Chem. Lett., vol. 19, no. 3, pp. 2237–2259, 
Jun. 2021, doi: 10.1007/s10311-020-01165-9. 

[79] J. Zhang, J. Liu, and R. Liu, ‘Effects of pyrolysis temperature and heating time on 
biochar obtained from the pyrolysis of straw and lignosulfonate’, Bioresour. Technol., vol. 
176, pp. 288–291, Jan. 2015, doi: 10.1016/j.biortech.2014.11.011. 

[80] Z. Wang, K. Liu, L. Xie, H. Zhu, S. Ji, and X. Shu, ‘Effects of residence time on 
characteristics of biochars prepared via co-pyrolysis of sewage sludge and cotton stalks’, J. 
Anal. Appl. Pyrolysis, vol. 142, p. 104659, Sep. 2019, doi: 10.1016/j.jaap.2019.104659. 

[81] B. Zhao et al., ‘Effect of pyrolysis temperature, heating rate, and residence time on 
rapeseed stem derived biochar’, J. Clean. Prod., vol. 174, pp. 977–987, Feb. 2018, doi: 
10.1016/j.jclepro.2017.11.013. 

[82] D. Wang, P. Jiang, H. Zhang, and W. Yuan, ‘Biochar production and applications in 
agro and forestry systems: A review’, Sci. Total Environ., vol. 723, p. 137775, Jun. 2020, doi: 
10.1016/j.scitotenv.2020.137775. 

[83] H. Kazemi Shariat Panahi et al., ‘A comprehensive review of engineered biochar: 
Production, characteristics, and environmental applications’, J. Clean. Prod., vol. 270, p. 
122462, Oct. 2020, doi: 10.1016/j.jclepro.2020.122462. 



73 
 

[84] N. X. Loc and D. T. M. Phuong, ‘Optimizing biochar production: a review of recent 
progress in lignocellulosic biomass pyrolysis’, Front. Agric. Sci. Eng., vol. 12, no. 1, pp. 148–
172, Mar. 2025, doi: 10.15302/J-FASE-2024597. 

[85] S. Yavari, A. Malakahmad, N. B. Sapari, and S. Yavari, ‘Sorption properties 
optimization of agricultural wastes-derived biochars using response surface methodology’, 
Process Saf. Environ. Prot., vol. 109, pp. 509–519, Jul. 2017, doi: 
10.1016/j.psep.2017.05.002. 

[86] D. Chen, Y. Li, K. Cen, M. Luo, H. Li, and B. Lu, ‘Pyrolysis polygeneration of poplar 
wood: Effect of heating rate and pyrolysis temperature’, Bioresour. Technol., vol. 218, pp. 
780–788, Oct. 2016, doi: 10.1016/j.biortech.2016.07.049. 

[87] D. Angın, ‘Effect of pyrolysis temperature and heating rate on biochar obtained 
from pyrolysis of safflower seed press cake’, Bioresour. Technol., vol. 128, pp. 593–597, Jan. 
2013, doi: 10.1016/j.biortech.2012.10.150. 

[88] P. Fu, S. Hu, J. Xiang, L. Sun, S. Su, and J. Wang, ‘Evaluation of the porous structure 
development of chars from pyrolysis of rice straw: Effects of pyrolysis temperature and 
heating rate’, J. Anal. Appl. Pyrolysis, vol. 98, pp. 177–183, Nov. 2012, doi: 
10.1016/j.jaap.2012.08.005. 

[89] H. M. Morgan, A.-D. Yan, Y.-S. Lu, C.-H. Tsai, and W.-T. Tsai, ‘Pore and 
Thermochemical Properties of Biochar Materials Produced from Moso Bamboo Under 
Different Carbonization Conditions’, Materials, vol. 19, no. 2, p. 310, Jan. 2026, doi: 
10.3390/ma19020310. 

[90] Jordan Mooney, ‘Optimisation of Brewer’s Spent Grain Biochar Synthesis for 
Remediation of Emerging Contaminants from Water’, PhD, University of Strathclyde, 
Glasgow, 2025. 

[91] M. Tripathi, J. N. Sahu, and P. Ganesan, ‘Effect of process parameters on production 
of biochar from biomass waste through pyrolysis: A review’, Renew. Sustain. Energy Rev., 
vol. 55, pp. 467–481, Mar. 2016, doi: 10.1016/j.rser.2015.10.122. 

[92] F. Sessa, K. F. Veeyee, and P. Canu, ‘Optimization of biochar quality and yield from 
tropical timber industry wastes’, Waste Manag., vol. 131, pp. 341–349, Jul. 2021, doi: 
10.1016/j.wasman.2021.06.017. 

[93] C. Bouchelta, M. S. Medjram, M. Zoubida, F. A. Chekkat, N. Ramdane, and J.-P. 
Bellat, ‘Effects of pyrolysis conditions on the porous structure development of date pits 
activated carbon’, J. Anal. Appl. Pyrolysis, vol. 94, pp. 215–222, Mar. 2012, doi: 
10.1016/j.jaap.2011.12.014. 

[94] A. C. Lua, F. Y. Lau, and J. Guo, ‘Influence of pyrolysis conditions on pore 
development of oil-palm-shell activated carbons’, J. Anal. Appl. Pyrolysis, vol. 76, no. 1, pp. 
96–102, Jun. 2006, doi: 10.1016/j.jaap.2005.08.001. 

[95] R. Liu, G. Liu, B. Yousaf, and Q. Abbas, ‘Operating conditions-induced changes in 
product yield and characteristics during thermal-conversion of peanut shell to biochar in 
relation to economic analysis’, J. Clean. Prod., vol. 193, pp. 479–490, Aug. 2018, doi: 
10.1016/j.jclepro.2018.05.034. 



74 
 

[96] Q. Wang et al., ‘Production of biomass-based carbon materials in hydrothermal 
media: A review of process parameters, activation treatments and practical applications’, J. 
Energy Inst., vol. 110, p. 101357, Oct. 2023, doi: 10.1016/j.joei.2023.101357. 

[97] C. Nzediegwu, M. A. Naeth, and S. X. Chang, ‘Carbonization temperature and 
feedstock type interactively affect chemical, fuel, and surface properties of hydrochars’, 
Bioresour. Technol., vol. 330, p. 124976, Jun. 2021, doi: 10.1016/j.biortech.2021.124976. 

[98] D. Kim, K. Lee, and K. Y. Park, ‘Upgrading the characteristics of biochar from 
cellulose, lignin, and xylan for solid biofuel production from biomass by hydrothermal 
carbonization’, J. Ind. Eng. Chem., vol. 42, pp. 95–100, Oct. 2016, doi: 
10.1016/j.jiec.2016.07.037. 

[99] G. Wang et al., ‘Hydrothermal carbonization of maize straw for hydrochar 
production and its injection for blast furnace’, Appl. Energy, vol. 266, p. 114818, May 2020, 
doi: 10.1016/j.apenergy.2020.114818. 

[100] K. Gallucci, L. Taglieri, A. A. Papa, F. Di Lauro, Z. Ahmad, and A. Gallifuoco, ‘Non-
Energy Valorization of Residual Biomasses via HTC: CO2 Capture onto Activated 
Hydrochars’, Appl. Sci., vol. 10, no. 5, Art. no. 5, Jan. 2020, doi: 10.3390/app10051879. 

[101] S. Saha, S. Pezzenti, and T. Reza, ‘Functionalization of pyrolyzed hydrochar with 
nitrogen containing deep eutectic solvent for carbon capture at low and high pressure’, J. 
Anal. Appl. Pyrolysis, vol. 183, p. 106765, Oct. 2024, doi: 10.1016/j.jaap.2024.106765. 

[102] G. Yang, S. Song, J. Li, Z. Tang, J. Ye, and J. Yang, ‘Preparation and CO2 adsorption 
properties of porous carbon by hydrothermal carbonization of tree leaves’, J. Mater. Sci. 
Technol., vol. 35, no. 5, pp. 875–884, May 2019, doi: 10.1016/j.jmst.2018.11.019. 

[103] H. M. C. Fagnani, C. T. P. da Silva, M. M. Pereira, A. W. Rinaldi, P. A. Arroyo, and M. 
A. S. D. de Barros, ‘CO2 adsorption in hydrochar produced from waste biomass’, SN Appl. 
Sci., vol. 1, no. 9, p. 1031, Aug. 2019, doi: 10.1007/s42452-019-1055-6. 

[104] S. R. Periyavaram, B. K, L. Uppala, and P. H. P. Reddy, ‘Hydrothermal carbonization 
of food waste: Process parameters optimization and biomethane potential evaluation of 
process water’, J. Environ. Manage., vol. 347, p. 119132, Dec. 2023, doi: 
10.1016/j.jenvman.2023.119132. 

[105] T. Evcil, H. Simsir, S. Ucar, K. Tekin, and S. Karagoz, ‘Hydrothermal carbonization of 
lignocellulosic biomass and effects of combined Lewis and Brønsted acid catalysts’, Fuel, 
vol. 279, p. 118458, Nov. 2020, doi: 10.1016/j.fuel.2020.118458. 

[106] R. H. Fitri Faradilla, L. Lucia, and M. Hakovirta, ‘Hydrothermal carbonization of 
soybean hulls for the generation of hydrochar: A promising valorization pathway for low 
value biomass’, Environ. Nanotechnol. Monit. Manag., vol. 16, p. 100571, Dec. 2021, doi: 
10.1016/j.enmm.2021.100571. 

[107] Y. Li, A. Meas, S. Shan, R. Yang, and X. Gai, ‘Production and optimization of bamboo 
hydrochars for adsorption of Congo red and 2-naphthol’, Bioresour. Technol., vol. 207, pp. 
379–386, May 2016, doi: 10.1016/j.biortech.2016.02.012. 

[108] I. Kozyatnyk, V. Benavente, E. Weidemann, F. G. Gentili, and S. Jansson, ‘Influence 
of hydrothermal carbonization conditions on the porosity, functionality, and sorption 



75 
 

properties of microalgae hydrochars’, Sci. Rep., vol. 13, no. 1, p. 8562, May 2023, doi: 
10.1038/s41598-023-35331-0. 

[109] M. T. Reza, C. Coronella, K. M. Holtman, D. Franqui-Villanueva, and S. R. Poulson, 
‘Hydrothermal Carbonization of Autoclaved Municipal Solid Waste Pulp and Anaerobically 
Treated Pulp Digestate’, ACS Sustain. Chem. Eng., vol. 4, no. 7, p. 3649−3658, Jul. 2016, doi: 
10.1021/acssuschemeng.6b00160. 

[110] S. Masoumi, V. B. Borugadda, S. Nanda, and A. K. Dalai, ‘Hydrochar: A Review on Its 
Production Technologies and Applications’, Catalysts, vol. 11, no. 8, Art. no. 8, Aug. 2021, 
doi: 10.3390/catal11080939. 

[111] S. Román et al., ‘Hydrothermal Carbonization: Modeling, Final Properties Design 
and Applications: A Review’, Energies, vol. 11, no. 1, p. 216, Jan. 2018, doi: 
10.3390/en11010216. 

[112] B. Zhang, M. von Keitz, and K. Valentas, ‘Thermal Effects on Hydrothermal Biomass 
Liquefaction’, Appl. Biochem. Biotechnol., vol. 147, no. 1, pp. 143–150, Mar. 2008, doi: 
10.1007/s12010-008-8131-5. 

[113] M. Ibrahim, B. H. Hameed, A. Ouakouak, and A. T. Mohd Din, ‘Effect of 
Hydrothermal Carbonization Parameters and Performance of Carbon Dioxide Adsorption on 
Pineapple Peel Waste Biochar’, Chem. Eng. Technol., vol. 45, no. 11, pp. 1982–1989, 2022, 
doi: 10.1002/ceat.202200089. 

[114] D. dos Santos et al., ‘Removal of Emerging Contaminants from Water by Using 
Carbon Materials Derived from Tingui Shells’, Separations, vol. 11, no. 7, Art. no. 7, Jul. 
2024, doi: 10.3390/separations11070215. 

[115] B. R. de Almeida Moreira, L. da Silva Alves, R. Noble, and D. C. Zied, ‘High-
performance carbon-capturing lignocellulosic hydrochar with post-synthesis addition of 
spent mushroom substrate’, Biomass Convers. Biorefinery, vol. 14, no. 21, pp. 26791–
26807, Nov. 2024, doi: 10.1007/s13399-022-03453-6. 

[116] Suhas et al., ‘Exploring process variables and their impact on water treatment: an 
in-depth review of biomass derived hydrochar’, Int. J. Environ. Sci. Technol., vol. 22, no. 11, 
pp. 10869–10894, Jul. 2025, doi: 10.1007/s13762-025-06507-0. 

[117] M. Wang et al., ‘Mechanism of CO2 Adsorption on the Green Oxygen-Doped 
Hierarchical Biochar Activated by Dual Organic Salts’, Langmuir, vol. 42, no. 3, pp. 3050–
3062, Jan. 2026, doi: 10.1021/acs.langmuir.5c06122. 

[118] G. Ruan et al., ‘A review of the current status of nitrogen self-doped biochar 
applications’, J. Environ. Chem. Eng., vol. 13, no. 1, p. 115291, Feb. 2025, doi: 
10.1016/j.jece.2024.115291. 

[119] M. Wang et al., ‘Mechanochemical modified nitrogen-rich biochar derived from 
shrimp shell: Dominant mechanism in pyridinic-N for aquatic methylene blue removal’, J. 
Environ. Manage., vol. 329, p. 117049, Mar. 2023, doi: 10.1016/j.jenvman.2022.117049. 

[120] J. R. Pels, F. Kapteijn, J. A. Moulijn, Q. Zhu, and K. M. Thomas, ‘Evolution of nitrogen 
functionalities in carbonaceous materials during pyrolysis’, Carbon, vol. 33, no. 11, pp. 
1641–1653, Jan. 1995, doi: 10.1016/0008-6223(95)00154-6. 



76 
 

[121] C.-Z. Li, A. N. Buckley, and P. F. Nelson, ‘Effects of temperature and molecular mass 
on the nitrogen functionality of tars produced under high heating rate conditions’, Fuel, vol. 
77, no. 3, pp. 157–164, Feb. 1998, doi: 10.1016/S0016-2361(97)00136-1. 

[122] Q. Zhu, S. L. Money, A. E. Russell, and K. M. Thomas, ‘Determination of the Fate of 
Nitrogen Functionality in Carbonaceous Materials during Pyrolysis and Combustion Using X-
ray Absorption Near Edge Structure Spectroscopy’, Langmuir, vol. 13, no. 7, pp. 2149–2157, 
Apr. 1997, doi: 10.1021/la961027s. 

[123] D. Hulicova-Jurcakova, M. Seredych, G. Q. Lu, and T. J. Bandosz, ‘Combined Effect of 
Nitrogen- and Oxygen-Containing Functional Groups of Microporous Activated Carbon on 
its Electrochemical Performance in Supercapacitors’, Adv. Funct. Mater., vol. 19, no. 3, pp. 
438–447, 2009, doi: 10.1002/adfm.200801236. 

[124] B. Xiao, J. P. Boudou, and K. M. Thomas, ‘Reactions of Nitrogen and Oxygen Surface 
Groups in Nanoporous Carbons under Inert and Reducing Atmospheres’, Langmuir, vol. 21, 
no. 8, pp. 3400–3409, Apr. 2005, doi: 10.1021/la0472495. 

[125] H. Chen et al., ‘Nitrogen Doping Effects on the Physical and Chemical Properties of 
Mesoporous Carbons’, J. Phys. Chem. C, vol. 117, no. 16, pp. 8318–8328, Apr. 2013, doi: 
10.1021/jp4017773. 

[126] X. Zhang, Y. Xu, G. Zhang, C. Wu, J. Liu, and Y. Lv, ‘Nitrogen-doped porous carbons 
derived from sustainable biomass via a facile post-treatment nitrogen doping strategy: 
Efficient CO2 capture and DRM’, Int. J. Hydrog. Energy, vol. 47, no. 58, pp. 24388–24397, 
Jul. 2022, doi: 10.1016/j.ijhydene.2022.05.222. 

[127] J. Chen et al., ‘Enhanced CO2 Capture Capacity of Nitrogen-Doped Biomass-Derived 
Porous Carbons’, ACS Sustain. Chem. Eng., vol. 4, no. 3, pp. 1439–1445, Mar. 2016, doi: 
10.1021/acssuschemeng.5b01425. 

[128] Z. Liao, R. Hao, M. Meng, and L. Cui, ‘In-situ nitrogen-doped porous carbon derived 
from penicillin mycelial residue for CO2 adsorption and adsorption mechanism 
investigation’, Fuel, vol. 381, p. 133379, Feb. 2025, doi: 10.1016/j.fuel.2024.133379. 

[129] C. Zhang, W. Song, Q. Ma, L. Xie, X. Zhang, and H. Guo, ‘Enhancement of CO2 
Capture on Biomass-Based Carbon from Black Locust by KOH Activation and Ammonia 
Modification’, Energy Fuels, vol. 30, no. 5, pp. 4181–4190, May 2016, doi: 
10.1021/acs.energyfuels.5b02764. 

[130] A. Rehman, G. Nazir, K. Y. Rhee, and S.-J. Park, ‘Valorization of orange peel waste to 
tunable heteroatom-doped hydrochar-derived microporous carbons for selective CO2 
adsorption and separation’, Sci. Total Environ., vol. 849, p. 157805, Nov. 2022, doi: 
10.1016/j.scitotenv.2022.157805. 

[131] L. Yue et al., ‘Efficient CO2 Adsorption on Nitrogen-Doped Porous Carbons Derived 
from d-Glucose’, Energy Fuels, vol. 32, no. 6, pp. 6955–6963, Jun. 2018, doi: 
10.1021/acs.energyfuels.8b01028. 

[132] J. Han, L. Zhang, B. Zhao, L. Qin, Y. Wang, and F. Xing, ‘The N-doped activated 
carbon derived from sugarcane bagasse for CO2 adsorption’, Ind. Crops Prod., vol. 128, pp. 
290–297, Feb. 2019, doi: 10.1016/j.indcrop.2018.11.028. 



77 
 

[133] PubChem, ‘Melamine’. Accessed: Nov. 11, 2025. [Online]. Available: 
https://pubchem.ncbi.nlm.nih.gov/compound/7955 

[134] R. P. Padappayil and J. Borger, ‘Ammonia Toxicity’, in StatPearls, Treasure Island 
(FL): StatPearls Publishing, 2025. Accessed: Nov. 11, 2025. [Online]. Available: 
http://www.ncbi.nlm.nih.gov/books/NBK546677/ 

[135] J. Qu et al., ‘KOH-activated porous biochar with high specific surface area for 
adsorptive removal of chromium (VI) and naphthalene from water: Affecting factors, 
mechanisms and reusability exploration’, J. Hazard. Mater., vol. 401, p. 123292, Jan. 2021, 
doi: 10.1016/j.jhazmat.2020.123292. 

[136] J. Deng, M. Li, and Y. Wang, ‘Biomass-derived carbon: synthesis and applications in 
energy storage and conversion’, Green Chem., vol. 18, no. 18, p. 4824, Sep. 2016, doi: 
10.1039/C6GC01172A. 

[137] W. Chen et al., ‘Insight into KOH activation mechanism during biomass pyrolysis: 
Chemical reactions between O-containing groups and KOH’, Appl. Energy, vol. 278, p. 
115730, Nov. 2020, doi: 10.1016/j.apenergy.2020.115730. 

[138] Q. Li et al., ‘Preparation of biomass-derived porous carbons by a facile method and 
application to CO2 adsorption’, J. Taiwan Inst. Chem. Eng., vol. 116, pp. 128–136, Nov. 
2020, doi: 10.1016/j.jtice.2020.11.001. 

[139] N. Kaya and Z. Y. Uzun, ‘Investigation of effectiveness of pine cone biochar 
activated with KOH for methyl orange adsorption and CO2 capture’, Biomass Convers. 
Biorefinery, vol. 11, no. 3, pp. 1067–1083, Jun. 2021, doi: 10.1007/s13399-020-01063-8. 

[140] P. Gao et al., ‘Preparation of ZnCl2-Activated Magnetic Biochar and Its Performance 
in Removing Hexavalent Chromium from Water’, Nanomaterials, vol. 15, no. 20, p. 1586, 
Jan. 2025, doi: 10.3390/nano15201586. 

[141] C. H. Pimentel, L. Díaz-Fernández, D. Gómez-Díaz, M. S. Freire, and J. González-
Álvarez, ‘Separation of CO2 using biochar and KOH and ZnCl2 activated carbons derived 
from pine sawdust’, J. Environ. Chem. Eng., vol. 11, no. 6, p. 111378, Dec. 2023, doi: 
10.1016/j.jece.2023.111378. 

[142] T.-K.-T. Nguyen et al., ‘Phosphoric acid-activated biochar derived from sunflower 
seed husk: Selective antibiotic adsorption behavior and mechanism’, Bioresour. Technol., 
vol. 371, p. 128593, Mar. 2023, doi: 10.1016/j.biortech.2023.128593. 

[143] V.-T. Nguyen, T.-B. Nguyen, C. P. Huang, C.-W. Chen, X.-T. Bui, and C.-D. Dong, 
‘Alkaline modified biochar derived from spent coffee ground for removal of tetracycline 
from aqueous solutions’, J. Water Process Eng., vol. 40, p. 101908, Apr. 2021, doi: 
10.1016/j.jwpe.2020.101908. 

[144] P. Premchand et al., ‘Enhancing biochar production: A technical analysis of the 
combined influence of chemical activation (KOH and NaOH) and pyrolysis atmospheres 
(N2/CO2) on yields and properties of rice husk-derived biochar’, J. Environ. Manage., vol. 
370, p. 123034, Nov. 2024, doi: 10.1016/j.jenvman.2024.123034. 

[145] PubChem, ‘Potassium Hydroxide’. Accessed: Nov. 10, 2025. [Online]. Available: 
https://pubchem.ncbi.nlm.nih.gov/compound/14797 



78 
 

[146] O. Oginni, K. Singh, G. Oporto, B. Dawson-Andoh, L. McDonald, and E. Sabolsky, 
‘Effect of one-step and two-step H3PO4 activation on activated carbon characteristics’, 
Bioresour. Technol. Rep., vol. 8, p. 100307, Dec. 2019, doi: 10.1016/j.biteb.2019.100307. 

[147] Y. Qiao, S. Zhang, C. Quan, N. Gao, C. Johnston, and C. Wu, ‘One-pot synthesis of 
digestate-derived biochar for carbon dioxide capture’, Fuel, vol. 279, p. 118525, Nov. 2020, 
doi: 10.1016/j.fuel.2020.118525. 

[148] Y. Li, D. Li, Y. Rao, X. Zhao, and M. Wu, ‘Superior CO2, CH4, and H2 uptakes over 
ultrahigh-surface-area carbon spheres prepared from sustainable biomass-derived char by 
CO2 activation’, Carbon, vol. 105, pp. 454–462, Aug. 2016, doi: 
10.1016/j.carbon.2016.04.036. 

[149] Z. Sun, L. Dai, P. Lai, F. Shen, F. Shen, and W. Zhu, ‘Air oxidation in surface 
engineering of biochar-based materials: a critical review’, Carbon Res., vol. 1, no. 1, p. 32, 
Dec. 2022, doi: 10.1007/s44246-022-00031-3. 

[150] X. Zhu, C. Li, J. Li, B. Xie, J. Lü, and Y. Li, ‘Thermal treatment of biochar in the 
air/nitrogen atmosphere for developed mesoporosity and enhanced adsorption to 
tetracycline’, Bioresour. Technol., vol. 263, pp. 475–482, Sep. 2018, doi: 
10.1016/j.biortech.2018.05.041. 

[151] P. D. Dissanayake et al., ‘Biochar-based adsorbents for carbon dioxide capture: A 
critical review’, Renew. Sustain. Energy Rev., vol. 119, p. 109582, Mar. 2020, doi: 
10.1016/j.rser.2019.109582. 

[152] M. Fan, W. Marshall, D. Daugaard, and R. C. Brown, ‘Steam activation of chars 
produced from oat hulls and corn stover’, Bioresour. Technol., vol. 93, no. 1, pp. 103–107, 
May 2004, doi: 10.1016/j.biortech.2003.08.016. 

[153] J. Hunt, A. Ferrari, A. Lita, M. Crosswhite, B. Ashley, and A. E. Stiegman, 
‘Microwave-Specific Enhancement of the Carbon–Carbon Dioxide (Boudouard) Reaction’, J. 
Phys. Chem. C, vol. 117, no. 51, pp. 26871–26880, Dec. 2013, doi: 10.1021/jp4076965. 

[154] N. A. Rashidi and S. Yusup, ‘An overview of activated carbons utilization for the 
post-combustion carbon dioxide capture’, J. CO2 Util., vol. 13, pp. 1–16, Mar. 2016, doi: 
10.1016/j.jcou.2015.11.002. 

[155] J. Pallarés, A. González-Cencerrado, and I. Arauzo, ‘Production and characterization 
of activated carbon from barley straw by physical activation with carbon dioxide and 
steam’, Biomass Bioenergy, vol. 115, pp. 64–73, Aug. 2018, doi: 
10.1016/j.biombioe.2018.04.015. 

[156] Z. Xiong, Z. Shihong, Y. Haiping, S. Tao, C. Yingquan, and C. Hanping, ‘Influence of 
NH3/CO2 Modification on the Characteristic of Biochar and the CO2 Capture’, BioEnergy 
Res., vol. 6, no. 4, pp. 1147–1153, Dec. 2013, doi: 10.1007/s12155-013-9304-9. 

[157] A. Cardarelli, C. Fabiani, E. Fanelli, L. Foschi, A. L. Pisello, and M. Barbanera, 
‘Consequential life cycle assessment of activated hydrochar-enhanced cement plaster from 
municipal waste’, J. Environ. Manage., vol. 401, p. 128953, Mar. 2026, doi: 
10.1016/j.jenvman.2026.128953. 



79 
 

[158] C. Ming et al., ‘Activation of cellulose with CO2 and/or H2O: Evolution of 
functionalities of the biochar and environmental impacts’, Biomass Bioenergy, vol. 174, p. 
106811, Jul. 2023, doi: 10.1016/j.biombioe.2023.106811. 

[159] M. G. Koutchouo et al., ‘From coconut shell to functional carbon: A review of 
thermochemical production, activation, and sustainability assessment of biochar’, J. 
Environ. Chem. Eng., vol. 14, no. 3, p. 122706, Jun. 2026, doi: 10.1016/j.jece.2026.122706. 

[160] N. Li et al., ‘Life Cycle Sustainability Assessment of Activated Carbon Production 
Technologies in China: Comparative Analysis of Coal-Derived versus Biomass-Derived 
Pathways’, ACS Sustain. Chem. Eng., vol. 13, no. 27, pp. 10715–10728, Jul. 2025, doi: 
10.1021/acssuschemeng.5c04447. 

[161] M. Zhang, C. He, E. Shi, S. Bei, Z. Zhao, and Y. Zhao, ‘Comparative life-cycle 
assessment for producing activated carbon from corn stover’, Ind. Crops Prod., vol. 231, p. 
121176, Sep. 2025, doi: 10.1016/j.indcrop.2025.121176. 

[162] A. Sarwar et al., ‘Synthesis and characterization of biomass-derived surface-
modified activated carbon for enhanced CO2 adsorption’, J. CO2 Util., vol. 46, p. 101476, 
Apr. 2021, doi: 10.1016/j.jcou.2021.101476. 

[163] S. Balou, S. E. Babak, and A. Priye, ‘Synergistic Effect of Nitrogen Doping and Ultra-
Microporosity on the Performance of Biomass and Microalgae-Derived Activated Carbons 
for CO2 Capture’, ACS Appl. Mater. Interfaces, vol. 12, no. 38, pp. 42711–42722, Sep. 2020, 
doi: 10.1021/acsami.0c10218. 

[164] H. M. Coromina, D. A. Walsh, and R. Mokaya, ‘Biomass-derived activated carbon 
with simultaneously enhanced CO2 uptake for both pre and post combustion capture 
applications’, J. Mater. Chem. A, vol. 4, no. 1, pp. 280–289, Dec. 2015, doi: 
10.1039/C5TA09202G. 

[165] V. Gargiulo, A. Gomis-Berenguer, P. Giudicianni, C. O. Ania, R. Ragucci, and M. Alfè, 
‘Assessing the Potential of Biochars Prepared by Steam-Assisted Slow Pyrolysis for CO2 
Adsorption and Separation’, Energy Fuels, vol. 32, no. 10, pp. 10218–10227, Oct. 2018, doi: 
10.1021/acs.energyfuels.8b01058. 

[166] W. Hao et al., ‘High-Performance Magnetic Activated Carbon from Solid Waste 
from Lignin Conversion Processes. 1. Their Use As Adsorbents for CO2’, ACS Sustain. Chem. 
Eng., vol. 5, no. 4, pp. 3087–3095, Apr. 2017, doi: 10.1021/acssuschemeng.6b02795. 

[167] J. Xu, J. Shi, H. Cui, N. Yan, and Y. Liu, ‘Preparation of nitrogen doped carbon from 
tree leaves as efficient CO2 adsorbent’, Chem. Phys. Lett., vol. 711, pp. 107–112, Nov. 2018, 
doi: 10.1016/j.cplett.2018.09.038. 

[168] R. Wang, P. Wang, X. Yan, J. Lang, C. Peng, and Q. Xue, ‘Promising Porous Carbon 
Derived from Celtuce Leaves with Outstanding Supercapacitance and CO2 Capture 
Performance’, ACS Appl. Mater. Interfaces, vol. 4, no. 11, pp. 5800–5806, Nov. 2012, doi: 
10.1021/am302077c. 

[169] Z. Tang et al., ‘Ultra-microporous biochar-based carbon adsorbents by a facile 
chemical activation strategy for high-performance CO2 adsorption’, Fuel Process. Technol., 
vol. 241, p. 107613, Mar. 2023, doi: 10.1016/j.fuproc.2022.107613. 



80 
 

[170] C. W. Kwon, S. Tae, and S. Mandal, ‘Comparative Analysis of CO2 Adsorption 
Performance of Bamboo and Orange Peel Biochars’, Molecules, vol. 30, no. 7, p. 1607, Jan. 
2025, doi: 10.3390/molecules30071607. 

[171] K. R. Deepak, S. Mohan, P. Dinesha, and R. Balasubramanian, ‘CO2 uptake by 
activated hydrochar derived from orange peel (Citrus reticulata): Influence of carbonization 
temperature’, J. Environ. Manage., vol. 342, p. 118350, Sep. 2023, doi: 
10.1016/j.jenvman.2023.118350. 

[172] J. J. Manyà, B. González, M. Azuara, and G. Arner, ‘Ultra-microporous adsorbents 
prepared from vine shoots-derived biochar with high CO2 uptake and CO2/N2 selectivity’, 
Chem. Eng. J., vol. 345, pp. 631–639, Aug. 2018, doi: 10.1016/j.cej.2018.01.092. 

[173] J. Serafin, U. Narkiewicz, A. W. Morawski, R. J. Wróbel, and B. Michalkiewicz, ‘Highly 
microporous activated carbons from biomass for CO2 capture and effective micropores at 
different conditions’, J. CO2 Util., vol. 18, pp. 73–79, Mar. 2017, doi: 
10.1016/j.jcou.2017.01.006. 

[174] X. Zhang et al., ‘Preparation of nitrogen-doped microporous modified biochar by 
high temperature CO2–NH3 treatment for CO2 adsorption: effects of temperature’, RSC 
Adv., vol. 6, no. 100, pp. 98157–98166, Oct. 2016, doi: 10.1039/C6RA23748G. 

[175] Q. Ma, W. Chen, Z. Jin, L. Chen, Q. Zhou, and X. Jiang, ‘One-step synthesis of 
microporous nitrogen-doped biochar for efficient removal of CO2 and H2S’, Fuel, vol. 289, 
p. 119932, Apr. 2021, doi: 10.1016/j.fuel.2020.119932. 

[176] S. D. Sarkar, D. Mukherjee, and D. Kuila, ‘CO2 capture using activated carbon 
derived from avocado seeds and sawdust: A comparative study on adsorption performance 
and surface properties’, J. Environ. Chem. Eng., vol. 13, no. 5, p. 117643, Oct. 2025, doi: 
10.1016/j.jece.2025.117643. 

[177] T. Taher, S. Maulana, N. Mawaddah, A. Munandar, A. Rianjanu, and A. Lesbani, 
‘Low-temperature hydrothermal carbonization of activated carbon microsphere derived 
from microcrystalline cellulose as carbon dioxide (CO2) adsorbent’, Mater. Today Sustain., 
vol. 23, p. 100464, Sep. 2023, doi: 10.1016/j.mtsust.2023.100464. 

[178] A. E. Ogungbenro, D. V. Quang, K. A. Al-Ali, L. F. Vega, and M. R. M. Abu-Zahra, 
‘Physical synthesis and characterization of activated carbon from date seeds for CO2 
capture’, J. Environ. Chem. Eng., vol. 6, no. 4, pp. 4245–4252, Aug. 2018, doi: 
10.1016/j.jece.2018.06.030. 

[179] L. Yue et al., ‘CO2 adsorption at nitrogen-doped carbons prepared by K2CO3 
activation of urea-modified coconut shell’, J. Colloid Interface Sci., vol. 511, pp. 259–267, 
Feb. 2018, doi: 10.1016/j.jcis.2017.09.040. 

[180] S. Kordoghli, E. Fassatoui, J. F. Largeau, and B. Khiari, ‘Slow pyrolysis of orange peels 
blended with agro-food wastes: characterization of the biochars for environmental 
applications’, Comptes Rendus Chim., vol. 26, no. S1, pp. 37–51, 2023, doi: 
10.5802/crchim.240. 

[181] A. G. Adeniyi, K. O. Iwuozor, E. C. Emenike, S. Ogunniyi, M. A. Amoloye, and P. A. 
Sagboye, ‘One-step chemical activation for the production of engineered orange peel 
biochar’, Emergent Mater., vol. 6, no. 1, pp. 211–221, Feb. 2023, doi: 10.1007/s42247-022-
00442-3. 



81 
 

[182] B. Wang, X. Wu, Y. Yu, N. Wang, and Z. Zhou, ‘Simultaneously tuning the 
hierarchical porous structure and graphitization degree of biomass derived carbon for 
supercapacitors’, Electrochimica Acta, vol. 432, p. 141219, Nov. 2022, doi: 
10.1016/j.electacta.2022.141219. 

[183] L. Kumar et al., ‘Systematic studies on the effect of structural modification of 
orange peel for remediation of phenol contaminated water’, Water Environ. Res., vol. 95, 
no. 5, p. e10872, 2023, doi: 10.1002/wer.10872. 

[184] F. Rizzioli, V. Benedetti, F. Patuzzi, M. Baratieri, D. Bolzonella, and F. Battista, 
‘Valorization of orange peels in a biorefinery loop: recovery of limonene and production of 
volatile fatty acids and activated carbon’, Biomass Convers. Biorefinery, pp. 9793–9803, Jan. 
2023, doi: 10.1007/s13399-023-03738-4. 

[185] A. Pandiarajan, R. Kamaraj, S. Vasudevan, and S. Vasudevan, ‘OPAC (orange peel 
activated carbon) derived from waste orange peel for the adsorption of 
chlorophenoxyacetic acid herbicides from water: Adsorption isotherm, kinetic modelling 
and thermodynamic studies’, Bioresour. Technol., vol. 261, pp. 329–341, Aug. 2018, doi: 
10.1016/j.biortech.2018.04.005. 

[186] A. Gunay Gurer, K. Aktas, M. Ozkaleli Akcetin, A. Erdem Unsar, and M. Asilturk, 
‘Adsorption Isotherms, Thermodynamics, and Kinetic Modeling of Methylene Blue onto 
Novel Carbonaceous Adsorbent Derived from Bitter Orange Peels’, Water. Air. Soil Pollut., 
vol. 232, no. 4, p. 138, Apr. 2021, doi: 10.1007/s11270-021-05090-7. 

[187] D. Ramutshatsha-Makhwedzha, A. Mavhungu, M. L. Moropeng, and R. Mbaya, 
‘Activated carbon derived from waste orange and lemon peels for the adsorption of methyl 
orange and methylene blue dyes from wastewater’, Heliyon, vol. 8, no. 8, p. e09930, Aug. 
2022, doi: 10.1016/j.heliyon.2022.e09930. 

[188] K. Y. Foo and B. H. Hameed, ‘Preparation, characterization and evaluation of 
adsorptive properties of orange peel based activated carbon via microwave induced K2CO3 
activation’, Bioresour. Technol., vol. 104, pp. 679–686, Jan. 2012, doi: 
10.1016/j.biortech.2011.10.005. 

[189] Z. Hua, Y. Pan, and Q. Hong, ‘Adsorption of Congo red dye in water by orange peel 
biochar modified with CTAB’, RSC Adv., vol. 13, no. 18, p. 12502, 2023, doi: 
10.1039/D3RA01444D. 

[190] S. Zhengfeng, C. Ming, W. Geming, D. Quanrong, W. Shenggao, and G. Yuan, 

‘Synthesis, characterization and removal performance of Cr (Ⅵ) by orange peel-based 
activated porous biochar from water’, Chem. Eng. Res. Des., vol. 193, pp. 1–12, May 2023, 
doi: 10.1016/j.cherd.2023.03.011. 

[191] G. Kataya et al., ‘Dynamic removal of methylene blue and methyl orange from 
water using biochar derived from kitchen waste’, Sci. Rep., vol. 15, no. 1, p. 29907, Aug. 
2025, doi: 10.1038/s41598-025-14133-6. 

[192] D. Najdi et al., ‘Orange and Potato Peels derived Biochars: Production, 
Characterization and Potential Applications’, in 2020 11th International Renewable Energy 
Congress (IREC), Oct. 2020, pp. 1–4. doi: 10.1109/IREC48820.2020.9310405. 

[193] S. Giraldo, I. Robles, L. A. Godínez, N. Acelas, and E. Flórez, ‘Experimental and 
Theoretical Insights on Methylene Blue Removal from Wastewater Using an Adsorbent 



82 
 

Obtained from the Residues of the Orange Industry’, Molecules, vol. 26, no. 15, p. 4555, 
Jan. 2021, doi: 10.3390/molecules26154555. 

[194] J. Xiao, Y. Zhang, T. C. Zhang, Y. Wang, and S. Yuan, ‘Cu3BTC2 MOF-impregnated 
boron-doped biochar derived from orange peels for enhanced NH3 capture’, Appl. Surf. Sci., 
vol. 635, p. 157735, Oct. 2023, doi: 10.1016/j.apsusc.2023.157735. 

[195] A. G. Adeniyi, J. O. Ighalo, and D. V. Onifade, ‘Biochar from the Thermochemical 
Conversion of Orange (Citrus sinensis) Peel and Albedo: Product Quality and Potential 
Applications’, Chem. Afr., vol. 3, no. 2, pp. 439–448, Jun. 2020, doi: 10.1007/s42250-020-
00119-6. 

[196] A. Tanveer et al., ‘Valorization of orange peel via slow pyrolysis: Effect of particle 
size on biochar characteristics for wastewater remediation’, Results Eng., vol. 27, p. 106612, 
Sep. 2025, doi: 10.1016/j.rineng.2025.106612. 

[197] L. Kumar, I. G. Hakeem, M. Yadav, K. Shah, and V. Ezhilselvi, ‘Adsorption of 
Aminophenol from Aqueous Solution Using KOH Pretreated Biochar Derived from Orange 
Peel Pyrolysis: Optimization, Kinetics, and Isotherm study’, Environ. Process., vol. 12, no. 2, 
p. 36, May 2025, doi: 10.1007/s40710-025-00775-1. 

[198] H. Park, J. Kim, Y.-G. Lee, and K. Chon, ‘Enhanced Adsorptive Removal of Dyes Using 
Mandarin Peel Biochars via Chemical Activation with NH4Cl and ZnCl2’, Water, vol. 13, no. 
11, p. 1495, Jan. 2021, doi: 10.3390/w13111495. 

[199] S. Said, M. F. Hassan, and S. Mikhail, ‘Orange peel derived biochar activated 
thermochemically by H3PO4 to serve as an efficient demetallization adsorbent for nickel 
and vanadyl tetraphenyl porphyrins from Egyptian residual fuel oil: Kinetic and isotherm 
studies’, Diam. Relat. Mater., vol. 159, p. 112805, Nov. 2025, doi: 
10.1016/j.diamond.2025.112805. 

[200] L. Kumar, I. G. Hakeem, E. Varathan, and K. Shah, ‘Adsorption of Phenol from 
Aqueous Solution using Activated Char Synthesized by One-Step and Two-Step KOH 
Activation and Pyrolysis of Orange Peel’, Water. Air. Soil Pollut., vol. 236, no. 12, p. 803, 
Aug. 2025, doi: 10.1007/s11270-025-08431-y. 

[201] S. Mireles, J. Parsons, T. Trad, C.-L. Cheng, and J. Kang, ‘Lead removal from aqueous 
solutions using biochars derived from corn stover, orange peel, and pistachio shell’, Int. J. 
Environ. Sci. Technol., vol. 16, no. 10, pp. 5817–5826, Oct. 2019, doi: 10.1007/s13762-018-
02191-5. 

[202] U. K. Sahu, S. Tripathy, H. S. Mohanty, and P. Kar, ‘Effective adsorption of Cr(VI) 
from aqueous solution by Mg-Fe LDH supported on orange peel activated carbon: isotherm, 
kinetic, thermodynamics and mechanism studies’, Int. J. Phytoremediation, vol. 27, no. 4, 
pp. 534–547, Mar. 2025, doi: 10.1080/15226514.2024.2427388. 

[203] M. T. Amin, A. A. Alazba, and M. Shafiq, ‘Comparative study for adsorption of 
methylene blue dye on biochar derived from orange peel and banana biomass in aqueous 
solutions’, Environ. Monit. Assess., vol. 191, no. 12, p. 735, Nov. 2019, doi: 10.1007/s10661-
019-7915-0. 

[204] M. D. da Silva et al., ‘Citrus fruit residues as alternative precursors to developing 
H2O and CO2 activated carbons and its application for Cu(II) adsorption’, Environ. Sci. 
Pollut. Res., vol. 30, no. 23, pp. 63661–63677, May 2023, doi: 10.1007/s11356-023-26860-2. 



83 
 

[205] W. Zhang et al., ‘Sorbent Properties of Orange Peel-Based Biochar for Different 
Pollutants in Water’, Processes, vol. 10, no. 5, p. 856, May 2022, doi: 10.3390/pr10050856. 

[206] M. E. Ergun, F. Koyuncu, A. Istek, İ. Özlüsoylu, Ş. Bülbül, and A. Kılıç-Pekgözlü, 
‘Utilization of orange peel waste for activated carbon production and its application in 
particleboard for formaldehyde emission reduction’, Biofuels Bioprod. Biorefining, vol. 19, 
no. 3, pp. 690–704, 2025, doi: 10.1002/bbb.2727. 

[207] S. Kukowska, P. Nowicki, and K. Szewczuk-Karpisz, ‘Valorization of orange peels 
through the production of eco-friendly, highly effective adsorbents for herbicides based on 
one-step CO₂-activation under conventional/microwave heating’, Food Bioprod. Process., 
vol. 153, pp. 145–160, Sep. 2025, doi: 10.1016/j.fbp.2025.06.008. 

[208] Z. Zhang et al., ‘Upcycling biomass into hierarchical N-doped carbons for fast and 
stable water deionization’, Ind. Crops Prod., vol. 235, p. 121665, Nov. 2025, doi: 
10.1016/j.indcrop.2025.121665. 

[209] G. Mwalusambo et al., ‘Ammonium removal from water using flow capacitive 
deionization with MgO-modified biochar derived from orange peels’, Desalination, vol. 615, 
p. 119312, Nov. 2025, doi: 10.1016/j.desal.2025.119312. 

[210] A. S. El-Shafie, E. Rahman, Y. GadelHak, R. Mahmoud, and M. El-Azazy, ‘Techno-
economic assessment of waste mandarin biochar as a green adsorbent for binary dye 
wastewater effluents of methylene blue and basic fuchsin: Lab- and large-scale 
investigations’, Spectrochim. Acta. A. Mol. Biomol. Spectrosc., vol. 306, p. 123621, Feb. 
2024, doi: 10.1016/j.saa.2023.123621. 

[211] C. Son, W. An, G. Lee, I. Jeong, Y.-G. Lee, and K. Chon, ‘Adsorption Characteristics of 
Phosphate Ions by Pristine, CaCl2 and FeCl3-Activated Biochars Originated from Tangerine 
Peels’, Separations, vol. 8, no. 3, Mar. 2021, doi: 10.3390/separations8030032. 

[212] D. H. Nguyen, H. N. Tran, H.-P. Chao, and C.-C. Lin, ‘Effect of nitric acid oxidation on 
the surface of hydrochars to sorb methylene blue: An adsorption mechanism comparison’, 
Adsorpt. Sci. Technol., vol. 37, no. 7–8, pp. 607–622, Oct. 2019, doi: 
10.1177/0263617419867519. 

[213] M. E. Fernandez, B. Ledesma, S. Román, P. R. Bonelli, and A. L. Cukierman, 
‘Development and characterization of activated hydrochars from orange peels as potential 
adsorbents for emerging organic contaminants’, Bioresour. Technol., vol. 183, pp. 221–228, 
May 2015, doi: 10.1016/j.biortech.2015.02.035. 

[214] K. Xiao, H. Liu, Y. Li, G. Yang, Y. Wang, and H. Yao, ‘Excellent performance of porous 
carbon from urea-assisted hydrochar of orange peel for toluene and iodine adsorption’, 
Chem. Eng. J., vol. 382, p. 122997, Feb. 2020, doi: 10.1016/j.cej.2019.122997. 

[215] D. Kalderis, G. Papameletiou, and B. Kayan, ‘Assessment of Orange Peel Hydrochar 
as a Soil Amendment: Impact on Clay Soil Physical Properties and Potential Phytotoxicity’, 
Waste Biomass Valorization, vol. 10, no. 11, pp. 3471–3484, Nov. 2019, doi: 
10.1007/s12649-018-0364-0. 

[216] O. A. Mawlid et al., ‘Clean approach for catalytic biodiesel production from waste 
frying oil utilizing K2CO3/Orange peel derived hydrochar via RSM Optimization.’, J. Clean. 
Prod., vol. 442, p. 140947, Feb. 2024, doi: 10.1016/j.jclepro.2024.140947. 



84 
 

[217] N. Hamad, A. A. Galhoum, A. Saad, and S. Wageh, ‘Efficient catalytic reduction of 
methylene blue and p-Nitrophenol by CuNP/hydrochar nanocomposites synthesized from 
organic peel waste’, Sci. Rep., vol. 15, no. 1, p. 24996, Jul. 2025, doi: 10.1038/s41598-025-
08360-0. 

[218] K. S. da Silva et al., ‘Sustainable Hydrochar from Orange Peel and Bagasse: A Wet 
Pyrolysis Approach for Efficient Fe2+ and Mn2+ Removal from Water Using a Factorial 
Design’, Processes, vol. 13, no. 7, p. 2040, Jul. 2025, doi: 10.3390/pr13072040. 

[219] F. Veltri et al., ‘Porous Carbon Materials Obtained by the Hydrothermal 
Carbonization of Orange Juice’, Nanomaterials, vol. 10, no. 4, p. 655, Apr. 2020, doi: 
10.3390/nano10040655. 

[220] A. Madhusudhan et al., ‘A comparative study of different activation methods for 
hydrochar: surface properties and removal of pharmaceutical pollutant in water’, Environ. 
Sci. Pollut. Res., vol. 32, no. 30, pp. 18107–18120, Jun. 2025, doi: 10.1007/s11356-025-
36706-8. 

[221] N. Saha, M. Volpe, L. Fiori, R. Volpe, A. Messineo, and M. T. Reza, ‘Cationic Dye 
Adsorption on Hydrochars of Winery and Citrus Juice Industries Residues: Performance, 
Mechanism, and Thermodynamics’, Energies, vol. 13, no. 18, Art. no. 18, Jan. 2020, doi: 
10.3390/en13184686. 

[222] F. N. Çatlıoğlu et al., ‘Fe-modified hydrochar from orange peel as adsorbent of food 
colorant Brilliant Black: process optimization and kinetic studies’, Int. J. Environ. Sci. 
Technol., vol. 17, no. 4, pp. 1975–1990, Apr. 2020, doi: 10.1007/s13762-019-02593-z. 

[223] K. Xiao et al., ‘Correlations between hydrochar properties and chemical constitution 
of orange peel waste during hydrothermal carbonization’, Bioresour. Technol., vol. 265, pp. 
432–436, Oct. 2018, doi: 10.1016/j.biortech.2018.06.014. 

[224] H. N. Tran, S.-J. You, and H.-P. Chao, ‘Insight into adsorption mechanism of cationic 
dye onto agricultural residues-derived hydrochars: Negligible role of π-π interaction’, 
Korean J. Chem. Eng., vol. 34, no. 6, pp. 1708–1720, Jun. 2017, doi: 10.1007/s11814-017-
0056-7. 

[225] J. L. Diaz De Tuesta et al., ‘Performance and modeling of Ni(II) adsorption from low 
concentrated wastewater on carbon microspheres prepared from tangerine peels by FeCl3-
assisted hydrothermal carbonization’, J. Environ. Chem. Eng., vol. 10, no. 5, p. 108143, Oct. 
2022, doi: 10.1016/j.jece.2022.108143. 

[226] A. M. Alsawadi, R. Marsh, J. M. Steer, and D. Morgan, ‘A study of the mechanisms 
associated with CO2 utilisation via the reverse Boudouard reaction’, Fuel, vol. 381, p. 
133448, Feb. 2025, doi: 10.1016/j.fuel.2024.133448. 

[227] ‘Ceramic Specific Heat Capacity. Thermal Energy Storage Properties’. Accessed: Jul. 
08, 2026. [Online]. Available: https://www.morgantechnicalceramics.com/en-gb/ceramics-
101/thermal-properties-of-ceramics/specific-heat-capacity/ 

[228] Y. Ngernyen, C. Tangsathitkulchai, and M. Tangsathitkulchai, ‘Porous properties of 
activated carbon produced from Eucalyptus and Wattle wood by carbon dioxide activation’, 
Korean J. Chem. Eng., vol. 23, no. 6, pp. 1046–1054, Nov. 2006, doi: 10.1007/s11814-006-
0028-9. 



85 
 

[229] N. Álvarez-Gutiérrez, M. Victoria Gil, F. Rubiera, and C. Pevida, ‘Cherry-stones-
based activated carbons as potential adsorbents for CO2/CH4 separation: effect of the 
activation parameters’, Greenh. Gases Sci. Technol., vol. 5, no. 6, pp. 812–825, 2015, doi: 
10.1002/ghg.1534. 

[230] F. R. Marín, C. Soler-Rivas, O. Benavente-García, J. Castillo, and J. A. Pérez-Alvarez, 
‘By-products from different citrus processes as a source of customized functional fibres’, 
Food Chem., vol. 100, no. 2, pp. 736–741, Jan. 2007, doi: 10.1016/j.foodchem.2005.04.040. 

[231] J. R. Ayala et al., ‘Characterization of Orange Peel Waste and Valorization to Obtain 
Reducing Sugars’, Molecules, vol. 26, no. 5, p. 1348, Mar. 2021, doi: 
10.3390/molecules26051348. 

[232] Q. Lei, S. Kannan, and V. Raghavan, ‘Uncatalyzed and acid-aided microwave 
hydrothermal carbonization of orange peel waste’, Waste Manag., vol. 126, pp. 106–118, 
May 2021, doi: 10.1016/j.wasman.2021.02.058. 

[233] B. Hosseinzaei, M. J. Hadianfard, R. Ruiz-Rosas, J. M. Rosas, J. Rodríguez-Mirasol, 
and T. Cordero, ‘Effect of heating rate and H3PO4 as catalyst on the pyrolysis of agricultural 
residues’, J. Anal. Appl. Pyrolysis, vol. 168, p. 105724, Nov. 2022, doi: 
10.1016/j.jaap.2022.105724. 

[234] E. M. de Melo, J. H. Clark, and A. S. Matharu, ‘The Hy-MASS concept: hydrothermal 
microwave assisted selective scissoring of cellulose for in situ production of (meso)porous 
nanocellulose fibrils and crystals’, Green Chem., vol. 19, no. 14, p. 3408, Jul. 2017, doi: 
10.1039/C7GC01378G. 

[235] U. S. Behera, S. Poddar, and H.-S. Byun, ‘Pyrolysis of orange peel waste to pyrofuels 
and pyrochar: optimization and techno-economic insights for industrial scale-up’, RSC 
Sustain., vol. 3, no. 12, p. 5527, Nov. 2025, doi: 10.1039/D5SU00575B. 

[236] A. Nordon, ‘DESIGN OF EXPERIMENTS II  - CH495/CH580: Multivariate Analysis’,  

[237] S. Liu et al., ‘Ultra-high adsorption of tetracycline antibiotics on garlic skin-derived 
porous biomass carbon with high surface area’, New J. Chem., vol. 44, no. 3, pp. 1097–1106, 
Jan. 2020, doi: 10.1039/C9NJ05396D. 

[238] M. Sevilla, G. A. Ferrero, N. Diez, and A. B. Fuertes, ‘One-step synthesis of ultra-high 
surface area nanoporous carbons and their application for electrochemical energy storage’, 
Carbon, vol. 131, pp. 193–200, May 2018, doi: 10.1016/j.carbon.2018.02.021. 

[239] J. Li et al., ‘N-Doped Biochar from Lignocellulosic Biomass for Preparation of 
Adsorbent: Characterization, Kinetics and Application’, Polymers, vol. 14, no. 18, Art. no. 18, 
Jan. 2022, doi: 10.3390/polym14183889. 

[240] J. Zhong, Y. Ma, S. Jiang, G. Dai, Z. Liu, and Y. Shu, ‘The adsorption affinity of N-
doped biochar plays a crucial role in peroxydisulfate activation and bisphenol A oxidative 
degradation’, Environ. Sci. Pollut. Res., vol. 29, no. 59, pp. 88630–88643, Dec. 2022, doi: 
10.1007/s11356-022-21747-0. 

[241] Z. Li, B. Xing, Y. Ding, Y. Li, and S. Wang, ‘A high-performance biochar produced 
from bamboo pyrolysis with in-situ nitrogen doping and activation for adsorption of phenol 
and methylene blue’, Chin. J. Chem. Eng., vol. 28, no. 11, pp. 2872–2880, Nov. 2020, doi: 
10.1016/j.cjche.2020.03.031. 



86 
 

[242] Y. Li, B. Xing, X. Wang, K. Wang, L. Zhu, and S. Wang, ‘Nitrogen-Doped Hierarchical 
Porous Biochar Derived from Corn Stalks for Phenol-Enhanced Adsorption’, Energy Fuels, 
vol. 33, no. 12, p. 12459−12468, Dec. 2019, doi: 10.1021/acs.energyfuels.9b02924. 

[243] B. L. Guy Laurent Zanli, W. Tang, and J. Chen, ‘N-doped and activated porous 
biochar derived from cocoa shell for removing norfloxacin from aqueous solution: 
Performance assessment and mechanism insight’, Environ. Res., vol. 214, p. 113951, Nov. 
2022, doi: 10.1016/j.envres.2022.113951. 

[244] Y. Du et al., ‘Adsorption thermodynamics of CO2 on nitrogen-doped biochar 
synthesized with moderate temperature ionic liquid’, Can. J. Chem. Eng., vol. 101, no. 4, pp. 
1772–1791, 2023, doi: 10.1002/cjce.24583. 

[245] Y. Mei, J. Xu, Y. Zhang, B. Li, S. Fan, and H. Xu, ‘Effect of Fe–N modification on the 
properties of biochars and their adsorption behavior on tetracycline removal from aqueous 
solution’, Bioresour. Technol., vol. 325, p. 124732, Apr. 2021, doi: 
10.1016/j.biortech.2021.124732. 

[246] Q. Zhou, X. Jiang, X. Li, C. Q. Jia, and W. Jiang, ‘Preparation of high-yield N-doped 
biochar from nitrogen-containing phosphate and its effective adsorption for toluene’, RSC 
Adv., vol. 8, no. 53, p. 30171, Aug. 2018, doi: 10.1039/C8RA05714A. 

[247] S. Shi, F. O. Ochedi, J. Yu, and Y. Liu, ‘Porous Biochars Derived from Microalgae 
Pyrolysis for CO2 Adsorption’, Energy Fuels, vol. 35, no. 9, pp. 7646–7656, May 2021, doi: 
10.1021/acs.energyfuels.0c04091. 

[248] S. Shahkarami, R. Azargohar, A. K. Dalai, and J. Soltan, ‘Breakthrough CO2 
adsorption in bio-based activated carbons’, J. Environ. Sci., vol. 34, pp. 68–76, Aug. 2015, 
doi: 10.1016/j.jes.2015.03.008. 

[249] K. Kiełbasa, Ş. Bayar, E. A. Varol, J. Sreńscek-Nazzal, M. Bosacka, and B. 
Michalkiewicz, ‘Thermochemical conversion of lignocellulosic biomass - olive pomace - into 
activated biocarbon for CO2 adsorption’, Ind. Crops Prod., vol. 187, p. 115416, Nov. 2022, 
doi: 10.1016/j.indcrop.2022.115416. 

[250] K. K. Kishibayev et al., ‘Physical and chemical properties of activated carbon 
synthesized from plant wastes and shungite for CO2 capture’, J. Environ. Chem. Eng., vol. 9, 
no. 6, p. 106798, Dec. 2021, doi: 10.1016/j.jece.2021.106798. 

[251] J. Li, Z. Xiong, L. Zhang, and F. Duan, ‘Interaction investigation of three forest waste 
biochars and CaO in the process of Ca-L/CARBONOx’, Fuel, vol. 337, p. 126841, Apr. 2023, 
doi: 10.1016/j.fuel.2022.126841. 

[252] A. D. Igalavithana et al., ‘Carbon dioxide capture in biochar produced from pine 
sawdust and paper mill sludge: Effect of porous structure and surface chemistry’, Sci. Total 
Environ., vol. 739, p. 139845, Oct. 2020, doi: 10.1016/j.scitotenv.2020.139845. 

[253] F. Sessa, G. Merlin, and P. Canu, ‘Pine bark valorization by activated carbons 
production to be used as VOCs adsorbents’, Fuel, vol. 318, p. 123346, Jun. 2022, doi: 
10.1016/j.fuel.2022.123346. 

[254] C. B. Peres, L. C. de Morais, and P. M. R. Resende, ‘Carbon adsorption on waste 
biomass of passion fruit peel: A promising machine learning model for CO2 capture’, J. CO2 
Util., vol. 80, p. 102680, Feb. 2024, doi: 10.1016/j.jcou.2024.102680. 



87 
 

[255] M. Sevilla, G. A. Ferrero, and A. B. Fuertes, ‘One-Pot Synthesis of Biomass-Based 
Hierarchical Porous Carbons with a Large Porosity Development’, Chem. Mater., vol. 29, no. 
16, p. 6900−6907, Aug. 2017, doi: 10.1021/acs.chemmater.7b02218. 

[256] Z. Zhao et al., ‘One-step purification of ethylene from acetylene and carbon dioxide 
by ultramicroporous carbons’, AIChE J., vol. 69, no. 6, p. e18046, 2023, doi: 
10.1002/aic.18046. 

[257] W. Cao et al., ‘Novel post-treatment of ultrasound assisting with acid washing 
enhance lignin-based biochar for CO2 capture: Adsorption performance and mechanism’, 
Chem. Eng. J., vol. 471, p. 144523, Sep. 2023, doi: 10.1016/j.cej.2023.144523. 

[258] S. Shao, Y. Wang, L. Ma, Z. Huang, and X. Li, ‘Sustainable preparation of hierarchical 
porous carbon from discarded shells of crustaceans for efficient CO2 capture’, Fuel, vol. 
355, p. 129287, Jan. 2024, doi: 10.1016/j.fuel.2023.129287. 

[259] M. Sieradzka, N. Gao, C. Quan, A. Mlonka-Mędrala, and A. Magdziarz, ‘Biomass 
Thermochemical Conversion via Pyrolysis with Integrated CO2 Capture’, Energies, vol. 13, 
no. 5, Art. no. 5, Jan. 2020, doi: 10.3390/en13051050. 

[260] Y. Ji, R. Y. Xie, C. Wu, X. Y. Liu, X. J. Zhang, and L. Jiang, ‘Cost-effective carbon-based 
amine adsorbents for carbon capture: Equilibrium, kinetics and selectivity’, J. CO2 Util., vol. 
69, Mar. 2023, doi: 10.1016/j.jcou.2023.102422. 

[261] C. Quan et al., ‘Valorization of solid digestate into activated carbon and its potential 
for CO2 capture’, J. Anal. Appl. Pyrolysis, vol. 169, p. 105874, Jan. 2023, doi: 
10.1016/j.jaap.2023.105874. 

[262] C. Moliner et al., ‘Production, Activation and CO2 Uptake Capacity of a 
Carbonaceous Microporous Material from Palm Oil Residues’, Energies, vol. 15, no. 23, Art. 
no. 23, Jan. 2022, doi: 10.3390/en15239160. 

[263] S. Ding and Y. Liu, ‘Adsorption of CO2 from flue gas by novel seaweed-based KOH-
activated porous biochars’, Fuel, vol. 260, p. 116382, Jan. 2020, doi: 
10.1016/j.fuel.2019.116382. 

[264] Z. Liu et al., ‘New strategy to prepare ultramicroporous carbon by ionic activation 
for superior CO2 capture’, Chem. Eng. J., vol. 337, pp. 290–299, Apr. 2018, doi: 
10.1016/j.cej.2017.11.184. 

[265] J. Vieillard et al., ‘Cocoa shell-deriving hydrochar modified through aminosilane 
grafting and cobalt particle dispersion as potential carbon dioxide adsorbent’, Chem. Eng. J., 
vol. 342, pp. 420–428, Jun. 2018, doi: 10.1016/j.cej.2018.02.084. 

[266] Z. Hou, Y. Tao, T. Bai, Y. Liang, S. Huang, and J. Cai, ‘Efficient Rhodamine B removal 
by N-doped hierarchical carbons obtained from KOH activation and urea-oxidation of 
glucose hydrochar’, J. Environ. Chem. Eng., vol. 9, no. 4, p. 105757, Aug. 2021, doi: 
10.1016/j.jece.2021.105757. 

[267] J. Shi, H. Cui, J. Xu, and N. Yan, ‘Carbon spheres synthesized from KHCO3 activation 
of glucose derived hydrochar with excellent CO2 capture capabilities at both low and high 
pressures’, Sep. Purif. Technol., vol. 294, p. 121193, Aug. 2022, doi: 
10.1016/j.seppur.2022.121193. 



88 
 

[268] A. I. Sultana, R. W. Cheatham, and M. T. Reza, ‘Deep eutectic solvent pretreatment 
alters surface morphology and functionality of activated hydrochar resulting in enhanced 
carbon dioxide capture’, J. CO2 Util., vol. 68, p. 102350, Feb. 2023, doi: 
10.1016/j.jcou.2022.102350. 

[269] M. Sevilla, C. Falco, M.-M. Titirici, and A. B. Fuertes, ‘High-performance CO2 
sorbents from algae’, RSC Adv., vol. 2, no. 33, pp. 12792–12797, Nov. 2012, doi: 
10.1039/C2RA22552B. 

[270] W. Sangchoom and R. Mokaya, ‘Valorization of Lignin Waste: Carbons from 
Hydrothermal Carbonization of Renewable Lignin as Superior Sorbents for CO2 and 
Hydrogen Storage’, ACS Sustain. Chem. Eng., vol. 3, no. 7, pp. 1658–1667, Jul. 2015, doi: 
10.1021/acssuschemeng.5b00351. 

[271] T. Lu et al., ‘Nitrogen and sulfur co-doped porous carbons from polyacrylonitrile 
fibers for CO2 adsorption’, J. Taiwan Inst. Chem. Eng., vol. 128, pp. 148–155, Nov. 2021, 
doi: 10.1016/j.jtice.2021.08.043. 

[272] L. Rao et al., ‘Nitrogen enriched porous carbons from d-glucose with excellent CO2 
capture performance’, Chem. Eng. J., vol. 362, pp. 794–801, Apr. 2019, doi: 
10.1016/j.cej.2019.01.093. 

[273] C. Goel, S. Mohan, P. Dinesha, and M. A. Rosen, ‘CO2 adsorption by KOH-activated 
hydrochar derived from banana peel waste’, Chem. Pap., vol. 78, no. 6, pp. 3845–3856, Apr. 
2024, doi: 10.1007/s11696-024-03355-z. 

[274] F. Jiang et al., ‘High-pressure carbon dioxide-hydrothermal enhance yield and 
methylene blue adsorption performance of banana pseudo-stem activated carbon’, 
Bioresour. Technol., vol. 354, p. 127137, Jun. 2022, doi: 10.1016/j.biortech.2022.127137. 

[275] H. Cheng et al., ‘Hierarchical porous biochars with controlled pore structures 
derived from co-pyrolysis of potassium/calcium carbonate with cotton straw for efficient 
sorption of diethyl phthalate from aqueous solution’, Bioresour. Technol., vol. 346, p. 
126604, Feb. 2022, doi: 10.1016/j.biortech.2021.126604. 

[276] X. Wang, W. Hao, and N. Hedin, ‘Colloidally dispersible activated carbons and yarn-
like colloidal assemblies of hydrochar’, JCIS Open, vol. 11, p. 100090, Oct. 2023, doi: 
10.1016/j.jciso.2023.100090. 

[277] B. Li, Y. Zhang, J. Xu, Y. Mei, S. Fan, and H. Xu, ‘Effect of carbonization methods on 
the properties of tea waste biochars and their application in tetracycline removal from 
aqueous solutions’, Chemosphere, vol. 267, p. 129283, Mar. 2021, doi: 
10.1016/j.chemosphere.2020.129283. 

[278] J. Qu et al., ‘Nitrogen-doped porous hydrochar for enhanced chromium(VI) and 
bisphenol A scavenging: Synergistic effect of chemical activation and hydrothermal doping’, 
Environ. Res., vol. 267, p. 120667, Feb. 2025, doi: 10.1016/j.envres.2024.120667. 

[279] S. Zhang, K. Sheng, Y. Liang, J. Liu, S. E, and X. Zhang, ‘Green synthesis of aluminum-
hydrochar for the selective isomerization of glucose to fructose’, Sci. Total Environ., vol. 
727, p. 138743, Jul. 2020, doi: 10.1016/j.scitotenv.2020.138743. 

[280] B. Zhang, G. Joseph, L. Wang, X. Li, and A. Shahbazi, ‘Thermophilic anaerobic 
digestion of cattail and hydrothermal carbonization of the digestate for co-production of 



89 
 

biomethane and hydrochar’, J. Environ. Sci. Health Part A, vol. 55, no. 3, pp. 230–238, Feb. 
2020, doi: 10.1080/10934529.2019.1682367. 

[281] B. Li, J. Guo, K. Lv, and J. Fan, ‘Adsorption of methylene blue and Cd(II) onto 
maleylated modified hydrochar from water’, Environ. Pollut., vol. 254, p. 113824, Nov. 
2019, doi: 10.1016/j.envpol.2019.113014. 

[282] W. Yan, H. Zhang, K. Sheng, A. M. Mustafa, and Y. Yu, ‘Evaluation of engineered 
hydrochar from KMnO4 treated bamboo residues: Physicochemical properties, hygroscopic 
dynamics, and morphology’, Bioresour. Technol., vol. 250, pp. 806–811, Feb. 2018, doi: 
10.1016/j.biortech.2017.11.052. 

[283] L. Delahaye et al., ‘Experimental and Computational Evaluation of Heavy Metal 
Cation Adsorption for Molecular Design of Hydrothermal Char’, Energies, vol. 13, no. 16, 
Art. no. 16, Jan. 2020, doi: 10.3390/en13164203. 

[284] S. Masoumi and A. K. Dalai, ‘Optimized production and characterization of highly 
porous activated carbon from algal-derived hydrochar’, J. Clean. Prod., vol. 263, p. 121427, 
Aug. 2020, doi: 10.1016/j.jclepro.2020.121427. 

[285] F. Yang, X. Liu, M. Li, C. Uguna, W. Wang, and C. Sun, ‘Polyvinyl chloride (PVC) 
derived microporous carbons prepared via hydrothermal dechlorination and potassium 
hydroxide activation for efficient CO2 capture’, Renew. Sustain. Energy Rev., vol. 180, p. 
113279, Jul. 2023, doi: 10.1016/j.rser.2023.113279. 

[286] S. Başakçılardan Kabakcı, B. Karakurt Çevik, M. N. Borand, and K. Al, ‘Hydrochar-
derived activated carbons from poplar and spruce sawdust: synthesis, characteristics and 
carbon adsorption performance’, Adsorption, vol. 30, no. 8, pp. 2083–2098, Dec. 2024, doi: 
10.1007/s10450-024-00542-y. 

[287] S. Schaefer, V. Fierro, M. T. Izquierdo, and A. Celzard, ‘Assessment of hydrogen 
storage in activated carbons produced from hydrothermally treated organic materials’, Int. 
J. Hydrog. Energy, vol. 41, no. 28, pp. 12146–12156, Jul. 2016, doi: 
10.1016/j.ijhydene.2016.05.086. 

[288] A. M. Aljumialy and R. Mokaya, ‘Porous carbons from sustainable sources and mild 
activation for targeted high-performance CO2 capture and storage’, Mater. Adv., vol. 1, no. 
9, p. 3267, Dec. 2020, doi: 10.1039/D0MA00449A. 

[289] Y. Liu et al., ‘Exploring the chemical activation effects of CsHCO3 in preparing N-
doped carbonaceous CO2 adsorbents’, Chem. Phys. Lett., vol. 826, p. 140655, Sep. 2023, 
doi: 10.1016/j.cplett.2023.140655. 

[290] J. Shi et al., ‘Nitrogen doped hierarchically porous carbon derived from glucosamine 
hydrochloride for CO2 adsorption’, J. CO2 Util., vol. 21, pp. 444–449, Oct. 2017, doi: 
10.1016/j.jcou.2017.08.010. 

[291] A. I. Sultana, C. Chambers, M. M. N. Ahmed, P. Pathirathna, and T. Reza, 
‘Multifunctional Loblolly Pine-Derived Superactivated Hydrochar: Effect of Hydrothermal 
Carbonization on Hydrogen and Electron Storage with Carbon Dioxide and Dye Removal’, 
Nanomaterials, vol. 12, no. 20, Art. no. 20, Jan. 2022, doi: 10.3390/nano12203575. 

[292] R. Huang, A. Zhong, K. Huang, Y. Yu, Y. Tang, and P. Xia, ‘Fabrication of N, O dual-
doped ultra-microporous carbon from microalgae for efficient CO2 capture via deep 



90 
 

eutectic solvent-assisted hydrothermal carbonization’, J. Environ. Chem. Eng., vol. 11, no. 6, 
p. 111474, Dec. 2023, doi: 10.1016/j.jece.2023.111474. 

[293] E. Stefanelli, S. Vitolo, N. Di Fidio, and M. Puccini, ‘Tailoring the porosity of 
chemically activated carbons derived from the HTC treatment of sewage sludge for the 
removal of pollutants from gaseous and aqueous phases’, J. Environ. Manage., vol. 345, p. 
118887, Nov. 2023, doi: 10.1016/j.jenvman.2023.118887. 

[294] H. Cui, J. Shi, J. Xu, N. Yan, and Y. Liu, ‘Direct synthesis of N, S co-doped porous 
carbons using novel organic potassium salts as activators for efficient CO2 adsorption’, Fuel, 
vol. 342, p. 127824, Jun. 2023, doi: 10.1016/j.fuel.2023.127824. 

[295] H. Cui, J. Xu, J. Shi, N. Yan, C. Zhang, and S. You, ‘Oxamic acid potassium salt as a 
novel and bifunctional activator for the preparation of N-doped carbonaceous CO2 
adsorbents’, J. CO2 Util., vol. 64, p. 102198, Oct. 2022, doi: 10.1016/j.jcou.2022.102198. 

[296] C. Rodriguez Correa, M. Bernardo, R. P. P. L. Ribeiro, I. A. A. C. Esteves, and A. 
Kruse, ‘Evaluation of hydrothermal carbonization as a preliminary step for the production 
of functional materials from biogas digestate’, J. Anal. Appl. Pyrolysis, vol. 124, pp. 461–474, 
Mar. 2017, doi: 10.1016/j.jaap.2017.02.014. 

[297] N. A. Zubbri, A. R. Mohamed, P. Lahijani, and M. Mohammadi, ‘Low temperature 
CO2 capture on biomass-derived KOH-activated hydrochar established through 
hydrothermal carbonization with water-soaking pre-treatment’, J. Environ. Chem. Eng., vol. 
9, no. 2, p. 105074, Apr. 2021, doi: 10.1016/j.jece.2021.105074. 

[298] S. Zhou et al., ‘Low-temperature synthesized hierarchical porous carbon from waste 
hydrochar with super capacity for dye adsorption’, Biomass Bioenergy, vol. 177, p. 106938, 
Oct. 2023, doi: 10.1016/j.biombioe.2023.106938. 

[299] E. Diaz, F. J. Manzano, J. Villamil, J. J. Rodriguez, and A. F. Mohedano, ‘Low-Cost 
Activated Grape Seed-Derived Hydrochar through Hydrothermal Carbonization and 
Chemical Activation for Sulfamethoxazole Adsorption’, Appl. Sci., vol. 9, no. 23, Art. no. 23, 
Jan. 2019, doi: 10.3390/app9235127. 

[300] M. E. Casco, V. Moreno, M. Duarte, K. Sapag, and A. Cuña, ‘Valorization of Primary 
Sludge and Biosludge from the Pulp Mill Industry in Uruguay Through Hydrothermal 
Carbonization’, Waste Biomass Valorization, vol. 14, no. 11, pp. 3893–3907, Nov. 2023, doi: 
10.1007/s12649-023-02105-8. 

[301] Y. Qu, L. Xu, Y. Chen, S. Sun, Y. Wang, and L. Guo, ‘Efficient toluene 
adsorption/desorption on biochar derived from in situ acid-treated sugarcane bagasse’, 
Environ. Sci. Pollut. Res., vol. 28, no. 44, pp. 62616–62627, Nov. 2021, doi: 10.1007/s11356-
021-15128-2. 

[302] X. Wang et al., ‘Achieving multi-cycle regeneration of activated carbon and Cr(VI) 
removal over a wide pH range by hydrothermal converting quinonimine dye into 
difunctional pyrrolic-N: Implication for carbon capture in printing and dyeing wastewater 
treatment’, Chem. Eng. J., vol. 459, p. 141646, Mar. 2023, doi: 10.1016/j.cej.2023.141646. 

[303] R. C. de Andrade, R. S. G. Menezes, R. A. Fiuza-Jr, and H. M. C. Andrade, ‘Activated 
carbon microspheres derived from hydrothermally treated mango seed shells for acetone 
vapor removal’, Carbon Lett., vol. 31, no. 4, pp. 779–793, Aug. 2021, doi: 10.1007/s42823-
020-00184-4. 



91 
 

[304] Z. Z. Chowdhury, S. B. A. Hamid, M. M. Rahman, and R. F. Rafique, ‘Catalytic 
activation and application of micro-spherical carbon derived from hydrothermal 
carbonization of lignocellulosic biomass: statistical analysis using Box–Behnken design’, RSC 
Adv., vol. 6, no. 104, pp. 102680–102694, Oct. 2016, doi: 10.1039/C5RA26189A. 

[305] F. Liu et al., ‘Alkaline KMnO4 solution pretreat hydrochar to prepare high ultra-
micropore volume carbon for CH4 enrichment from low-concentration coalbed methane’, 
Fuel, vol. 303, p. 121301, Nov. 2021, doi: 10.1016/j.fuel.2021.121301. 

[306] A. S. Mestre, C. Freire, J. Pires, A. P. Carvalho, and M. L. Pinto, ‘High performance 
microspherical activated carbons for methane storage and landfill gas or biogas upgrade’, J. 
Mater. Chem. A, vol. 2, no. 37, p. 15337, Aug. 2014, doi: 10.1039/C4TA03242J. 

[307] M. Salimi, S. Balou, K. Kohansal, K. Babaei, A. Tavasoli, and M. Andache, ‘Optimizing 
the Preparation of Meso- and Microporous Canola Stalk-Derived Hydrothermal Carbon via 
Response Surface Methodology for Methylene Blue Removal’, Energy Fuels, vol. 31, no. 11, 
pp. 12327–12338, Nov. 2017, doi: 10.1021/acs.energyfuels.7b02440. 

[308] M. Bernardo et al., ‘Porous carbons derived from hydrothermally treated biogas 
digestate’, Waste Manag., vol. 105, pp. 170–179, Mar. 2020, doi: 
10.1016/j.wasman.2020.02.011. 

[309] C. W. Purnomo, D. Castello, and L. Fiori, ‘Granular Activated Carbon from Grape 
Seeds Hydrothermal Char’, Appl. Sci., vol. 8, no. 3, Art. no. 3, Mar. 2018, doi: 
10.3390/app8030331. 

[310] Z. Wang et al., ‘Nitrogen-doped porous carbons with high performance for 
hydrogen storage’, Int. J. Hydrog. Energy, vol. 41, no. 20, pp. 8489–8497, Jun. 2016, doi: 
10.1016/j.ijhydene.2016.03.023. 

[311] N. M. Musyoka, B. K. Mutuma, and N. Manyala, ‘Onion-derived activated carbons 
with enhanced surface area for improved hydrogen storage and electrochemical energy 
application’, RSC Adv., vol. 10, no. 45, pp. 26928–26936, Jul. 2020, doi: 
10.1039/D0RA04556J. 

[312] M. Sevilla and A. B. Fuertes, ‘A Green Approach to High-Performance 
Supercapacitor Electrodes: The Chemical Activation of Hydrochar with Potassium 
Bicarbonate’, ChemSusChem, vol. 9, no. 14, pp. 1880–1888, 2016, doi: 
10.1002/cssc.201600426. 

[313] B. Du, Z. Yu, Y. Tian, and X. Ma, ‘Effects of baking soda on Co-hydrothermal 
carbonization of sewage sludge and Chlorella vulgaris: Improved the environmental 
friendliness of hydrochar incineration process’, J. Environ. Chem. Eng., vol. 9, no. 6, p. 
106404, Dec. 2021, doi: 10.1016/j.jece.2021.106404. 

[314] M. F. Vega, E. Díaz-Faes, and C. Barriocanal, ‘Kinetic and mechanistic study of CO2 
adsorption on activated hydrochars’, J. CO2 Util., vol. 81, p. 102716, Mar. 2024, doi: 
10.1016/j.jcou.2024.102716. 

[315] H. Cui et al., ‘Evaluation of different potassium salts as activators for hierarchically 
porous carbons and their applications in CO2 adsorption’, J. Colloid Interface Sci., vol. 583, 
pp. 40–49, Feb. 2021, doi: 10.1016/j.jcis.2020.09.022. 



92 
 

[316] H. Cui, J. Xu, J. Shi, N. Yan, C. Zhang, and S. You, ‘N, S co-doped carbon spheres 
synthesized from glucose and thiourea as efficient CO2 adsorbents’, J. Taiwan Inst. Chem. 
Eng., vol. 138, p. 104441, Sep. 2022, doi: 10.1016/j.jtice.2022.104441. 

[317] J. Wang, S. Chen, J. Xu, L. Liu, J. Zhou, and J. Cai, ‘High-surface-area porous carbons 
produced by the mild KOH activation of a chitosan hydrochar and their CO2 capture’, New 
Carbon Mater., vol. 36, no. 6, pp. 1081–1090, Dec. 2021, doi: 10.1016/S1872-
5805(21)60074-4. 

[318] J. Tan, H. Chen, Y. Gao, and H. Li, ‘Nitrogen-doped porous carbon derived from citric 
acid and urea with outstanding supercapacitance performance’, Electrochimica Acta, vol. 
178, pp. 144–152, Oct. 2015, doi: 10.1016/j.electacta.2015.08.008. 

[319] L. K. G. Bhatta, K. Venkatesh, K. N, S. K. Gundanna, and U. M. Bhatta, ‘Synthesis and 
characterization of activated carbon from Delonix regia seeds for CO2 adsorption’, Energy 
Clim. Change, vol. 2, p. 100064, Dec. 2021, doi: 10.1016/j.egycc.2021.100064. 

[320] J. Shi, H. Cui, J. Xu, N. Yan, C. Zhang, and S. You, ‘Synthesis of nitrogen and sulfur co-
doped carbons with chemical blowing method for CO2 adsorption’, Fuel, vol. 305, p. 
121505, Dec. 2021, doi: 10.1016/j.fuel.2021.121505. 

[321] N. Balahmar, A. C. Mitchell, and R. Mokaya, ‘Generalized Mechanochemical 
Synthesis of Biomass-Derived Sustainable Carbons for High Performance CO2 Storage’, Adv. 
Energy Mater., vol. 5, no. 22, p. 1500867, 2015, doi: 10.1002/aenm.201500867. 

[322] N. Z. Mohd Azmi, A. Buthiyappan, M. F. Abdul Patah, N. A. Rashidi, and A. A. Abdul 
Raman, ‘Enhancing the CO2 adsorption with dual functionalized coconut shell-hydrochar 
using Chlorella microalgae and metal oxide: Synthesis, physicochemical properties & 
mechanism evaluations’, J. Clean. Prod., vol. 463, p. 142736, Jul. 2024, doi: 
10.1016/j.jclepro.2024.142736. 

[323] J. Shi et al., ‘Synthesis of highly porous N-doped hollow carbon nanospheres with a 
combined soft template-chemical activation method for CO2 capture’, Energy, vol. 280, p. 
128172, Oct. 2023, doi: 10.1016/j.energy.2023.128172. 

[324] G. Duman, ‘Preparation of novel porous carbon from hydrothermal pretreated 
textile wastes: Effects of textile type and activation agent on structural and adsorptive 
properties’, J. Water Process Eng., vol. 43, p. 102286, Oct. 2021, doi: 
10.1016/j.jwpe.2021.102286. 

[325] R. Khoshbouy, F. Takahashi, and K. Yoshikawa, ‘Preparation of high surface area 
sludge-based activated hydrochar via hydrothermal carbonization and application in the 
removal of basic dye’, Environ. Res., vol. 175, pp. 457–467, Aug. 2019, doi: 
10.1016/j.envres.2019.04.002. 

[326] D. Licursi et al., ‘Conversion of the hydrochar recovered after levulinic acid 
production into activated carbon adsorbents’, Waste Manag., vol. 168, pp. 235–245, Aug. 
2023, doi: 10.1016/j.wasman.2023.06.012. 

[327] L. Ansone-Bertina et al., ‘Modification and activation of hydrochar obtained by the 
hydrothermal carbonisation process of invasive plant biomass’, Bioresour. Technol. Rep., 
vol. 26, p. 101863, Jun. 2024, doi: 10.1016/j.biteb.2024.101863. 



93 
 

[328] J. Serafin, M. Ouzzine, C. Xing, H. El Ouahabi, A. Kamińska, and J. Sreńscek-Nazzal, 
‘Activated carbons from the Amazonian biomass andiroba shells applied as a CO2 
adsorbent and a cheap semiconductor material’, J. CO2 Util., vol. 62, p. 102071, Aug. 2022, 
doi: 10.1016/j.jcou.2022.102071. 

[329] I. Durán, F. Rubiera, and C. Pevida, ‘Microalgae: Potential precursors of CO2 
adsorbents’, J. CO2 Util., vol. 26, pp. 454–464, Jul. 2018, doi: 10.1016/j.jcou.2018.06.001. 

[330] M.-J. Alhnidi, J. W. Straten, S. A. Nicolae, V. Hoffmann, M.-M. Titirici, and A. Kruse, 
‘Thermal treatment versus hydrothermal carbonization: How to synthesize nitrogen-
enriched carbon materials for energy storage applications?’, Int. J. Energy Res., vol. 46, no. 
2, pp. 1622–1636, 2022, doi: 10.1002/er.7275. 

[331] N. Hsini et al., ‘Activated Carbons Produced from Hydrothermally Carbonized 
Prickly Pear Seed Waste’, Sustainability, vol. 14, no. 21, Art. no. 21, Jan. 2022, doi: 
10.3390/su142114559. 

[332] G. Chegini, C. Briens, and D. Pjontek, ‘Production and characterization of 
adsorbents from a hydrothermal char by pyrolysis, carbon dioxide and steam activation’, 
Biomass Convers. Biorefinery, pp. 13163–13179, Feb. 2022, doi: 10.1007/s13399-022-
02439-8. 

[333] Y. Wen, D. Chen, Y. Zhang, H. Wang, and R. Xu, ‘Towards a better understanding on 
adsorption mechanism of various heavy metal with phosphorus rich hydrochar’, Arab. J. 
Chem., vol. 17, no. 2, p. 105530, Feb. 2024, doi: 10.1016/j.arabjc.2023.105530. 

[334] A. Bourafa, E. Berrich, M. Belhachemi, S. Jellali, and M. Jeguirim, ‘Preparation and 
characterization of hydrochars and CO2-activated hydrochars from date and olive stones’, 
Biomass Convers. Biorefinery, pp. 20385–20396, Apr. 2023, doi: 10.1007/s13399-023-
04225-6. 

[335] J. Yu et al., ‘Waste-to-wealth application of wastewater treatment algae-derived 
hydrochar for Pb(II) adsorption’, MethodsX, vol. 8, p. 101263, Jan. 2021, doi: 
10.1016/j.mex.2021.101263. 

[336] Q. Wang et al., ‘Highly porous carbon derived from hydrothermal-pyrolysis 
synergistic carbonization of biomass for enhanced CO2 capture’, Colloids Surf. Physicochem. 
Eng. Asp., vol. 673, p. 131787, Sep. 2023, doi: 10.1016/j.colsurfa.2023.131787. 

[337] K. C. Bedin, I. P. A. F. Souza, A. L. Cazetta, L. Spessato, A. Ronix, and V. C. Almeida, 
‘CO2-spherical activated carbon as a new adsorbent for Methylene Blue removal: Kinetic, 
equilibrium and thermodynamic studies’, J. Mol. Liq., vol. 269, pp. 132–139, Nov. 2018, doi: 
10.1016/j.molliq.2018.08.020. 

[338] S. Haj Yahia, K. K. Lee, B. Ayed, N. Hedin, and T. L. Church, ‘Activated Carbons from 
Hydrochars Prepared in Milk’, Sci. Rep., vol. 9, no. 1, p. 16956, Nov. 2019, doi: 
10.1038/s41598-019-53361-5. 

[339] C. Wedler et al., ‘Influence of Mineral Composition of Chars Derived by 
Hydrothermal Carbonization on Sorption Behavior of CO2, CH4, and O2’, ACS Omega, vol. 5, 
no. 19, p. 10704−10714, May 2020, doi: 10.1021/acsomega.9b04370. 



94 
 

[340] S. Phromphithak et al., ‘Low-transition temperature mixtures pretreatment and 
hydrothermal carbonization of corncob residues for CO2 capture materials’, Biomass 
Bioenergy, vol. 193, p. 107541, Feb. 2025, doi: 10.1016/j.biombioe.2024.107541. 

[341] H. Wibowo et al., ‘Application of sugarcane bagasse fly ash for syrup decolorization 
through activated carbon production and the circular utilization of its waste’, Biomass 
Bioenergy, vol. 182, p. 107066, Mar. 2024, doi: 10.1016/j.biombioe.2024.107066. 

[342] H. Jaberi, S. Mosleh, K. Dashtian, and Z. Salehi, ‘Fluid based cigarette carbonaceous 
hydrochar supported ZIF-8 MOF for CO2 capture process: The engineering parameters 
determination for the packed bed column design’, Chem. Eng. Process. - Process Intensif., 
vol. 153, p. 108001, Jul. 2020, doi: 10.1016/j.cep.2020.108001. 

[343] B. Huang et al., ‘Highly efficient ethylene/ethane separation via molecular sieving 
using chitosan-derived ultramicroporous carbon’, Sep. Purif. Technol., vol. 333, p. 125862, 
Apr. 2024, doi: 10.1016/j.seppur.2023.125862. 

[344] C. G. Díaz-Maroto et al., ‘Hydrochars derived from real organic wastes as 
carbonaceous precursors of activated carbons for the removal of NO from contaminated 
gas streams’, Sci. Total Environ., vol. 945, p. 173897, Oct. 2024, doi: 
10.1016/j.scitotenv.2024.173897. 

[345] K. Szostak, G. Hodacka, O. Długosz, J. Pulit-Prociak, and M. Banach, ‘Sorption of 
Mercury in Batch and Fixed-Bed Column System on Hydrochar Obtained from Apple 
Pomace’, Processes, vol. 10, no. 10, Art. no. 10, Oct. 2022, doi: 10.3390/pr10102114. 

[346] H. Rustamaji, T. Prakoso, H. Devianto, P. Widiatmoko, and W. H. Saputera, ‘Urea 
nitrogenated mesoporous activated carbon derived from oil palm empty fruit bunch for 
high-performance supercapacitor’, J. Energy Storage, vol. 52, p. 104724, Aug. 2022, doi: 
10.1016/j.est.2022.104724. 

[347] C. He et al., ‘Waste shrimp shell-derived hydrochar as an emergent material for 
methyl orange removal in aqueous solutions’, Environ. Int., vol. 134, p. 105340, Jan. 2020, 
doi: 10.1016/j.envint.2019.105340. 

[348] A. Alazmi, S. A. Nicolae, P. Modugno, B. E. Hasanov, M. M. Titirici, and P. M. F. J. 
Costa, ‘Activated Carbon from Palm Date Seeds for CO2 Capture’, Int. J. Environ. Res. Public. 
Health, vol. 18, no. 22, Art. no. 22, Jan. 2021, doi: 10.3390/ijerph182212142. 

[349] J. Vieillard et al., ‘Metal-inorganic-organic core–shell material as efficient matrices 
for CO2 adsorption: Synthesis, properties and kinetic studies’, J. Taiwan Inst. Chem. Eng., 
vol. 95, pp. 452–465, Feb. 2019, doi: 10.1016/j.jtice.2018.08.020. 

[350] X. Cui et al., ‘Pyrolysis of exhausted hydrochar sorbent for cadmium separation and 
biochar regeneration’, Chemosphere, vol. 306, p. 135546, Nov. 2022, doi: 
10.1016/j.chemosphere.2022.135546. 

[351] M. Alhnidi, P. Körner, D. Wüst, J. Pfersich, and A. Kruse, ‘Nitrogen‐Containing 
Hydrochar: The Influence of Nitrogen‐Containing Compounds on the Hydrochar Formation’, 
ChemistryOpen, vol. 9, no. 8, pp. 864–873, Aug. 2020, doi: 10.1002/open.202000148. 

[352] J. Cai, B. Li, C. Chen, J. Wang, M. Zhao, and K. Zhang, ‘Hydrothermal carbonization 
of tobacco stalk for fuel application’, Bioresour. Technol., vol. 220, pp. 305–311, Nov. 2016, 
doi: 10.1016/j.biortech.2016.08.098. 



95 
 

[353] M. Arefizadeh, D. Behvandi, S. Shahhosseini, and A. Ghaemi, ‘Efficient CO2 
adsorption by deoiled flaxseed hydrochar’, Sci. Rep., vol. 14, no. 1, p. 28306, Nov. 2024, doi: 
10.1038/s41598-024-78177-w. 

[354] Z. Zou et al., ‘Removal and recovery of uranium (VI) from aqueous solutions by 
residual sludge and its biochars’, Environ. Sci. Pollut. Res., vol. 30, no. 8, pp. 19907–19917, 
Feb. 2023, doi: 10.1007/s11356-022-23514-7. 

[355] C. Yang et al., ‘Hydrothermal carbonization of woody waste: Changes in the 
physicochemical properties and the structural evolution mechanisms of hydrochar during 
this process’, Chemosphere, vol. 366, p. 143524, Oct. 2024, doi: 
10.1016/j.chemosphere.2024.143524. 

[356] D. Behvandi, M. Arefizadeh, A. Ghaemi, and S. Shahhosseini, ‘Optimization of 
hydrochar production from cigarette filters for enhanced CO2 adsorption’, Results Eng., vol. 
22, p. 102308, Jun. 2024, doi: 10.1016/j.rineng.2024.102308. 

[357] Y. Sun, J. P. Zhang, F. Guo, and L. Zhang, ‘Hydrochar preparation from black liquor 
by CO2 assisted hydrothermal treatment: Optimization of its performance for Pb2+ 
removal’, Korean J. Chem. Eng., vol. 33, no. 9, pp. 2703–2710, Sep. 2016, doi: 
10.1007/s11814-016-0152-0. 

[358] H. Jiang et al., ‘Hydrothermal carbonization of corn straw in biogas slurry’, J. Clean. 
Prod., vol. 353, p. 131682, Jun. 2022, doi: 10.1016/j.jclepro.2022.131682. 

[359] S. Yu, X. Yang, P. Zhao, Q. Li, H. Zhou, and Y. Zhang, ‘From biomass to hydrochar: 
Evolution on elemental composition, morphology, and chemical structure’, J. Energy Inst., 
vol. 101, pp. 194–200, Apr. 2022, doi: 10.1016/j.joei.2022.01.013. 

 

 

 

 

 

 

 



96 
 

3 Fundamental Adsorption Theory Chapter 

This chapter outlines the fundamental background theory which underpins the science and 

engineering that is demonstrated in this thesis. The basis of adsorption is discussed, and 

various isotherm models are presented. Adsorption thermodynamics and kinetic theories are 

then defined, along with methods used to define textural characteristics of porous materials, 

and their associated uncertainties.  

3.1 Adsorption Fundamentals 

Adsorption is the process whereby molecules adhere to and/or accumulate on a surface, but 

do not permeate through the surface [1]. The material onto which a species is adsorbed is 

called the ‘adsorbent’ and the species that becomes adsorbed onto that surface is called the 

‘adsorbate’ (note that prior to adsorption occurring the adsorbate is called the ‘adsorptive’ 

as it has not undergone the adsorption process yet). The process of sorption is reversible: 

adsorption is the forward part of the process, and desorption is the reverse in which an 

adsorbate will desorb and remove itself from the adsorbent. The desorbed molecule may 

differ from the initial molecule adsorbed.  

Adsorption can occur through two mechanisms, either physisorption or chemisorption. 

Physisorption is governed by weak intermolecular interactions such as van der Waals forces 

and electrostatic interactions, while chemisorption involves the process of a chemical bond 

forming between the adsorbent and the adsorbate [2]. The surface of the adsorbent 

comprises an array of adsorption sites which can be either energetically homogenous or 

heterogenous, depending on their enthalpy of adsorption. These sites provide the area onto 

which adsorbate molecules may adsorb. When all adsorption sites on the adsorbent are full, 

this is considered complete monolayer coverage.  
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Chemisorption may only occur to the extent of monolayer formation on the adsorbent, as 

each molecule needs to form a chemical bond with a specific adsorption site on the 

adsorbent surface. Conversely, physisorption can exist in either monolayer or multilayer 

formations; the physisorbed molecules can either bond to the adsorbent sites through weak 

interactions, or they can adsorb onto molecules that have already chemi- or physisorbed 

onto the surface. This allows for multiple layers of adsorbed molecules to exist. An example 

of this can be seen in Figure 3.1. 

 
Figure 3.1: Visual of Adsorption and Desorption Process 

 

As stated above, both chemisorption and physisorption are reversible processes, however, 

due to the nature of the stronger interactions involved, chemisorbed molecules require a 

higher energy input to remove them from the adsorbent. The principle characteristics of 

physisorption and chemisorption can be seen in Table 3.1. In terms of gaseous adsorption, 

physisorption is highly dependent on the porosity of the adsorbent material, whereas 

chemisorption will primarily depend on the different functionalities that exist on the 

adsorbent surface. 
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Table 3.1: General Characteristics of Physisorption and Chemisorption, adapted from [3] 

 Physisorption Chemisorption 

Heat of Adsorption range 
(kJ/mol) 

20 – 40  > 80 

Rate of adsorption at 0 °C Fast Slow 

Temperature dependence 
of uptake with increasing 
temperature 

Decreases Increases 

Desorption Easy – reduce pressure 
or increase temperature 

Difficult – high temperatures 
required to break bonds  

Desorbed species Adsorbate is unchanged May be different to original 
adsorptive 

Specificity  Non-specific Very specific 

Monolayer coverage  Mono- or multilayer 
coverage can occur 

Only monolayer coverage 

 

The activated case of chemisorption is shown in Figure 3.2; this illustrates that in the 

activated case there is a potential barrier that must be overcome to allow the molecules to 

fall into the chemisorption potential well, in order to chemisorb to the surface [4]. 

Meanwhile, the non-activated case is shown in Figure 3.3, where the chemisorption and 

physisorption curves cross below the 0 value of potential energy and, as a result, there is no 

potential barrier to overcome, meaning that the adsorption process occurs spontaneously. 

Note that, while the physisorption well is further from the surface, compared to the 

chemisorption well, it has a shallower well, which results in physisorption bonds being 

weaker than chemisorption bonds (which have deeper wells).  

Similarly, the depth of the wells has an influence on the temperature dependence of 

adsorption. As temperature increases, the kinetic energy of the physisorbed molecules 

increases, which means they are able to escape the physisorption well, thus, the degree of 

physisorption observed decreases. Upon increasing the temperature, a point will be reached 

where the molecules that have escaped the physisorption well will have enough energy to 

overcome the potential barrier to chemisorption, and will then drop into the chemisorption 
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well; meaning the degree of chemisorption observed can increase with increased 

temperature. In a related manner, this concept also explains why the rate of physisorption 

at 0 °C is higher than the rate of chemisorption at the same temperature; at 0 °C, many 

molecules will not have sufficient energy to overcome the potential barrier for chemisorption 

but will have adequate energy to reach the physisorption potential well. Additionally, once 

adsorbed onto the surface, it is harder for chemisorbed molecules to desorb, as they require 

significantly more energy to escape the chemisorption well, than if they were in the 

physisorption well; thus, higher temperatures are required to facilitate this desorption 

process.  

 
Figure 3.2: Lennard-Jones Potential Diagram for Activated Chemisorption 

 

The gap in the average heat of adsorption values, stated in Table 3.1, namely the 40 – 

80 kJ/mol range, is again due to the difference in the potential wells between the two forms 

of adsorption. As seen in Figure 3.2 and Figure 3.3, the physisorption well is consistently 

shallower than the chemisorption well, so smaller quantities of energy are released when 
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molecules fall into this well, and the difference in depth between the two wells represents 

this gap.   

 
Figure 3.3: Lennard-Jones Potential Diagram for Non-Activated Chemisorption 

 

3.2 Porosity  

Adsorbent materials are commonly classified based on the size of their pores. The generally 

accepted classification of pores, from the International Union of Pure and Applied Chemistry 

(IUPAC) [5], is shown in Table 3.2, with the subdivision of micropores also included. As 

adsorption capacity of materials is proportional to surface area, and surface area is generally 

proportional to the porosity, it follows that enhancing porosity is a key factor in producing 

materials that can be useful in adsorption applications. 
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Table 3.2: Pore Size Definitions [5] 

Type of Pores Size of Pores 

Macropores Greater than 50 nm 

Mesopores Between 2 – 50 nm 

 
Micropores 

Supermicropores Between 1.4 – 2 nm 

Micropores Between 0.7 – 1.4 nm 

Ultramicropores Less than 0.7 nm 

 

A visual example of the different pore types can be seen in Figure 3.4. It is important, 

especially in the case of CO2 adsorption, that the adsorbent material has a well-developed 

pore network, as this aids in the transport of target adsorbate molecules to the smaller 

micropores and also provides potential for capillary condensation to occur in mesopores.  

 
Figure 3.4: Visual Example of Different Pore Types 

3.3 Isotherms  

Isotherms are the most common method of recording adsorption data; in the case of gaseous 

systems, this involves measuring the change in quantity of adsorbed material by varying 

pressure, for a given temperature. For liquid systems, the change in quantity adsorbed is 

measured as a function of the concentration of adsorptive in the system. Isotherm plots can 

be vital in providing an understanding of the type of adsorption taking place on a chosen 

adsorbent material, and also the characteristics of the adsorbent.  
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As an example, the shape of isotherms can indicate the type of pore structure of the 

adsorbent, and combining a series of isotherms for a given material can enable calculations 

of heat of adsorption data that indicates either chemisorption or physisorption behaviour. 

Isotherm data can also be fitted to standard models such as Langmuir, Freundlich, Temkin 

etc., which offer information on the interactions between the adsorbate and adsorbent. 

3.3.1 Typical Isotherms 

Isotherms for physisorption process can be classified into six main types, with Type I and 

Type IV isotherms having two different possible forms [5]. The shape of an isotherm can give 

key information on the properties of the adsorbent material. Examples of each isotherm type 

can be seen in Figure 3.5.  

 
Figure 3.5: IUPAC Classification of Adsorption Isotherms [5] 
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Type I isotherms are characteristic of microporous materials that exhibit low external surface 

area values, with internal pore volume providing the basis for the adsorption capacity [5].  

The strength of adsorbate-adsorbent interactions in narrow micropores leads to the rapid 

filling observed at low relative pressure (
𝑃

𝑃0
) , meaning maximum adsorbent capacity is 

reached at relatively low pressures. Type I(a) isotherms indicate a material comprising 

predominantly micropores < 1 nm in size, whereas Type I(b) indicates a more varied pore size 

distribution and the presence of small mesopores (< 2.5 nm).  

Type II isotherms present an initial similar behaviour of micropore filling at low 
𝑃

𝑃0
, but 

adsorption then continues, indicating multilayer formation occurs unrestricted and 

potentially the presence of larger pores [6]. The Type III isotherms are indicative of poor 

interactions between adsorbent and adsorbate; this leads to accumulation of adsorbed 

molecules at the most favourable adsorption sites on the adsorbent surface, before a steep 

increase in uptake at higher pressures, dominated by adsorbate-adsorbate interactions 

resulting in multilayer adsorption. Both Type II and III isotherm shapes are evidence of macro- 

or non-porous materials. 

In contrast, Type IV isotherms are examples of mesoporous materials, and present similar 

behaviour to Type II; there is initial pore filling, and then multilayer adsorption, but pore 

condensation then follows. This is where gas condenses to a liquid form within the pores 

despite being at a pressure lower than its saturation pressure. After this phenomenon is 

complete, saturation of the adsorbent is observed, as proven by the plateau in the graph. 

The presence of wider mesopores gives rise to Type IV(a) isotherms, which exhibit hysteresis, 

and, in contrast, smaller mesopores lead to the observation of Type IV(b) isotherms.  

Type V isotherms are comparable to Type III, and are typical of non-porous materials. Initially 

the weak adsorbent-adsorbate interactions cause accumulation of molecules at favourable 
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sites, before pore filling occurs leading to higher uptake. Type VI show repeated multilayer 

adsorption occurring on a non-porous surface, with the intensity of each layer determined 

by its capacity for further adsorption and the general thermodynamics of the system. 

Hysteresis loops are a phenomenon witnessed in cases of multilayer formation and can be 

attributed to capillary condensation effects. The different forms of hysteresis loops can be 

seen in Figure 3.6. 

 
Figure 3.6: IUPAC Classification of Hysteresis Loops [5] 

 

Type H1 loops are exhibited by mesoporous materials typically composed of ink bottle 

shaped pores, and where pore network effects are negligible [5]. In contrast, Type H2(a) and 

H2(b) loops are commonly seen in materials with convoluted pore networks, where pore 

blocking can play a significant role in the sorption processes; H2(a) are generally obtained for 

materials with narrower pore necks than H2(b) materials [7].  

Type H3 follows a characteristic Type II isotherm, and is produced by materials containing 

macropores that are only partially filled when capillary condensation occurs in the pores, or 

loosely layered materials [8]. These are relatable to Type H4, with the only difference coming 



105 
 

from the Type I/II isotherm nature of H4 loops. Meanwhile, Type H5 is seen in instances of 

mesoporous materials that contain a mixture of blocked and open pores  

The shape of isotherm obtained can often provide insight into the interactions between the 

adsorbent and adsorbate, and several isotherm models have been developed to aid 

interpretation of this data. 

3.3.2 Langmuir Isotherm Model 

The Langmuir isotherm model was proposed by Irving Langmuir to described the adsorption 

of a gas onto a surface at constant temperature, and is based on three main assumptions [9]: 

• The adsorbent surface is composed of a two-dimensional array of adsorption sites, 

which are energetically homogenous (sites are energetically equivalent). 

• Only one molecule can adsorb onto each site, and when each site is filled the 

saturation limit of the adsorbent has been reached, providing monolayer coverage. 

• There are no interactions between any of the adsorbed molecules. 

Therefore, by defining the total number of sites, and splitting them into occupied and 

unoccupied sites, the fraction of occupied sites can be defined as follows: 

 𝑁𝑚 = total number of surface sites 

 𝑁𝑠  =  𝑁𝑎𝑑𝑠 = number of occupied sites 

 𝑁𝑜 = number of unoccupied sites 

 𝜃 =
𝑁𝑠

𝑁𝑚
= fraction of occupied sites Equation 3.1 

 

In the case of a specific adsorbent, where temperature is constant, then Nm is constant but 

Ns varies with pressure (or concentration in the case of liquid systems). The rate of adsorption 
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can be described by the chance that a molecule collides with an unoccupied site, and the rate 

of desorption by the number of occupied sites. Thus: 

 Rate of adsorption = collision rate x chance of unoccupied site 

𝑘𝑎𝑑𝑠 = rate constant of adsorption (bar-1) 

𝑃 = pressure (bar) 

Rate of adsorption = 𝑘𝑎𝑑𝑠 ∗ 𝑃(1 − 𝜃) 

And: 

 Rate of desorption = 𝑘𝑑𝑒𝑠 ∗ 𝜃 

 𝑘𝑑𝑒𝑠 = rate constant of desorption (unitless) 

When the system is at equilibrium, the rate of adsorption and desorption is equal, therefore: 

 𝑘𝑎𝑑𝑠 ∗ 𝑃(1 − 𝜃) = 𝑘𝑑𝑒𝑠 ∗ 𝜃 
 

Equation 3.2 

𝑘𝑎𝑑𝑠 ∗ 𝑃 − 𝑘𝑎𝑑𝑠 ∗ 𝑃 ∗ 𝜃 = 𝑘𝑑𝑒𝑠 ∗ 𝜃 

Allowing the equilibrium constant for the system to be defined and substituted in: 

 Equilibrium constant = 𝐾 =
𝑘𝑎𝑑𝑠

𝑘𝑑𝑒𝑠
  (bar-1) 

 

Equation 3.3 

𝐾 ∗ 𝑃 =  𝜃(𝐾 ∗ 𝑃 + 1) 

 
𝜃 =

𝐾 ∗ 𝑃

𝐾 ∗ 𝑃 + 1
 

 

Equation 3.4 

Recalling Equation 3.1, the fractional coverage can also be defined as: 

 𝜃 =
𝑛𝑠

𝑛𝑚
 

Equation 3.5 

Where: 

 𝑛𝑠 = moles of gas adsorbed onto the surface at pressure 𝑃 (mmol/g) 
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 𝑛𝑚 = monolayer adsorption capacity of the adsorbent (mmol/g) 

 
𝑛𝑠 =

𝑛𝑚 ∗ 𝐾 ∗ 𝑃

𝐾 ∗ 𝑃 + 1
 

 

Equation 3.6 

Equation 3.6 is the conventional form of the Langmuir equation, and can be applied to both 

gaseous and liquid phase systems; for liquid systems, pressure terms would be replaced for 

concentration terms.  

3.3.3 Brunauer-Emmett-Teller Isotherm Model 

The Brunauer-Emmett-Teller (BET) isotherm arises from an extension of the Langmuir 

isotherm to adjust for when it fails in reality; namely, when there is high surface coverage 

the model does not match with collected experimental results, and it does not consider 

situations when the adsorbed material acts as a surface for further adsorption [10]. The new 

developed theory therefore accounts for both these situations through the following 

assumptions: 

• The adsorbent surface is composed of an array of adsorption sites equal in energy – 

there is constant adsorption enthalpy in this layer regardless of surface coverage, 

equal to ∆𝐻𝐴. 

• Adsorption in the monolayer only occurs on these sites. 

• Adsorbed molecules do not interact with any neighbouring molecules.  

• Multilayer adsorption can occur. 

• Adsorption enthalpy in the second and any subsequent layers is equal to the heat of 

liquefaction, ∆𝐻𝐿. 

• Adsorption and desorption can only occur from or on to exposed adsorption sites.  

The full BET equation is shown in Equation 3.7: 
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 𝑃

𝑛(𝑃0 − 𝑃)
=

1

𝑛𝑚
+ [

(𝑐 − 1)

𝑛𝑚 ∗ 𝑐
∗

𝑃

𝑃0
] 

Equation 3.7 

Where: 

 𝑃 = pressure (bar) 

 𝑃0 = saturation vapour pressure (bar) 

 𝑛 =  moles of gas adsorbed at pressure 𝑃 (mmol/g) 

 𝑛𝑚 = monolayer adsorption capacity of the adsorbent (mmol/g) 

 𝑐 = dimensionless constant, related to adsorption energy 

 
𝑐 = exp (

|∆𝐻𝐴| − |∆𝐻𝐿|

𝑅𝑇
) 

Equation 3.8 

Where: 

 ∆𝐻𝐴 = heat of adsorption of the first adsorbed layer (J/mol) 

 ∆𝐻𝐿 = heat of adsorption of second and any subsequent multilayers (J/mol) 

The BET model is useful for predictions of surface area of microporous materials, which is 

discussed further in Section 3.6. It is subject to failing at both high (over-estimation) and low 

(under-estimation) pressures, therefore when being used for evaluation the appropriate 

pressure range to use is 0.05 < 
𝑃

𝑃0
 < 0.3 [5]. 

3.3.4 Freundlich Isotherm Model 

The Freundlich isotherm model was developed empirically by Herbert Freundlich in order to 

account for heterogeneity of adsorbent surfaces, based on the assumption that the enthalpy 

of adsorption varies exponentially with surface coverage [11]. The surface heterogeneity may 

be caused by different chemical moieties existing on the surface of the adsorbent, 

interactions between the adsorbate and the adsorbent, and/or adsorbate-adsorbate 

interactions.  
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The model is based on the following six assumptions: 

• The adsorbent surface is composed of an array of adsorption sites that are 

heterogenous in energy. 

• Adsorption in the monolayer only occurs on these sites. 

• Adsorbed molecules have the potential to interact with any neighbouring molecules.  

• Multilayer adsorption can occur on molecules in the monolayer. 

• Adsorption enthalpy changes logarithmically with increase in pressure. 

• Adsorption and desorption can only occur from or on to exposed adsorption sites.  

The Freundlich equation can be seen in Equation 3.9: 

 
𝑞𝑒 = 𝐾𝐹 ∗ 𝑃

1
𝑛𝐹  

Equation 3.9 

Where: 

 𝑞𝑒 = moles of gas adsorbed at pressure 𝑃 (mmol/g) 

 𝑃 = pressure (bar) 

 𝐾𝐹 = Freundlich isotherm constant (mmol/g bar-1/nF) 

 
1

𝑛𝐹
= heterogeneity factor (dimensionless) 

The Freundlich constant is related to the magnitude of the driving force for adsorption; thus, 

the higher the driving force, the higher the constant. The heterogeneity factor is 

representative of the affinity for adsorption between the adsorbent and the adsorbate 

molecules [12]. The smaller the factor, the more heterogeneity of the adsorption sites on the 

adsorbent. Numerically, the values for 
1

𝑛𝐹
 can be described as follows: 

• < 1 indicates poor adsorption characteristics and lack of affinity. 

• 1 – 2 indicates moderate affinity. 
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• 2 – 10 indicates good affinity and thus good adsorption characteristics. 

This model has limitations due to the fact it fails at low pressures by not obeying Henry’s Law, 

and fails at high pressures as it does not reach a theoretical adsorption maximum.  

3.3.5 Temkin Isotherm Model 

Similar to the Freundlich isotherm model, the Temkin isotherm model is an empirically 

developed model proposed by Mikhail Temkin, which attempts to account for heterogeneity 

on the surface of adsorbents. It differs from Freundlich’s model as it assumes there is a linear 

distribution of adsorption site energies. It too accounts for indirect adsorbate-adsorbate 

interactions [12]. 

It operates on the following six assumptions: 

• The adsorbent surface is composed of an array of adsorption sites that are 

heterogenous in energy. 

• Adsorption in the monolayer only occurs on these sites. 

• Adsorbed molecules have the potential to interact with any neighbouring molecules.  

• Multilayer adsorption can occur on molecules in the monolayer. 

• Adsorption enthalpy changes linearly with increase in pressure. 

• Adsorption and desorption can only occur from or on to exposed adsorption sites.  

The Temkin equation can be seen in Equation 3.10: 

 𝑞 =  𝑛𝑇 ∗ ln (𝐾𝑇 ∗ 𝑃) Equation 3.10 

Where: 

 𝑞 = moles of gas adsorbed at pressure 𝑃 (mmol/g) 

 𝑃 = pressure (bar) 

 𝐾𝑇 = Temkin isotherm equilibrium binding constant (bar-1) 
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 𝑛𝑇 = constant (mmol/g), defined as 𝑛𝑇 =
𝑅∗𝑇

𝑏
 

Where: 

 𝑅 = universal gas constant (8.3145 J/(mol K)) 

 𝑇 = temperature (K) 

 𝑏 = Temkin constant (J/mol * g/mmol)  

The Temkin isotherm equilibrium binding constant relates to the binding energy of the 

molecules. This model also fails at high pressures due to the fact it cannot account for an 

adsorption maximum.  

3.3.6 Dual-Site Langmuir Isotherm Model 

The Dual-Site Langmuir isotherm model was developed to address the heterogeneity of 

surface adsorption sites that occurs in reality and causes limitations in the applicability of the 

original Langmuir isotherm. The simplest example of this model describes the situation 

where an adsorbent is composed of two different types of adsorption sites, with one type of 

site having a different enthalpy of adsorption to the other. Thus, when adsorption occurs, 

the more favourable sites are filled first, then the less favourable sites filled afterwards [13], 

[14]. The model uses the following assumptions: 

• The adsorbent’s surface is composed of a two-dimensional array of two different 

types of adsorption sites which are energetically heterogenous (one type of site has 

a different energy to the other type). 

• Only one molecule can adsorb onto each site, and when each site is filled the 

saturation limit of the adsorption has been reached, providing monolayer coverage. 

• There are no interactions between any of the adsorbed molecules. 
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The Dual-Site Langmuir equation can be seen in Equation 3.11: 

 
𝑛𝑠 = 𝑛𝑚 ∗ [(1 − 𝛼) ∗

𝐾1 ∗ 𝑃

1 + 𝐾1 ∗ 𝑃
+ 𝛼 ∗

𝐾2 ∗ 𝑃

1 + 𝐾2 ∗ 𝑃
] 

Equation 3.11 

Where: 

 𝑛𝑠 = moles of gas adsorbed onto the surface at pressure 𝑃 (mmol/g) 

 𝑛𝑚 = monolayer adsorption capacity of the adsorbent (mmol/g) 

 𝛼 = weighting coefficient (0 < 𝛼 < 1) 

 𝑃 = pressure (bar) 

 𝐾1 =
𝑘𝑎𝑑𝑠,1

𝑘𝑑𝑒𝑠,1
  = equilibrium constant for site ‘1’ (bar-1) 

 𝐾2 =
𝑘𝑎𝑑𝑠,2

𝑘𝑑𝑒𝑠,2
  = equilibrium constant for site ‘2’ (bar-1) 

In reality there will likely be more than two discrete types of adsorption sites, but this model 

has been found to be effective at describing adsorption in this manner [14]. It will however 

fail beyond monolayer adsorption, as the conventional Langmuir model does.  

3.4 Thermodynamic Theory 

3.4.1 Gibbs Free Energy 

The Gibbs free energy equation is shown in Equation 3.12, and is a measure of the potential 

energy in a system that is available to do work. It can be used to determine if a process will 

occur spontaneously, indicated by ΔG < 0.  

 ∆𝐺 =  ∆𝐻 − 𝑇∆𝑆 Equation 3.12 

Where: 

 ∆𝐺 = Change in Gibbs free energy of the system, (J/mol) 

 ∆𝐻 = Change in enthalpy of the system, (J/mol) 
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 ∆𝑆 = Change in entropy of the system, (J/ (K mol)) 

 𝑇 = Temperature of the system (K) 

The different combinations of ∆𝐻 and ∆𝑆 values are portrayed in Figure 3.7. In sorption 

terms, for adsorption to occur spontaneously then ∆𝐺 must be negative. In the case of 

physisorption, molecules from the bulk phase are seen to adsorb onto the adsorbent surface, 

which represents an increase in order of the system. This results in ∆𝑆 taking a negative value; 

by convention ∆𝐻 must also be negative for the process to occur spontaneously, meaning all 

physisorption processes are exothermic. 

 
Figure 3.7: Scenarios That Determine the Spontaneity of a Reaction [15] 

 

In the case of chemisorption, ∆𝐻 can be positive or negative, depending on the type of bond 

formation occurring. Exothermic chemisorption can occur when the adsorbate molecule 

forms a chemical bond with the adsorbent surface, the system becomes more ordered, and 

heat is released. Conversely, if pre-existing bonds on the surface of the adsorbent need to be 

broken first before the adsorbate can form a chemical bond, this requires energy to be input 

into the system; in this case, the system can become more disordered and results in 

endothermic chemisorption [16].  
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When the temperature of the system is increased, this causes a decrease in physisorption as 

per Le Chatelier’s principle, and equilibrium moves towards the desorbed state. In contrast, 

chemisorption can increase or decrease when temperature increases depending on the 

specific species and reactants involved in the system. 

3.4.2 Enthalpy of Adsorption – Van’t Hoff Isochore 

The enthalpy of adsorption for adsorption onto porous materials can be measured by utilising 

the adapted van’t Hoff equation [17], [18], see Equation 3.13, derived from the Clausius-

Clapeyron equation [19]. By plotting multiple isotherms, collected at different temperatures, 

on the same graph, an isochore can be produced; this is a line which represents the constant 

surface coverage as temperature and pressure vary. An example of this type of plot is shown 

in Figure 3.8. 

 
𝑙𝑛𝑃 =  −

∆𝐻°

𝑅𝑇
+

∆𝑆°

𝑅
 

Equation 3.13 

Where: 

 ∆𝐻° = isosteric enthalpy of adsorption (J/mol) 

 ∆𝑆° = isosteric entropy of adsorption (J/ (K mol)) 
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Figure 3.8: Example of van't Hoff Isochores Produced in This Study 

 

In this study for CO2 adsorption, isotherms were collected at three temperatures (0 °C, 30 °C 

and 60 °C) which were used to produce isochores. The data collected from each isochore can 

be used to plot ln (𝑃) vs 
1

𝑇
, an isostere, which then allows a linear regression fit to be applied. 

From this fit, the gradient can be used to calculate the enthalpy of adsorption and the 

intercept to find the entropy of adsorption. An example of this plot can be seen in Figure 3.9.  

 
Figure 3.9: Example Isostere Plot of ln(P) vs 1/T Used in This Study 
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Equation 3.14 and Equation 3.15 are used for the calculation of both enthalpy and entropy 

of adsorption respectively. Calculating these values for each isochore allows the comparison 

of enthalpy of adsorption with changing surface coverage.  

 ∆𝑎𝑑𝐻° = −𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 ∗ 𝑅 Equation 3.14 

 ∆𝑎𝑑𝑆° = −𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 ∗ 𝑅 Equation 3.15 

Where: 

 𝑅 = universal gas constant = 8.3145 J/(mol K) 

3.5 Adsorption Kinetics 

Kinetic models can be fitted to data collected at individual pressure points within isotherms 

to describe the rate at which adsorption occurs at that pressure, and also determine the 

maximum uptake potential. In this study, two kinetic models were tested: the stretched 

exponential model and the double exponential model. 

3.5.1 Stretched Exponential Model 

The stretched exponential model is used to assess adsorption kinetics, using a parameter of 

𝛽 to describe the distributions of relaxation times in the process [20]. The rate constant, k, 

describes adsorption that has a single rate-limiting step associated with the process, such as 

pore diffusion [21]. The model can be seen in Equation 3.16 [22]: 

 𝑀𝑡

𝑀𝑒
= 1 − e(𝑘∗𝑡)𝛽

 
Equation 3.16 

Where: 

 𝑀𝑡 = mass uptake at time 𝑡 (mg) 

 𝑀𝑒 = mass uptake at equilibrium (mg) 

 𝑡 = time (s) 
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 𝑘 = rate constant of adsorption process (s-1) 

 𝛽 = exponential parameter of adsorption process (unitless), 0 < 𝛽 < 1 

3.5.2 Double Exponential Model 

The double exponential model can be applied when it is suspected that there are two modes 

of diffusion in the adsorption process [23]; in gas adsorption cases this could be a mixture of 

pore filling coupled with adsorption onto surface functional groups. Similarly, the rate 

constants, k1 and k2, describe the two rate-determining steps within the process. This model 

is described by Equation 3.17: 

 𝑀𝑡

𝑀𝑒
= 𝐴1(1 − exp(−𝑘1 ∗ 𝑡)) + 𝐴2(1 − exp(−𝑘2 ∗ 𝑡)) 

Equation 3.17 

Where: 

 𝑀𝑡 = mass uptake at time 𝑡 (mg) 

 𝑀𝑒 = mass uptake at equilibrium (mg) 

 𝑡 = time (s) 

 𝑘1 = rate constant of kinetic process 1 (s-1) 

 𝑘2 = rate constant of kinetic process 2 (s-1) 

𝐴1 and 𝐴2 are two unitless weighting components based on the contributions from each of 

the two kinetic processes, where 𝐴1 + 𝐴2 = 1 and 0 <  𝐴1, 𝐴2 < 1 

3.6 Textural Properties Theory 

3.6.1 BET Surface Area Method and Rouquerol Correction  

The BET model is commonly used to determine the surface area of porous materials, based 

on N2 isotherms carried out at -196 °C.  
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Recalling the BET equation: 

 𝑃

𝑛(𝑃0 − 𝑃)
=

1

𝑛𝑚
+ [

(𝑐 − 1)

𝑛𝑚 ∗ 𝑐
∗

𝑃

𝑃0
]  

Equation 3.18 

By plotting a graph of 
𝑃

𝑛(𝑃0−𝑃)
 vs (

𝑃

𝑃0
) , and applying a linear fit, a gradient and intercept can 

be found which can in turn be used to calculate 𝑐 and 𝑛𝑚. The surface area of the sample can 

then be calculated using Equation 3.19: 

 𝑆𝑆𝐴 =  𝑛𝑚 ∗ 𝑁𝐴 ∗ 𝑎𝑟𝑒𝑎𝑁2 Equation 3.19 

 Where: 

 𝑆𝑆𝐴 = specific surface area calculated via BET method (m2/g) 

 𝑛𝑚 = amount of gas adsorbed in monolayer (mol/g) 

 𝑁𝐴 = number of molecules per mol (6.023x1023 molecules/mol) 

 𝑎𝑟𝑒𝑎𝑁2 = cross sectional area of nitrogen molecule (1.62 x10-19 m2/molecule) 

As discussed in Section 3.3.3, the typical range used for the linearisation of the model is 

0.05 < 
𝑃

𝑃0
 < 0.3; however, it has been reported that this can give erroneous results when used 

to characterise microporous materials, and produces values for 𝑐 that are not sensible in 

reality [24]. To counter this, a microporous correction can be applied, named the Rouquerol 

correction, which identifies the appropriate pressure range to use for BET analysis for each 

individual sample, as opposed to using all points lying in the range mentioned above. The 

Rouquerol function is shown in Equation 3.20: 

 
𝑅𝑜𝑢𝑞𝑢𝑒𝑟𝑜𝑙 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 𝑛 ∗ (1 −

𝑃

𝑃0
) 

Equation 3.20 

The Rouquerol function can be plotted against 
𝑃

𝑃0
. The following criteria are then used to 

identify the appropriate points to use for surface area analysis [24]: 
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• The plot of Rouquerol function vs 
𝑃

𝑃0
 should continuously increase. 

• The corresponding BET plot produced from the points identified should be linear, 

and give a meaningful value of 𝑐 i.e., should be positive. 

• The 
𝑃

𝑃0
 value for the calculated 𝑛𝑚 should be found in the range that has been 

selected for the BET analysis. 

• If the third statement of the above criteria is not met, then the value for 
𝑃

𝑃0
 should be 

able to be recalculated from 𝑐 using the BET equation and setting 𝑛 = 𝑛𝑚. 

An example of the test Rouquerol plot is shown in Figure 3.10, with a vertical line shown 

corresponding to the last point where the gradient is increasing.  

 
Figure 3.10: Example of a Rouquerol Plot Used in This Study 

 

The corresponding points which should be used for BET analysis based on this method are 

shown in Figure 3.11, and the points that would conventionally be used for BET analysis are 

shown in Figure 3.12 for comparison. A linear fit has been applied to both sets of points; it is 
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clear to see that the points selected from the finding of the Rouquerol correction give a better 

fit, and thus, justify the use of the Rouquerol correction in this study.  

 
Figure 3.11: Points used for BET Analysis Based on 

Rouquerol Correction 

 
Figure 3.12: Points That Would Typically Be Used for 

BET Analysis 

 

3.6.2 The t-plot Method 

The t-plot method was developed by De Boer and Lippens and can be used to assess the 

microporosity of a material [25]. The method relates the amount of gas adsorbed to the 

average thickness of the layer of gas adsorbed on the sample, allowing a curve called the 

t-plot to be created [26]. Note that to create a t-plot curve, an isotherm from a non-porous 

reference material that is similar in character to the sample is required; for chars it is common 

practice to use the carbon black STSA reference curve, from standard ASTM D6556 [27]. The 

equation for carbon black thickness layer is shown by Equation 3.21: 

 
𝑡 = 0.88 (

𝑃

𝑃0
)

2

+ 6.45 (
𝑃

𝑃0
) + 2.98 

Equation 3.21 

Where: 

 𝑡 = statistical layer thickness of N2 on carbon black (Å) 

𝑃 = pressure (bar) 

 𝑃0 = saturation vapour pressure (bar) 
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The volume of gas adsorbed for each 
𝑃

𝑃0
 can be plotted against the corresponding calculated 

thickness to give the t-plot curve. An example of this is shown in Figure 3.13. The range of 

thickness values used for carbon black is 3.5 – 5 Å, highlighted by the red lines [28]. 

 
Figure 3.13: Example of t-plot Curve Used in This Study 

 

In the case of a non-porous material, this curve would be a straight line through the origin. 

For mesoporous materials the curve would be seen to deviate from a straight line through 

the origin in the vertical direction, and for microporous materials it would deviate in the 

horizontal direction; examples of this are shown in Figure 3.14, and subsequently it can be 

said that Figure 3.13 is example of the microporous deviation. 

 
Figure 3.14: Example t-plots of Different Porous Materials [29] 
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The points lying in the range of 3.5 - 5 Å can be used to fit a linear plot, shown in Figure 3.15, 

of which the gradient (units of cm3/(g Å) STP) can be used to find the external surface area 

of the sample, shown in Equation 3.22.  

 
Figure 3.15: Example of a Linear Fit to t-plot Range for Microporous Carbon Sample 

 
𝐸𝑋𝑆𝐴 = 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 ∗

1 Å

1 ∗ 1010𝑚
∗

1𝑚3 

1003𝑐𝑚3
∗

𝜌𝐺

𝜌𝐿
 

Equation 3.22 

Where the conversion for Å to m, and cm3 to m3 are included and: 

 𝐸𝑋𝑆𝐴 = external surface area (m2/g) 

 𝜌𝐺 = density of the gas adsorbed = 0.00125 g/cm3 for nitrogen 

 𝜌𝐺 = density of the liquid adsorbent = 0.808 g/cm3 for nitrogen 

The micropore surface area (𝑀𝑆𝐴𝑡−𝑝𝑙𝑜𝑡 (m2/g)) can then be calculated using 𝐸𝑋𝑆𝐴 and the 

Rouquerol corrected surface area by Equation 3.23: 

 𝑀𝑆𝐴𝑡−𝑝𝑙𝑜𝑡 =  𝑆𝑆𝐴 − 𝐸𝑋𝑆𝐴 Equation 3.23 

 

The micropore volume of the sample (𝑉𝑡−𝑝𝑙𝑜𝑡 (cm3/g)) can likewise be calculated from the 

intercept of this linear fit, shown in Equation 3.24: 
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 𝑉𝑡−𝑝𝑙𝑜𝑡 = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 ∗
𝜌𝐺

𝜌𝐿
 

Equation 3.24 

 

3.6.3 Polanyi Adsorption Potential 

When considering CO2 adsorption, ultramicroporosity is one of the key characteristics that 

must be possessed by adsorbent materials. This has been seen in previous studies assessing 

CO2 adsorption on char materials [30], [31], [32], and can be attributed to the overlapping 

electric potential fields arising from pore walls [33]. In turn, this can be explained through 

examination of Polanyi adsorption potential theory. This was developed by Michael Polanyi 

to describe multilayer adsorption on non-porous materials [34], but has, in time, been 

adapted to describe adsorption on microporous solids. This model assumes that adsorbed 

molecules exist in a potential energy gradient, so in the space above the absorbent surface 

there exists a number of equipotential surfaces, which each contain a finite adsorption 

volume, ni. For the phenomenon of adsorption to occur, these adsorption volumes must be 

filled with potential energy of Ei until Ei = 0, which, in turn, leads to the adsorption volume 

being filled. At this point, ni is equal to its maximum value of no. As such, the adsorption 

energy is related to adsorption volume. The adsorption potential is then defined as the work 

required for the adsorbed molecule to move from the gas phase to the adsorbed phase. 

In terms of CO2 adsorption, as ultramicropores are of a similar size to the CO2 molecules, this 

results in the electric potential fields from opposing walls coalescing and enhancing the depth 

of the potential wells which increases the attraction of CO2 towards these pores. This has 

also been seen for N2 and CH4 adsorption in narrow slit-shaped pores, where the narrowing 

of the pores causes potential wells to interact and, thus, increase the adsorption potential in 

these smaller pores [35]; the example of this for N2 molecules can be seen in Figure 3.16. This 
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results in Type I isotherms (discussed in Section 3.3.1) being collected during adsorption 

measurements of these materials.   

 
Figure 3.16: Interaction Potential Profile of N2 Within A Graphitic Slit Pore as A Function of Pore Width (w) 

[35] 

 

Polanyi theory also gives rise to the pore filling mechanism that is typically applied to 

microporous materials, and is described in the following section. 

3.6.4 Dubinin-Radushkevich Method 

The Dubinin-Radushkevich (DR) method was developed to describe adsorption in 

microporous materials [36]; it proposes that adsorption occurs in micropores by pore filling 

instead of layer upon layer adsorption that is assumed in other models such as BET [37]. In 

order to consider this, the extent of micropore filling must be defined. 

 𝜃 =
𝑤

𝑤𝑜
 

Equation 3.25 

Where: 
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 𝑤 = micropore volume filled  

 𝑤𝑜 = total micropore volume  

As ∆𝐺 can be stated as a function of the adsorbed amount: 

 −∆𝐺 = 𝑓(𝜃) Equation 3.26 

 
𝜃 = ∅ (−

∆𝐺

𝛽
) 

Equation 3.27 

Upon the assumption of a Gaussian pore size distribution, Dubinin and Radushkevich 

proposed that the micropore filling could be described by Equation 3.28.  

 
𝜃 = 𝑒𝑥𝑝 (−

𝑘

β2
 (−∆𝐺)2 )  

Equation 3.28 

Where: 

 𝑘 = an indication of the breadth of the Gaussian distribution 

By combining Equation 3.25, Equation 3.27 and Equation 3.28, the micropore volume filled 

can be described by Equation 3.29. 

 
𝑤 = 𝑤𝑜 ∗ 𝑒𝑥𝑝 (−𝑘 (

𝐴

𝛽
)

2

) 
Equation 3.29 

Where: 

 𝐴 = Polanyi Adsorption Potential, related to ∆𝐺 

 𝑘 = Pore Size Distribution Characteristic Parameter 

𝛽 = Adsorbate Affinity Coefficient, which enables comparison of characteristic 

curves of 𝜃 vs ∆𝐺 for various adsorbates with a standard reference (for which 

Dubinin chose benzene). 

Combining Polanyi Adsorption Potential, Equation 3.30, with Equation 3.29, gives Equation 

3.31. 
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𝐴 = 𝑅𝑇 ∗ 𝑙𝑛 (

𝑃0

𝑃
) 

Equation 3.30 

 
𝑤 =  𝑤𝑜 ∗ 𝑒𝑥𝑝 (−𝑘 (

𝑅𝑇

𝛽
)

2

(𝑙𝑛
𝑃0

𝑃
)

2

) 
Equation 3.31 

Equation 3.31 can be simplified to Equation 3.32. 

 𝑤

𝑤𝑜
=  𝑒𝑥𝑝 (−𝐵 (

𝑇

𝛽
)

2

(𝑙𝑜𝑔
𝑃0

𝑃
)

2

) 
Equation 3.32 

Where: 

 𝐵 = (2.3026𝑅)2 ∗ 𝑘 

Applying a linearisation transformation to Equation 3.32 yields Equation 3.33. 

  
log 𝑤 = log 𝑤𝑜 − 𝐷 ∗ log2 (

𝑃0

𝑃
)  

Equation 3.33 

Where: 

 𝐷 = 𝐵 (
𝑇

𝛽
)

2
 

The adsorbed volume can be related to the adsorbed amount through Equation 3.34, which 

can be used to give the common form of the DR equation shown in Equation 3.35.  

 𝑤 =
𝑛

𝜌𝑎
 

Equation 3.34 

Where: 

 𝜌𝑎 = density of the adsorbed phase 

 
log(𝑛) = log(𝑛0) −  𝐷𝐷𝑅 ∗ log2 (

𝑃0

𝑃
) 

Equation 3.35 

Where: 

 𝑛 = amount of gas adsorbed in micropores at pressure 𝑃 (mmol/g) 

 𝑛0 = total capacity for gas to adsorb in micropores (limiting micropore capacity)  

           (mmol/g) 

 𝐷𝐷𝑅 = constant of D-R equation (log(mmol/g)) 
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𝑃 = pressure (bar) 

 𝑃0 = saturation vapour pressure (bar) 

The 𝐷𝐷𝑅 constant is related to the pore size distribution of the adsorbent, which is assumed 

to follow a Gaussian distribution. 

 

 
Figure 3.17: Variations of the DR Plot (left), and the Associated Difference in Pore Size Distributions (right) 

[38] 

 

By plotting experimental data of log (𝑛) vs log2 (
𝑃0

𝑃
), a linear plot can be fitted which allows 

the calculation of total micropore volume (𝑛0) [39]. If the produced plot deviates from a 

straight line, this allows for further analysis as it can indicate differences in pore size 
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distribution of the material, see Figure 3.17. As discussed in Section 3.6.3, as ultramicropores 

are expected to be one of the defining factors that will influence the adsorption of CO2 in the 

materials produced in this study, the micropore analysis provided through the DR method 

will be vital in the characterisation of these materials. As such, there is a large focus on this 

data throughout the project. 

An example of the DR plot used in this study is shown in Figure 3.18. As can be seen from the 

high-pressure region of the graph (low 
𝑃0

𝑃
), the DR fit deviates from a straight line and curves 

in the vertical direction; this implies that the sample contains more larger micropores than 

would be predicted by the normal distribution [38].  

 
Figure 3.18: Example of DR Plot Used in This Study 

 

Fitting a linear regression to the selected points will give a plot, see Figure 3.19, where the 

intercept can be used to find the limiting micropore capacity, and in turn this can be used to 

calculate the micropore volume, using Equation 3.36, Equation 3.37 and Equation 3.38. (Note 

that limiting micropore capacity can be converted from cm3/g STP to mol/g using the 

information that 1 mole of an ideal gas occupies 22,400 cm3 at STP). 
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Figure 3.19: Example of a Linear Fit to DR Range used in This Study 

 

 𝑛0 = 10𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡   Equation 3.36 

 
𝑛0  (

𝑚𝑜𝑙

𝑔
) = 𝑛0 (

𝑐𝑚3

𝑔
𝑆𝑇𝑃) ∗

1 𝑚𝑜𝑙

22400 𝑐𝑚3
 

Equation 3.37 

 𝑉𝐷𝑅 =
𝑛0

𝜌𝑀
 

Equation 3.38 

Where: 

 𝑛0 = total capacity for gas to adsorb in micropores (/limiting micropore capacity)  

            (cm3/g or mol/g) 

 𝑉𝐷𝑅 = micropore volume calculated via DR method (cm3/g) 

 𝜌𝑀 = molar density (mol/cm3) (0.0289 mol/cm3 for N2 and 0.0232 mol/cm3 for CO2) 

The equivalent micropore area can also be calculated from the limiting micropore capacity 

using Equation 3.39. Throughout this thesis, the DR equivalent micropore surface area is 

commonly referred to as the ‘DR surface area’.  

 𝑆𝑆𝐴𝐷𝑅 =  𝑛0 ∗ 𝑁𝐴 ∗ 𝑎𝑟𝑒𝑎𝑀 Equation 3.39 

Where: 
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𝑆𝑆𝐴𝐷𝑅 = equivalent micropore area calculated via DR method (m2/g) 

 𝑛0 = limiting micropore capacity (mol/g) 

 𝑁𝐴 = number of molecules per mol (6.023x1023 molecules/mol) 

 𝑎𝑟𝑒𝑎𝑀 = cross-sectional area of adsorbate molecule (m2/molecule)  

Note that 𝑎𝑟𝑒𝑎𝑀 is 1.62 x10-19 m2/molecule for N2 and 1.7x10-19 m2/molecule for CO2.  

The average micropore width can also be calculated from the characteristic energy, E0, which 

itself is derived from the DR linear regression, using Equation 3.40 [40].  

 
𝐿 =

10.8

𝐸0 − 11.4
 

Equation 3.40 

Where: 

 𝐿 = average micropore width (nm) 

 𝐸0 = characteristic energy of the carbon material (kJ/mol) 

It should be noted that the DR method has been found to overestimate adsorption capacity 

at low relative pressures ( <  0.0015 
𝑃

𝑃0 ) [41], and also when there is significant skewing of 

the DR plot away from linearity [42]. 

3.7 Uncertainty Calculations 

The uncertainties in the presented textural properties, such as surface area and pore volume, 

were calculated through propagation of the uncertainties associated with the linear 

regression, for each individual property. The error in N2 BET surface area calculations were 

found using Equation 3.41 [28]. This same type of method was used for t-plot microporous 

surface area, microporous volume and DR microporous volume calculations, with the 

equation altered depending on whether the gradient value, intercept value, or both, were 

used in the calculations. These can be seen in Equation 3.42 to Equation 3.47 [28]. 
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𝜎𝑆𝑆𝐴 =

𝑆𝑆𝐴 ∗ √𝑉𝑔𝑔 + 𝑉𝑖𝑖 + 2𝑉𝑔𝑖

𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
 

Equation 3.41 

Where: 

 𝜎𝑆𝑆𝐴 = propagated uncertainty in the specific surface area (m2/g) 

 𝑆𝑆𝐴 = specific surface area (m2/g) 

 𝑉𝑔𝑔 = variance in the gradient of the straight line fit (g/cm3 STP)2 

 𝑉𝑖𝑖 = variance in the intercept of the straight line fit (g/cm3 STP)2 

 𝑉𝑔𝑖 = covariance between the fitted gradient and intercept (g/cm3 STP)2 

 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 = gradient of the straight line fit (g/cm3 STP) 

 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = intercept of the straight line fit (g/cm3 STP) 

Note that any surface area value below 10 m2/g was reported as 0 m2/g due to the intrinsic 

error in the equipment, and similarly any pore volume below 0.001 cm3/g was reported as 0 

cm3/g for the same reason. 

 

𝜎𝑡−𝑝𝑙𝑜𝑡 𝑋𝑆𝐴 =

𝑡 − 𝑝𝑙𝑜𝑡𝑋𝑆𝐴 ∗ √𝜎𝑔
2

𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡
 

Equation 3.42 

 
𝜎𝑡−𝑝𝑙𝑜𝑡 𝑀𝑆𝐴 = √𝜎𝑡−𝑝𝑙𝑜𝑡 𝑋𝑆𝐴

2 + 𝜎𝑆𝑆𝐴
2 

Equation 3.43 

Where: 

 𝜎𝑔 = standard error of the gradient from the straight line fit (g/cm3 STP) 

𝜎𝑡−𝑝𝑙𝑜𝑡 𝑋𝑆𝐴 = propagated standard uncertainty in the t-plot external surface 

 area (m2/g) 

 𝑡 − 𝑝𝑙𝑜𝑡𝑋𝑆𝐴 = t-plot external surface area (m2/g) 
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 𝜎𝑡−𝑝𝑙𝑜𝑡 𝑀𝑆𝐴 = uncertainty in the t-plot microporous surface area (m2/g) 

 
𝜎𝑡−𝑝𝑙𝑜𝑡 𝑉 =

𝑉𝑡−𝑝𝑙𝑜𝑡 ∗ √𝜎𝑖
2

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
 

Equation 3.44 

Where: 

 𝜎𝑖 = standard error of the intercept from the straight line fit (g/cm3 STP) 

 𝜎𝑡−𝑝𝑙𝑜𝑡 𝑉 = uncertainty in the t-plot micropore volume (cm3/g) 

 𝑉𝑡−𝑝𝑙𝑜𝑡 = t-plot micropore volume (cm3/g) 

 𝜎𝑛0 = 𝑛0  ∗ (𝑙𝑛10) ∗ 𝜎𝑖  Equation 3.45 

 𝜎𝑉 𝐷𝑅 =
𝜎𝑛0

𝜌𝑀
 

Equation 3.46 

 𝜎𝑆𝑆𝐴 𝐷𝑅 =  𝜎𝑛0 ∗ 𝑁𝐴 ∗ 𝑎𝑟𝑒𝑎𝑀 Equation 3.47 

Where: 

 𝜎𝑛0 = propagated standard uncertainty in limiting micropore capacity (mmol/g) 

 𝑛0 = limiting micropore capacity (mmol/g) 

 𝜎𝑉 𝐷𝑅 = propagated standard uncertainty in DR micropore volume (cm3/g) 

 𝜌𝑀 = molar density (mol/cm3) 

 𝜎𝑆𝑆𝐴 𝐷𝑅 = propagated standard uncertainty in DR equivalent microporous 

 surface area (m2/g) 

 𝑁𝐴 = number of molecules per mol (6.023x1023 molecules/mol) 

 𝑎𝑟𝑒𝑎𝑀 = cross-sectional area of adsorbate molecule (m2/molecule)  
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4 Experimental Methodology Chapter 

This chapter details the synthesis methods used to produce nitrogen-doped and non-doped 

biochars and hydrochars, and the characterisation methods applied to them. The biochars 

were produced through a single-stage pyrolysis-activation process using a furnace, while the 

hydrochars underwent hydrothermal carbonisation (HTC) in a sealed autoclave, and 

subsequent activation through pyrolysis using a furnace. The conditions used within each 

production process were instructed from assessment of literature on the subject. The range 

of experiments conducted were chosen using Design of Experiments (DoE) based rationale, 

and a DoE methodology followed in order to optimise the selected responses.  

 
Figure 4.1: Visualisation of Experimental Production and Characterisation of Biochars Produced in this Study 

 

Figure 4.1 and Figure 4.2 show the full process of production and characterisation of the 

biochars and hydrochars respectively. For both materials, the samples produced in the 

screening DoE were characterised for specific properties that were used to inform the DoE 

statistical analysis. Next, the samples produced in the optimisation stage were subject to full 

characterisation. The results from these tests were then used to determine the most 
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promising samples for further analysis. This allowed the CO2 adsorption capacity of a 

selection of both biochars and hydrochars to be measured using more specialised 

techniques.    

 
Figure 4.2: Visualisation of Experimental Production and Characterisation of Hydrochars Produced in this 

Study 

 

4.1 Design of Experiment Methodology 

4.1.1 Design of Experiments Explained 

DoE is a statistical method used to test the response of a system to a selection of process 

parameters. It reduces the number of experiments required, as multiple parameters are 

varied at a time, compared with traditional methods of varying one factor at a time; see 

Figure 2.5, Chapter 2 for a visual representation of this. DoE can also be used to quantify both 

the impact that each parameter, and the interactions between parameters, have on the 

system’s response [1]. This study uses DoE for both the screening and optimisation stages, 
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with the optimisation results used to create surface response models. These are statistical 

models that use the experimental results to predict maximum and minimum points within a 

defined range. In this case, they can be used to find the process parameters that can be used 

to create a char that is optimal for a chosen response i.e., to create a char with the highest 

surface area.  

There are three important terminologies for DoE: factors, levels and responses. Factors are 

the process parameters that can be changed, and are being tested to determine if they are 

influential. Factors can be defined as continuous, in which they can be any value from within 

a chosen range i.e., temperature, or discrete, where they are limited to specific set values 

i.e., colour. Levels are the different values of each factor; for example, temperature could be 

a factor in a DoE, and tested at two levels of 100 °C and 200 °C. Finally, there is response, 

which is the parameter being measured and assessed, such as the yield or performance of a 

product.  

Full factorial designs were used for each stage: screening and design. This was undertaken to 

ensure there was no confounding seen between main factor effects and two-factor 

interaction effects. To ensure a manageable number of experiments were planned, the 

factors chosen to be investigated were tested at two levels in the screening stage, rising to 

five levels in the optimisation stage. 

An initial screening stage was used to test different process parameters in the production of 

biochar and how they affected the system responses, i.e., the characteristics of the biochar. 

Analysis of results from this stage then led to an optimisation stage being carried out, which 

varied the significant factors, as determined in the screening stage, to find optimal conditions 

to give the ‘best’ char based on the chosen responses. 
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The Minitab Statistical Software 22 programme was used to assist in the analysis of DoE. This 

allowed for Analysis of Variance (ANOVA) and regression equations to be produced, which in 

turn allowed for the assessment of each model that was produced for the system responses. 

The use of regression equations allowed for one optimal char to be produced for each 

response.  

4.1.2 Screening Designs 

When producing the biochars, four factors were identified for testing in the screening stage. 

These were: pyrolysis temperature, pyrolysis residence time, peel type, and CO2 gas flowrate. 

These were tested at two levels in this stage; the numerical values for each level and the 

rationale behind choosing them are discussed in Chapter 5. This led to 16 experiments being 

carried out, as per no. of experiments = no. of levelsno. of factors = 24 = 16.  

For hydrochar production, again four factors were chosen for testing at two levels during the 

screening stage: HTC temperature, HTC residence time, peel type, and activation 

temperature. Levels and experiment details are described in Chapter 6, with an identical 

number of 16 experiments carried out.  

4.1.3 Optimisation Designs 

Analysis of biochar screening results reduced the factors to three: pyrolysis temperature, 

pyrolysis residence time, and peel type. A circumscribed (CCC) design was chosen and the 

two continuous factors, temperature and time, were tested at five levels within this, while 

peel type remained the same (orange and mandarin). This led to 18 experiments being 

carried out. As there is a discrete factor, i.e. peel type; the experiments for each peel type 

are, therefore, used to create two different models. Thus, the optimisation DoE can be used 

to assess the influence of the three factors being tested at this stage, and also to create 

individual biochar optimisation models for each peel type. The levels of the two continuous 
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factors used in this stage are determined by the alpha value of the design, which is calculated 

as follows: DoE alpha = [no. of initial levels tested no. of continuous factors] 1/4. 

Note that this alpha is different to the alpha related to ANOVA calculations; therefore, the 

alpha discussed in this section will be referred to as the DoE alpha [2]. As there are two 

continuous factors being tested, and they were tested at two levels in the initial screening 

design, this means the DoE alpha is found to be: DoE alpha = (22) 1/4 = 4 1/4 = 1.414. 

For the hydrochar optimisation stage a similar outcome was reached; the screening stage 

determined that the three factors of HTC temperature, peel type and activation temperature 

were influential, while HTC residence time was not. As a result, another CCC design was 

created, with both temperatures (the continuous factors) tested at five levels and peel type 

remaining as orange and mandarin. Again, 18 experiments were carried out from this, and 

due to there being two continuous factors found to be significant from the screening design, 

the DoE alpha for this design was also calculated to be 1.414.  

4.1.4 Final Optimisation Process 

After the optimisation biochars were characterised, and their response results input into the 

Minitab software, this allowed a full surface response model to be created for each of the 

three chosen responses. By utilising this, it was then possible to create six ‘optimal’ biochars, 

one made from each peel type for each response. In theory, the biochar for each response 

should give the highest or best possible result i.e., the orange-derived biochar produced using 

the micropore area response model should give the highest micropore area from all the 

orange-derived biochars tested.  

This same method was followed for the production of six ‘optimal’ hydrochars.  
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4.2 Biochar Synthesis 

Biochars were produced from two types of feedstocks: orange peels (Navel Fukumoto) and 

mandarin peels (Tang Gold Spain and Nardcott). This allowed for a comparison of two similar 

feedstocks, which are from the same family of plants, the Rutaceae family [3]. Nitrogen 

doping was carried out on the relevant samples using prepared urea solutions. A variety of 

pyrolysis conditions were used, as determined by the DoE methodology, allowing estimation 

of optimal conditions for tailored production of biochar for CO2 adsorption. As it was not 

possible to measure CO2 adsorption isotherms for each biochar produced, N2 sorption 

isotherms were instead run and used as proxies for CO2 adsorption. This meant that 

microporous surface area calculated from the N2 isotherm data were designated as a 

measure of how effective the biochars would be for CO2 adsorption, as microporous surface 

area is well referenced in literature as being key to achieving high CO2 capacity.  

4.2.1 Biomass Preparation 

Solutions of 3 M urea were prepared by dissolving 180.18 g of solid urea (98+ %, Thermo 

Scientific Chemicals) in 1 L of deionised water. These solutions, if not being used instantly, 

were stored in a dark cupboard to prevent urea degradation, for a maximum of three days.  

The relevant species of oranges and mandarins were bought from Tesco Supermarkets in 

Falkirk, and the peels collected from the fruits. The peels were initially blended using a food 

blender into small pieces of approximately 1 mm x 0.5 mm, before being washed in deionised 

water to remove any debris and potential chemical residues from transport or previous 

processing.  

For peel being used for production of non-doped biochar, after washing, the peels were 

drained of water before being dried in an oven at 80 °C for 24 h. If the peels were for 

production of nitrogen-doped biochars, the washed peels were transferred to a beaker and 
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mixed with urea solution. The volume of urea solution was always determined on a 1:1 mass 

basis with respect to the mass of peels (recorded before washing). For example, for a mass 

of 90 g of peels, this would equate to 90 g of urea, and based on a 3 M urea solution would 

equate to 0.5 L of solution.   

1 𝑔 𝑟𝑎𝑤 𝑝𝑒𝑒𝑙: 1 𝑔 𝑢𝑟𝑒𝑎 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

𝑛𝑈𝑟𝑒𝑎 =
𝑀

𝐺𝐹𝑀
=

90

60.06
= 1.50 𝑚𝑜𝑙 (3 𝑠𝑖𝑔. 𝑓𝑖𝑔. ) 

𝑉𝑈𝑟𝑒𝑎 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
𝑛

𝑐
=

1.50

3
= 0.5 𝐿  

The mixture of peel and urea solution was stirred for 5 h at room temperature in a sealed 

container, before the peels were drained and dried in an oven at 80 °C for 24 h.  

4.2.2 Pyrolysis Process  

The biochars were produced by the process of pyrolysis using a Lenton tube furnace, model 

12/38/500. The ceramic tube used in the furnace had dimensions of 750 mm length and 

25 mm inner diameter. Pyrolysis was carried out using the pre-determined conditions, and 

the produced biochar was collected at the end of each run, after cooling.  

For the screening stage, the four variables investigated at two levels each were: pyrolysis 

temperature (500 and 800 °C), pyrolysis time (0.5 and 3 h), peel type (orange and mandarin) 

and CO2 gas flowrate (100 and 400 mL/min). These were determined based on a review of 

literature, as discussed in Chapter 2. This resulted in the production of 16 biochars. A ramp 

rate of 15 °C/min was used for each experiment. 

From the analysis of the screening results obtained, CO2 gas flowrate was deemed not 

significant in the study and was set at 400 mL/min for any future experiments. This was based 

on reports in the literature [4], that increased gas flow resulted in increased volatilisation, to 
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a point, and the increased gas flow should also facilitate removal of gaseous volatiles and 

provide cooling of the sample. Of the three remaining variables, the two continuous factors 

were tested at a wider range of levels based on the circumscribed DoE selected, see Table 

4.1. The lower level of pyrolysis temperature was increased, as it was clear that 500 °C 

produced no discernible porosity within the samples, as the Boudouard reaction was not 

active at this temperature. This gave a total of 18 new biochars produced. The ramp rate of 

15 °C/min remained unchanged from the screening stage. 

Incorporating these initial levels, of 650 – 800 °C and 0.5 – 3 h, with the DoE alpha calculated 

in Section 4.1.2, the other three levels to be tested were calculated, shown in Table 4.1 and 

Figure 4.3. These are calculated based on the normalisation of the two continuous factor 

ranges, with respect to the DoE alpha, and were tested for both peel types. The distance from 

the centre point of the DoE design to the upper and lower level points of the optimisation 

design should be equal to 1.412 alpha (see both Figure 4.3 and Figure 4.4). Also note, the 

lower initial level of the design used here is higher (650 °C instead of 500 °C, due to the 

reasons discussed above). A traditional normalised figure showing the spread of alpha points 

in a CCC design is shown in Figure 4.4 to help illustrate how the calculated points in this study 

map onto the design.  

Table 4.1: DoE Levels for Continuous Factors Used in Optimisation Biochar Production in this Study 

Variable Level to Test (normalised based on DoE α) 

-1.412 α 1α 0 1α 1.412 α 

Pyrolysis 
Temperature (°C) 

619 650 725 800 831 

Pyrolysis Time (h) 0 0.5 1.75 3 3.52 
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Figure 4.3: Example of the Experimental Points and Conditions for One Peel Type in the Biochar DoE 

Optimisation Process 

 
Figure 4.4: Example of Traditional Normalised Values of DoE Alpha in DoE Optimisation CCC Design 
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Dried peel samples were loaded into two alumina crucibles, with dimensions of 90 mm × 

17 mm × 11.5 mm (L × W × H), and both crucibles were subsequently placed in the centre of 

the ceramic tube (end-to-end) which was slid into the furnace. Each crucible held around 5 g 

of the dried peel (with exact masses recorded prior to pyrolysis). N2 gas (BOC, 99.998 % 

purity) was flowed through the setup as an inert atmosphere (400 mL/min) and furnace 

heating was initiated under N2. The setup can be seen in Figure 4.5, Figure 4.7 and Figure 4.8.  

 
Figure 4.5: Schematic of Furnace Setup 

 

Once at the target temperature, the gas was changed from N2 to CO2 (BOC, 99.8 % purity), 

and set at the desired flowrate for the pre-determined dwell time, after which the system 

was left to cool [5]. The gas was not changed at the end of the dwell time; thus, the material 

was left to cool under a CO2 atmosphere (at the same specific flowrate that was applied 

during each individual experiment); this was done in order to maximise contact time between 

the gas and the material in the crucible. As a result of this, it is likely that, in the case of 

experiments carried out at 700 °C or higher, activation may have continued after the stated 

dwell time was complete. This must be acknowledged, as, if these reactions did continue 

then, the yield and porosity of the final char may have been influenced by the additional 

exposure to CO2. There is also a possibility that the reverse Boudouard reaction may have 

occurred, due to it becoming thermodynamically favourable at the lower temperature 

encountered during cooling (300 – 400 °) [6]. While this was not desired, there is the potential 
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that it may have occurred, and as such, it may have had an unquantifiable effect on the final 

biochar yield and surface chemistry, as carbon monoxide still present in the furnace 

atmosphere may have been deposited back onto the surface of the material in the form of 

carbon.  

Due to safety policy in the lab, the furnace and gas could not be left to run overnight. As the 

autoignition of carbon black is approximately 350 – 400 °C [7], it was, therefore, necessary 

to turn off the gas and remove the connection to the scrubber from the water trap to ensure 

no backflow of water into the gas tubing, approximately 15 min before the lab shut each day, 

to avoid sample degradation. The temperature was found, on the vast majority of occasions, 

to be below 300 °C by this stage, and always below 350 °C. Unfortunately, this would result 

in the chars being exposed to oxygen in the ambient air, which, in turn, may have led to 

surface oxidation of the chars occurring; while this was in no way desired, it was also 

unavoidable due to the laboratory safety policy. In turn, the errors that could arise from this 

process must be considered, and while they are unquantifiable, they should be 

acknowledged in the appropriate sections. For example, if oxidation did occur this would lead 

to larger values of oxygen-containing functional groups in chemical surface analysis, than 

would be expected if the cooling procedure was allowed to take place until the sample 

reached room temperature. Similarly, oxygen-containing peaks may be detected during 

Fourier Transform Infrared Spectroscopy that would otherwise not have been present. Figure 

4.6 presents a temperature profile of a typical biochar experimental run with the flowing gas 

shown for each stage (run conditions are: temperature of 800 °C, time of 3 h and ramp rate 

of 15 °C/min).  
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Figure 4.6: Temperature Profile of Typical Biochar Experimental Run, Including Flowing Gas for Each Stage 

 

The crucibles were removed from the furnace the next day, and the produced biochar 

collected and its weight recorded. The yield of biochar produced was calculated using 

Equation 4.1. 

 
𝑌𝑖𝑒𝑙𝑑 (%) =

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜𝑐ℎ𝑎𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑔)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑢𝑠𝑒𝑑 (𝑔)
∗ 100 

Equation 4.1 

 

 
Figure 4.7: Lenton Tube Furnace 

 
Figure 4.8: Gas Cylinder Setup Connected to Lenton 

Furnace 
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The use of a horizontal tube furnace may have also impacted upon the diffusion of the 

activating gas, CO2, into the samples during the gasification process. In this setup, the inlet 

gas flows over the biomass sample in the crucible meaning that diffusion occurs over the 

boundary layer on top of the sample, whereas in a vertical furnace setup the gas would flow 

and diffuse through the sample, with the vertical method likely resulting in more effective 

mass transfer and better contact with the sample. The horizontal setup employed in this 

study does allow for CO2 gasification to take place, but it must be acknowledged that this 

may have implications on the degree of activation achieved when compared to a vertical 

configuration, and similarly, on the relationship that gas flow rate has with the char 

responses tested in this study. Note that a higher flowrate of 400 mL/min of CO2 was used in 

the optimisation experiments; this theoretically should result in a larger concentration 

gradient between the bulk gas flow and the surface of the sample in the crucible, in turn 

possibly increasing the level of mass transfer [8]. 

4.2.3 Sample Storage 

Samples, once removed from the furnace, were stored in 50 mL sample bottles, labelled 

based on their production conditions and retained in a cupboard in the lab at room 

temperature. The same procedure was followed for all biochars produced. An example of the 

produced biochar material can be seen in Figure 4.9. 
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Figure 4.9: Example of Biochar Material Produced in This Study 

 

4.3 Hydrochar Synthesis 

The same species of orange and mandarin peels used to produce biochars were also used to 

produce the hydrochars in this study.  

4.3.1 Biomass Preparation 

Similar to the biochar route, the relevant species of orange and mandarins were bought from 

Tesco Supermarkets in Falkirk, their peel removed and blended into small pieces of around 

1 mm x 0.5 mm. They were washed in deionised water, before being dried at 80 °C for 24 h 

in the oven. After drying, the peels were stored in labelled airtight bags in a drawer in the lab 

until they were used in experiments.  

4.3.2 Hydrothermal Carbonisation Process 

Hydrochars were produced using a 125 mL Parr 4748 Acid Digestion Vessel, Figure 4.11, and 

a Memmert UF55 Plus Oven, Figure 4.13 and Figure 4.14. HTC was carried out using the pre-

determined conditions based on the generated DoE.  
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For the screening stage, the four variables investigated at two levels each were: HTC 

temperature (180 and 220 °C), HTC residence time (2.5 and 12 h), peel type (orange and 

mandarin) and activation temperature (750 and 800 °C). Again, the values for these 

parameters were informed from the literature review. This resulted in the production of 16 

hydrochars. A ramp rate of 5 °C/min was used for each experiment.  

From the analysis of the screening results obtained, HTC residence time was deemed not 

significant in the study and was set at 2.5 h for any future experiments. This was based on 

the fact that a lower residence time would result in lower energy consumption of the process, 

and would also reduce the associated safety risks arising from the process. Of the three 

remaining variables, the two continuous factors were tested at a wider range of levels based 

on the circumscribed DoE selected, see Table 4.2. This was calculated in the same manner as 

in Section 4.1.2. See Figure 4.10 for a visualisation of the design points, for a single peel type. 

This gave a total of 18 new hydrochars produced. The ramp rate of 5 °C/min was once again 

utilised. 

Table 4.2: DoE Levels for Continuous Factors Used in Optimisation Hydrochar Production in this Study 

Variable Level to Test (normalised based on DoE α) 

-1.412 α 1α 0 1α 1.412 α 

HTC Temperature 
(°C) 

172 180 200 220 228 

Activation 
Temperature (°C) 

740 750 775 800 810 
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Figure 4.10: Example of the Experimental Points and Conditions for One Peel Type in the Hydrochar DoE 

Optimisation Process 

 

 
Figure 4.11: Schematic of 4748 Acid Digestion Vessel 125 mL, Used to Produce Hydrochars In This Study [9] 
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For each sample, 2.50 g of either orange or mandarin peel was weighed out and added to a 

125 mL PTFE liner. To meet filling level regulations for the equipment, 31 mL of urea solution 

was the maximum volume possible to use in experiments. As such, it was calculated that, 

working from a ratio of 2.5 g of peel to 2.5 g of urea, and with the volume restriction of 31 mL, 

a solution of 1.34 mol/L urea was required. Solutions matching this concentration were made 

up in 500 mL batches, as and when required. 

Thus, 31 mL of the urea solution was added to the PTFE liner with the prepared peel and the 

lid placed on the liner, which was subsequently placed inside the stainless-steel autoclave. 

The autoclave was sealed, using its cap screws and placed inside the Memmert oven. For 

samples produced without nitrogen doping, the process followed was identical to that 

described above but with urea eliminated from the process, meaning only a mixture of peel 

and deionised water was placed in the PTFE liner.   

 
Figure 4.12: AtmoCONTROL Software Used to Programme the Memmert UF55 Plus Oven 

 

Using the Memmert software AtmoControl, Figure 4.12, a programme was created for the 

oven to follow for each run; this allowed for the ramp rate, HTC temperature and HTC 
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residence time to be set. Once the autoclave was in the oven, the programme of operation 

was started and left for the required time for the experiment to complete. Due to safety 

concerns around urea degradation reactions that could occur during the HTC process, the 

experiments were carried out overnight when the lab was empty, to minimise safety risks to 

other researchers and staff. Therefore, experiments were prepared and started at 4:30 pm 

each day before lab closure. The experimental runs would then complete during the night, 

and the autoclave would cool to room temperature by 9 am the next day to coincide with 

the lab re-opening.   

 
Figure 4.13: Memmert Oven UF55 Plus 

 
Figure 4.14: Autoclave Inside Memmert UF55 Plus 

Oven 

 

The next day, the autoclave would be opened and the PTFE liner, containing the hydrochar, 

removed. The liner was placed in a fume hood, where the lid was removed and left to stand 

for 30 min; this allowed for any gases produced during the process to be removed by the 

ventilation system. After this time had passed, the mixture of liquids and solids was vacuum 
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filtered through standard Fisherbrand filter paper using a Buchner funnel system. The liquid 

was then disposed of and the solids were rinsed with water before being dried in an oven for 

24 h at 80 °C.  

The yield of hydrochar was calculated using Equation 4.2, based on the dried mass of peel 

used in the specific experiment.  

 𝐻𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 𝐻𝑇𝐶 𝑦𝑖𝑒𝑙𝑑 (%)

=
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑔)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑝𝑒𝑒𝑙 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 (𝑔)
∗ 100 

Equation 4.2 

 

4.3.3 Physical Activation Process 

After the produced hydrochar was dried, it was analysed for porosity and the functional 

groups present on the material surface, using Brunauer-Emmett-Teller (BET) porosimetry, 

volumetric CO2 adsorption and Fourier Transform Infrared (FTIR) spectroscopy techniques 

respectively. This was carried out at this stage to determine their initial adsorption capacity, 

as the purpose of activating the samples was to increase their porosity with a view to creating 

characteristics that would be advantageous for carbon capture; thus, it was deemed 

important to show the ‘before’ and ‘after’ of hydrochar activation in order to provide 

evidence of the impact of activating the samples.  

For activation of the produced hydrochar, the same set up as described in Section 4.2.2 was 

utilised. A recorded mass of hydrochar was weighed out into a single crucible and placed in 

the centre of the ceramic tube, which was slid into the Lenton tube furnace. CO2 gas flow 

was set at a rate of 400 mL/min to provide an activating atmosphere inside the furnace, and 

after this the heating programme was initiated. A residence time of 0.5 h was chosen, based 

on experience gained from the biochar production studies, and the activation temperature 

was varied based on the DoE specifications. A ramp rate of 15 °C/min was used to mirror the 
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biochar production. Once the dwell time was complete, heating of the sample stopped and 

the material was left to cool under the same CO2 atmosphere, at a rate of 400 mL/min. At 

the end of the day, as had been required during biochar production, the CO2 gas flow was 

turned off and the connection to the scrubber lifted from the water trap to ensure no 

backflow of water into the gas tubing. Once again, this unfortunately exposed the samples 

to oxygen in the ambient air, and may have led to oxidation of the char surface. This raises 

the same uncertainties regarding the analysis of chemical surface data discussed in Section 

4.2.2, however, it was unavoidable due to laboratory safety policy. Figure 4.15 presents a 

temperature profile of a typical biochar experimental run with the flowing gas shown for 

each stage (run conditions are: temperature of 800 °C, time of 0.5 h and ramp rate of 

15 °C/min).  

The crucible was removed the following day, the activated hydrochar collected and weighed, 

and the overall yield of hydrochar calculated, using Equation 4.3. 

 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 (%)

=
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑔)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑝𝑒𝑒𝑙 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 (𝑔)
∗ 100 

Equation 4.3 

 



157 
 

 
Figure 4.15: Temperature Profile of Typical Hydrochar Experimental Run, Including Flowing Gas for Each 

Stage 

 

4.3.4 Sample Storage 

The hydrochar and activated hydrochar samples were stored identically to the biochar 

samples, as described in Section 4.2.3. An example of the hydrochar material produced in 

this study is shown in Figure 4.16. 
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Figure 4.16: Example of Hydrochar Material Produced in This Study 

 

4.4 Sample Nomenclature 

4.4.1 Biochar Nomenclature 

Biochars produced in the screening stage of the process were labelled as ‘BC WW-XX-YY-ZZ’, 

where BC stands for biochar, WW represents the pyrolysis temperature (°C), XX the pyrolysis 

residence time (h), YY the type of peel (O for orange or M for mandarin) and ZZ the flowrate 

of CO2 gas over the sample (mL/min). For example, a sample produced at 800 °C, with a 

residence time of 3 h, using orange peel and a CO2 flowrate of 400 mL/min would be labelled 

‘BC 800-0.5-O-400’.  

For the biochars produced in the optimisation stage, the same style of nomenclature was 

used but without the CO2 flowrate term, as this factor was held at a constant value for these 

experiments. Thus, these samples were labelled as ‘OBC WW-XX-YY’, where OBC stands for 

optimised biochar, and WW, XX and YY represent the same factors as described above.  
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Finally, for the biochars produced from the optimised DoE equations, samples were named 

‘OPB AA YY’, where OPB stands for optimal biochar, AA represents the specific response the 

char was created for and YY represent the peel type of the biochar.  

4.4.2 Hydrochar Nomenclature 

A similar method of naming samples was used for the hydrochars produced in this study. 

Hydrochars produced in the screening stage of the process were labelled as ‘HC WW-XX-YY-

ZZ’, where HC stands for hydrochar, WW represents the HTC temperature (°C), XX the HTC 

residence time (h), YY the type of peel (O for orange or M for mandarin) and ZZ the post-HTC 

activation temperature of the sample (°C). For example, a sample produced at 220 °C, with a 

residence time of 2.5 h, using orange peel and activated at 800 °C would be labelled 

‘HC 220-2.5-O-800’.  

The same nomenclature method was used for the optimisation samples, but without the 

residence time term as this was fixed; so, samples were named in the form ‘OHC WW-YY-ZZ’ 

where ‘OHC’ stands for optimised hydrochar and WW, YY and ZZ represent the same factors 

as above.  

For the hydrochars produced from the optimised DoE equations, samples were named 

‘OPH AA YY’, where OPH stands for optimal hydrochar, AA represents the specific response 

the char was created for and YY represent the peel type of the hydrochar.  

4.5 N2 Adsorption Isotherms for Surface Textural Analysis  

N2 adsorption isotherms were measured at -196 °C, on each of the produced chars, using a 

Micromeritics ASAP 2420 system, Figure 4.17. Approximately 0.2 – 1 g of sample was used, 

depending on sample availability. This method of analysis assessed the porosity of materials, 

and helped provide results to inform the DoE process.  
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Figure 4.17: Micromeritic ASAP 2420 System 

 

Using BET theory (including Rouquerol correction), t-plot method and the Dubinin–

Radushkevich (DR) method, analysis was carried out to allow calculation of total and 

micropore surface areas, and micropore volumes respectively. These methods are discussed 

in detail in Chapter 3. 

4.5.1 Sample Preparation and Degas Procedure 

In order to ensure accurate adsorption data was collected, each sample was degassed before 

undergoing analysis. This process was undertaken to remove any moisture and 

contamination, or left-over volatiles, from the sample surfaces and pores, which could 

otherwise affect the adsorption of N2 molecules and give erroneous results.  

For each sample, a clean BET sample tube was chosen and weighed to record its empty mass. 

Approximately 0.2 – 1 g of the chosen sample was then weighed into the BET tube, see Figure 

4.18. As a rule of thumb, for a sample with an expected surface area between 15 – 30 m2/g, 
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1 g of the sample would be required to provide a reliable isotherm. This is an inversely 

proportional relationship, therefore, for samples of higher surface area, a lower mass of 

sample is required.  

Once the BET tube with sample in it was weighed and recorded, it was secured onto a degas 

port on the BET instrument. The degas ports can be seen in Figure 4.19. A heating mantle 

was then attached to the tube and the degas programme started on the system. Each degas 

cycle began by increasing the temperature to 50 °C with a ramp rate of 5 °C/min and reducing 

the pressure to 10 µmHg to evacuate the sample, with the sample held at these conditions 

for 30 min. After this period, the temperature was increased to 250 °C at a rate of 10 °C/min 

and pressure maintained at 10 µmHg, and the sample held here for 4 h before the process 

was complete.  

 
Figure 4.18: Biochar Sample in BET Tube 

 
Figure 4.19: Samples Undergoing Degas on Degas Ports 

 

Note that for hydrochar samples that had not been activated, a lower degas temperature 

was used, as 250 °C was above the production temperature of the material; for these samples 
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degas was performed at 120 °C for 8 h, with the same ramping conditions and pressure as 

used for biochars. 

4.5.2 Sample Analysis via N2 Adsorption 

The BET sample tube was then removed from the degas port, and its new ‘degassed’ weight 

recorded. A filling rod was then placed in the tube, and an isothermal jacket attached to the 

outside of the tube. A filling rod was used to reduce the free space inside the sample tube, 

which increases the accuracy of the adsorption measurement, and the isothermal jacket 

allowed maintenance of a constant temperature across the external surface of the sample 

tube. The tube was then attached to an analysis port on the instrument, shown in Figure 

4.20. The dewar for the chosen port was filled with liquid N2, and a splash guard placed 

around the sample. The sample analysis programme was then started on the instrument. For 

each sample, 49 points were measured on the adsorption branch between 0 and 760 mmHg, 

across the full range of relative pressure (0 <
𝑃

𝑃0
 <  1), and 32 points on the desorption 

branch across the same pressure range, measured at a constant temperature of -196 °C.  

 
Figure 4.20: Samples Undergoing BET Analysis on Analysis Ports 

 

After the adsorption and desorption isotherms were complete, specific surface areas (SSAs), 

and micropore volumes were then determined using the BET method and the DR method. 
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The Rouquerol correction and t-plot analysis were also applied, due to the microporous 

nature of the samples [10].  

4.6 Proximate Analysis 

4.6.1 Sample Preparation 

Thermogravimetric analysis (TGA) was conducted to analyse the fixed carbon content in the 

chars, using a NETZSCH STA 449 F3 Jupiter instrument, see Figure 4.21. 

 
Figure 4.21: NETZSCH STA 449 F3 Jupiter System 

Used in This Study 

 
Figure 4.22: STA Furnace Sample Holder of the 

NETZSCH STA 449 F3 Jupiter System 

 

Initially an aluminium oxide crucible was loaded into the STA furnace sample holder, Figure 

4.22, alongside an empty reference crucible made of the same material, exposed to a 

50 mL/min flow of N2, and the mass tared. The crucible was then removed, filled with char 

sample and re-loaded. After the mass stabilised, the starting weight was recorded and the 

temperature program initiated. The range of sample mass used was approximately 10 – 

25 mg. 
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4.6.2 Sample Analysis 

The temperature programme followed was based off a standard method found in literature 

[11]. The programme steps can be seen in Table 4.3. Data from each run was recorded using 

the Proteus Analysis software, which allowed plots of mass change with respect to time and 

temperature to be produced and thus, the % mass loss calculated. This allowed the mass 

losses to be broken down into four definitive sections: moisture, volatiles, fixed carbon and 

ash.  

Table 4.3: Proximate Analysis Temperature Programme Utilised in This Study 

Stage 
type 

Target 
Temp. 
(°C) 

Ramp 
Rate 
(°C/min) 

Time 
(min) 

Air Flow 
(mL/min) 

N2 Flow 
(mL/min) 

N2 Protective 
Flow (mL/min) 

Start 25 - - 0 50 60 

Ramp 100 10 7.5 0 50 60 

Dwell 100 - 10 0 50 60 

Ramp 920 10 82 0 50 60 

Dwell 920 - 15 0 50 60 

Ramp 820 -10 10 0 50 60 

Dwell 820 - 10 0 50 60 

Dwell 820 - 30 50 0 60 

 

4.7 Elemental Analysis 

Carbon, hydrogen and nitrogen contents of the samples were found by employing elemental 

analysis, using an FlashSmart Elemental Analyser (CHNS), with residual content (oxygen, 

sulphur etc) of samples calculated by difference, after calculating the wt% on an ash-free 

basis, see Equation 4.4. 

 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠 (𝑤𝑡%)
= 100 − 𝑐𝑎𝑟𝑏𝑜𝑛 (𝑤𝑡%) − ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 (𝑤𝑡%)
− 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 (𝑤𝑡%) 

Equation 4.4 

 

The analysis was carried out by Mara Knapp in the Department of Civil Engineering, University 

of Strathclyde. Samples were individually weighed out into tin capsules and loaded into the 
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CHNS autosampler. The CHNS system is first inerted using helium. When the analysis starts, 

the helium flow is stopped and oxygen is allowed into the reactor; after a few seconds the 

tin capsule containing sample is dropped into the reactor. The tin reacts with the oxygen in 

the environment in an exothermic reaction to raise the temperature of the reactor to 

1800 °C, which causes combustion of the sample. At this point the flow of oxygen is stopped 

and helium is introduced again.  

Any nitrogen oxides are reduced to N2 within the system, and the combustion products are 

then passed through a filter, of a form of cobalt catalyst, which removes any sulphur and 

halogenated components from the gas mixture. This leaves a mixture of CO2, N2, and H2O, 

which are passed into a gas chromatographic column that separates them into the individual 

gases. Each gas is then passed into a thermal conductivity detector, which determines the 

wt% of nitrogen, carbon and hydrogen, respectively. Samples were run in duplicate, and 

calibration of the instrument was carried out prior to operation. The system used can be seen 

in Figure 4.23 and Figure 4.24. 

 
Figure 4.23: FlashSmart Elemental Analyser CHNS 

 
Figure 4.24: CHNS Autosampler 
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4.8 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) was carried out by Dr Christopher Kelly in the 

Department of Chemistry, University of Glasgow. A Kratos AXIS Supra+ instrument was used 

to obtain both survey and individual element spectra of the char samples and their precursor 

materials, allowing for quantification of the elemental composition of carbon, nitrogen, 

oxygen and residual components on the surface of the materials. A dual aluminium and silver 

monochromatic anode was used as the X-ray source.   

Table 4.4: XPS Instrument Analysis Specifications Utilised in This Study 

Scans Pass Energy 
(eV) 

Dwell Time No. of 
Sweeps 

Step Size 
(eV) 

Survey 160 100 ms 1 1 

Carbon 40 239 ms 1 0.1 

Oxygen 40 373 ms 1 0.1  

Nitrogen 40 397 ms 1  0.1 

Calcium, Potassium, 
Silicon 

40 373 ms 4 0.1 

 

The samples were crushed and degassed (at the same conditions used for BET analysis) 

before undergoing analysis. The instrument specifications used when carrying out the scans 

is shown in Table 4.4. 

The samples were mounted on an XPS sample holder using carbon tape, and placed in the 

sample chamber, before the chamber was evacuated to create a vacuum. Initially, a survey 

scan is conducted to identify which elements are present in the sample. To carry out a scan, 

the X-ray source is directed at the surface of the sample, which excites photoelectrons on 

the sample surface. The instrument can measure the speed of these electrons, allowing the 

binding energy to be calculated, and thus, elements to be identified by their peak positions. 

After identifying the peaks in each sample, high resolution scans are carried out for individual 

elements to give more accurate spectra. 
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4.9 Fourier-Transform Infrared Spectroscopy 

FTIR spectroscopy was used to identify functional groups on the surface of the chars, and 

their precursor materials, using an Agilent 4300 Handheld FTIR Spectrometer, see Figure 

4.25. A germanium Attenuated Total Reflectance (Ge ATR) attachment was used with this 

equipment to reduce interference on the collected spectra [12].  

In ATR-FTIR spectroscopy, an infrared (IR) beam is passed through a crystal, in this case a 

germanium crystal, and comes into contact with the sample. At the interface of the sample 

and the crystal, the majority of the IR light is reflected back to the instrument detector, while 

a small part of it extends into the sample [13]. This is called the evanescent wave, and at this 

point specific parts of the IR light are absorbed by the bulk sample. Due to this, the reflected 

IR light being detected by the instrument is different from the light being projected though 

the crystal; software can then be used to apply the Fourier transformation to this data, and 

produce the FTIR spectra used to analyse the sample.  

 

 
Figure 4.25: Agilent 4300 Handheld FTIR Spectrometer 
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From the produced spectra, it is possible to relate the peaks (absorbance bands) to specific 

functional groups, using chemical libraries and literature. This is based on the typical 

vibrations that occur at different frequencies when the chemical functionalities are 

stimulated by the IR light [14]; the IR light absorption causes changes to the dipole moments 

of the functional groups or molecules. These changes can be related to the vibrational 

energy, and combining this data with the peaks produced at specific frequencies, allows for 

the identification of the unique group or molecule. As a result, each FTIR spectrum is 

characteristic to the material for which it has been measured.  

A germanium crystal was chosen, in this study, due to its high refractive index, which makes 

it ideal for use with material that exhibit high light absorbance [12]. Preliminary work with 

the biochars using a FTIR spectrometer without an additional crystal, an ABB MB3000 

Spectrometer, showed high absorbance of the light and poor scan results, which led to the 

use of the Agilent ATR-FTIR system with germanium crystal.  

4.9.1 Sample Preparation 

In practice, each sample was crushed with a mortar and pestle until a uniform powder was 

obtained. Prior to use, the instrument was turned on and allowed to warm up for 30 min. 

Before analysing samples, a background scan was taken; this provides a clean environment 

spectrum which is then subtracted from the collected sample spectrum. Ground samples 

were placed on the FTIR sampling spot, Figure 4.26 and Figure 4.27. 128 scans were recorded 

per sample with a resolution of 4 cm-1 between 650 – 5000 cm-1. 
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Figure 4.26: Ground Sample On FTIR-Ge Crystal 

 
Figure 4.27: Ground Samples During FTIR-Ge Analysis 

 

4.10 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to examine the morphology of biochar and 

hydrochar samples, along with the precursor material. The instrument uses an electron 

source to scan the chosen samples and produce a high-resolution image of the surface. The 

machine was used in backscattered electron mode, which uses a detector to register the 

electrons which are reflected back from the samples surface after undergoing elastic 

collisions [15].  
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Figure 4.28: Example of Biochar Attached to SEM Stubs using Carbon Tape 

 

Samples were prepared using double-sided carbon tape and aluminium SEM stubs. The tape 

was attached to the stub, before the protective foil was removed from the front of the tape 

and the sample dispersed onto the stub, see Figure 4.28. The stub was then exposed to a 

flow of pressurised air to ensure the sample particles were securely attached to the tape and 

would not be displaced when subjected to a vacuum in the instrument. 

A low-vacuum SEM, JEOL JSM-IT100 InTouchScope, with tungsten filament, was used to 

analyse the chosen samples. The SEM stubs containing sample were placed into the multi-

sample holder, see Figure 4.29, before being inserted into the instrument, Figure 4.30. The 

sample chamber was then sealed, and the chamber evacuated to create a high vacuum 

environment. The corresponding software, InTouchScope, was loaded and the SEM beam 

switched on. This set up was then used to analyse the samples. An accelerating voltage of 

20 kV was used, and magnification of 150x and 550x were used to collect images at scales of 

150 µm and 20 µm respectively. 
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Figure 4.29: Multi-Sample Holder Used in JEOL SEM 

 
Figure 4.30: Samples Attached to Sample Holder and 

Placed in Sample Chamber 

 

The area of sample exposed to the electron beam was controlled using the handles seen in 

Figure 4.31. These were used to move the sample holder within the chamber on the x- and 

y-axis, allowing different areas of the sample and different samples to be analysed. 

  
Figure 4.31: JEOL JSM-IT100 SEM (Sample Movement Handles Can Be Seen Extending from the Equipment) 
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4.11 CO2 Volumetric Adsorption 

CO2 adsorption isotherms were measured at 0 °C, on a selected range of produced biochars 

and all post-activation hydrochars, using a Micromeritics ASAP 2460 system, Figure 4.32.  

Samples were prepared using the same method as described in Section 4.5.1, and degassed 

with the same procedure and conditions. After degas was complete, the degassed weight of 

sample and tube was recorded, before a filling rod was placed in the tube and an isothermal 

jacket attached. The tube was then attached to one of the analysis ports, shown in Figure 

4.33, with a splashguard, and the accompanying dewar filled with a mixture of ice and water 

to create an ice bath. The sample analysis programme was started on the instrument, with a 

30-point adsorption isotherm measured for each sample between 0 – 1 bar (approx.), 

reaching a maximum relative pressure of CO2 of 
𝑃

𝑃0
 ≈ 0.03, at a constant temperature of 0 °C. 

 
Figure 4.32: Micromeritics ASAP 2460 System 

 
Figure 4.33: Sample Attached to ASAP 2460 for CO2 

Isotherm Analysis 

 

After completion, the micropore volumes and equivalent areas were determined using the 

DR method, and the CO2 adsorption capacity at 1 bar also recorded.  
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4.12 CO2 Gravimetric Adsorption 

Gravimetric adsorption is a technique that allows the mass of a sample to be monitored over 

time, while varying pressure and/or temperature, under conditions pre-determined by users 

[16]. For experiments in this study, temperature was maintained as a constant, and pressure 

was varied to produce isotherms. The system used was capable of carrying out both static 

and dynamic adsorption experiments; static measurements are used to determine the 

maximum thermodynamic equilibrium uptake achieved by a sample, whereas dynamic 

measurements allow the thermodynamic equilibration and mass transfer effects to be 

examined together.  

 
Figure 4.34: IGA-001 Used in this Study 

 

The instruments used were two Intelligent Gravimetric Analysers (IGAs), supplied by Hiden 

Isochema Ltd, models IGA-001 and IGA-003 (the 001 model is shown in Figure 4.34). Static 
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adsorption experiments were carried out using CO2 at three temperatures (0, 30 and 60 °C) 

over a pressure range of 0 – 19.5 bar. 

4.12.1 Process of Sample Degas 

Before loading the sample, the temperature controls were turned off, such that the system 

was at room temperature and the pressure set to atmospheric (1 bar) in order to ensure that 

no damage would occur when opening the sample chamber, see Figure 4.35. Once at these 

conditions, the sample chamber was lowered and removed by unscrewing the six hexagonal 

bolts holding it in position, to gain access to the sample holder.  

 
Figure 4.35: IGA with Sample Chamber Attached 

 
Figure 4.36: IGA with Sample Chamber Removed and 

Sample Bulb Exposed 

 

When conducting gravimetric analysis, the sample is contained in a small sample bulb. The 

bulb is hung from the microbalance in the main body of the IGA using a fine tungsten wire. 

Initially, the bulb was removed from the wire, cleaned with water and then acetone before 

being dried off and placed back on the tungsten wire, see Figure 4.36. The sample chamber 
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was loosely re-attached, using the bolts but not fully tightened, and the bulb left to stabilise 

on the microbalance. 

After around 20 – 30 min, the bulb weight would stabilise and the empty bulb weight was 

recorded. The sample chamber was removed and the sample bulb removed, filled with 

sample and rehung on the tungsten wire. Note that if the weight of sample exceeded the 

limit of the standard bulb, a larger bulb could be used but this involved replacing the 

counterweight inside the microbalance. The bulb filled with sample can be seen in Figure 

4.37, and then when it is placed on the IGA in Figure 4.38. The mass range of sample use for 

this method of analysis within this study was 30 – 75 mg. Once the bulb was in place, the 

sample chamber was reattached and the chamber fully sealed by placing a fresh copper 

gasket in the flange formed by the sample chamber and body of the IGA. 

 
Figure 4.37: Sample Bulb Filled with Biochar Sample 

 
Figure 4.38: Filled Sample Bulb Hanging on 

Tungsten Wire from IGA 

 

Note that no specific particle size range was selected for the experiments carried out on the 

IGA. This was due to the heterogenous nature of the char particles, both within samples, and 
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between different samples, meaning an undefined mixture of particle sizes were used for 

each experiment. As a result of this, it is acknowledged that the kinetic data may not be truly 

representative of the samples as a whole; this is due to the fact that the gas will encounter 

varying levels of resistance during diffusion, based on the difference in particle sizes present 

within the IGA measuring bulb.  

A possible solution would have been to sieve the char materials for a specific particle size, 

and potentially ball mill or crush larger char particles to achieve a more homogenous 

material. However, due to the scale of the char synthesis experiments and initial destructive 

characterisation (elemental analysis, TGA) there was only 0.5 g or less of material available 

for use in the gravimetric adsorption experiments. In a similar vein, processing them through 

crushing or ball milling would in turn affect the porosity that had already been created within 

the materials, and potentially change the intrinsic characteristics of the chars. Note that 

previous in-house experience within the Fletcher group have found little to no difference in 

kinetic effects between particles sizes of 10 – 500 µm. Similarly, due to equipment age, 

description of mass change when the pressure changes from point to point is lost, which also 

leads to a poorer representation of the kinetic data for each sample.    

The sample was subjected to a degas stage to remove any moisture or adsorbed species from 

the surface prior to undertaking adsorption experiments. A furnace (Model HAS 022163) was 

attached to the sample setup, see Figure 4.39, and linked to the IGASwin control software. 

The outgas procedure was initiated using this same software, and the pressure was reduced 

to 20 mbar using the Vacuubrand diaphragm vacuum pump (Model MD1). At this stage, the 

Pfeiffer Vacuum turbopump (Model TMU 071 P) engaged and reduced the pressure to 

around 9 x10-10 bar. Once the pressure was maintained at this level, the pressure isolation 

valve (PIV-1) was opened to expose the sample chamber more directly to the vacuum line. 
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Meanwhile, the temperature on the furnace was set at 120 °C with a dwell time of 14 – 16 h. 

The combination of heating and vacuum exposure removed any contaminants from the 

samples, and a new equilibrium weight was reached by the end of the degas stage. 

 
Figure 4.39: Furnace Attached to IGA Sample 

Chamber 

 
Figure 4.40: Water Bath Attached to IGA Sample 

Chamber 

 

This setup up was left to run overnight, and in the morning the furnace switched off and PIV-1 

closed. The new ‘dry mass’ of the sample was recorded in the IGASwin software to allow for 

accurate adsorption calculations. At this stage the furnace was then removed, and the Grant 

Optima TX 150 water bath attached to the setup, see Figure 4.40. This was used to regulate 

the temperature during measurement of the CO2 isotherms. 

4.12.2 CO2 Adsorption Isotherms 

Single species isotherms were produced using CO2 as the adsorptive gas. After sample 

degassing was complete, the IGASwin software was used to set up conditions for the 

isotherm measurements. A range of pressure points were used to give a full adsorption-

desorption isotherm, these are listed in Table 4.5. A minimum equilibration time of 0.5 h was 
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chosen, and a maximum of 6 h chosen after preliminary experiments, with the long maximum 

time presenting a compromise between progression towards equilibrium, and an acceptable 

experiment timescale. 

CO2 adsorption was carried out at three different temperatures: 0, 30 and 60 °C. Temperature 

of the samples was maintained using a water bath, filled with a mixture of ethylene glycol 

and water. Once all the above data had been inputted into the software, the isotherm 

measurements could be started, using the IGASwin software.  

Table 4.5: Pressure Points for CO2 Adsorption and Desorption on IGA 

Pressure Points for 
Adsorption (bar) 

Pressure Points for 
Desorption (bar) 

0 19.5 

0.05 18 

0.1 16 

0.2 14 

0.4 12 

0.6 10 

0.8 9 

1 8 

2 7 

3 6 

4 5 

5 4 

6 3 

7 2 

8 1 

9 0.8 

10 0.6 

12 0.4 

14 0.2 

16 0.1 

18 0.05 

19.5 0 

 

4.12.3 Hysteresis Testing 

During analysis of single gas adsorption isotherms, a hysteresis loop was witnessed for most 

biochar samples analysed. To test whether this was a thermodynamic phenomenon or simply 
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concomitant with slow sorption kinetics exhibited by the sample, an isotherm with a reduced 

number of points but with increased maximum times was carried out on sample 

OBC 800-0.5-M. The pressure points measured were 0.4, 1, 2, 5, 10, 19.5 bar for both 

adsorption and desorption, with a timeout of 48 h used. 

4.13 Cyclic Adsorption Isotherms 

Cyclic adsorption testing was carried out on selected samples at 60 °C using the IGA system. 

To begin, the initial sample mass was noted after degas, before the pressure was ramped to 

0.05 bar and held for 15 min. After this time elapsed, the pressure was ramped to 1 bar at 

0.07 bar/min (≈15 min), and then held for 15 min to allow progression towards mass 

equilibration. Subsequently, the pressure was decreased back to 0.05 bar at the same ramp 

rate, and held to allow mass equilibration for 15 min. This 0.05-1-0.05 bar regime constituted 

one cycle, taking approximately 1 h; each sample was tested for a duration of 30 sequential 

full cycles. 
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5 Results I – Biochar Characterisation 

5.1 Introduction 

This chapter describes the characterisation of the biochars produced in this study. As 

highlighted in Chapter 2, production of orange peel derived biochars has been previously 

undertaken, however no studies have combined nitrogen doping using urea and physical 

activation using CO2 to produce biochar material from this feedstock. This study will look to 

fill this research gap, and also include a comparison with mandarin derived biochars 

produced in the same manner, which has also not been research previously. A Design of 

Experiment (DoE) statistical method will be used to allow optimisation of the biochar 

characteristics with the aim of producing effective CO2 adsorbent materials.  

The chapter describes the DoE process and the rationale behind choosing the conditions, and 

associated ranges, that were tested. The biochars were produced through pyrolysis, before 

being tested using Fourier Transform Infrared (FTIR) spectroscopy, proximate and elemental 

analysis, X-ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscopy (SEM), 

as well as N2 sorption, and analysed using Brunauer-Emmett-Teller (BET) and related theory. 

The DoE process allowed for the optimisation of specific biochars to allow tailored materials 

to be produced for improved CO2 capture performance, and these biochars were taken 

forward to be tested for their CO2 adsorption capacity.  

5.2 Biochar Design of Experiments Plan 

To begin, research into biochars produced via pyrolysis or carbonisation and subsequent 

activation was carried out and a range of process parameters and conditions collated. Upon 

investigation of each parameter, four main (or significant) types were identified for further 

examination: pyrolysis temperature, pyrolysis residence time, feedstock type (peel type) and 

CO2 gas (activating environment) flowrate.  
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Other factors identified were heating ramp rate (°C/min), nitrogen doping agent ratio, 

feedstock particle size, type of activating gas, reactor configuration (vertical or horizontal 

furnace), and pyrolysis type (fast, slow, or microwave pyrolysis). Feedstock particle size was 

not considered as it was felt, in order to mimic conditions that would be experienced in larger 

setups (i.e., industrially), it was appropriate to blend the raw peels to an approximate size 

range of 1 -2 mm. Any more exact than this was thought to be ‘over-processing’ of the 

feedstock, and in opposition to the goal of the project of reducing energy intensive pre-

treatment steps. Varying the type of activator gas was not tested, as the goal of the project 

was to test CO2 exclusively for its ability to produce microporous materials. Reactor 

configuration and type of pyrolysis were fixed factors, due to the limitations of the available 

equipment. Heating rate and nitrogen doping ratio would have been valid factors to consider, 

but including both factors would have increased the number of required screening 

experiments alone from 16 to 64. As such, nitrogen doping ratio was fixed, as this was an 

easier factor to control in terms of preparation of material, where large batches of raw peel 

could be doped and dried, as and when required. Heating rate was not considered due to a 

previous DoE study in the research group showing it to be a non-significant factor in the CO2 

gasification of another biomass in the same experimental setup [1]. Nonetheless, it would be 

beneficial for future studies to investigate these factors, if resources and time constraints 

allowed.  

Firstly, it was decided to carry out a single-stage (one-pot) pyrolysis-activation process. This 

decision was taken in line with the aims of the project, to reduce energy usage and 

consumption in order to produce materials for carbon capture in an environmentally friendly 

manner. Most conventional processes were shown to carry out pyrolysis under an inert 

atmosphere using N2, before a second stage was carried out to physically activate the biochar 

under a CO2 or steam atmosphere [2]. The choice to physically activate the biochar instead 
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of chemically activating was also a conscious decision, and is attributed to ‘green chemistry’ 

principles. The most common chemical activator used in previous studies is KOH, which has 

been shown to give impressive results in terms of development of porosity [3]. This is, 

however, accompanied by drawbacks, due to the nature of KOH, namely its corrosive 

characteristics. KOH activation is normally carried out at 700 – 800 °C, and results in the 

degradation of much of the biochar material; this is very useful in creating a porous structure, 

but gives a very low yield of material from the original feedstock. The natural characteristics 

of KOH are also considered to be environmentally harmful and toxic, which makes it an 

undesired chemical to use from a health and safety standpoint. Other activators such as 

H3PO4, HCl and NaOH have been used, but can have comparable issues, such as being 

corrosive or irritants [4]. Alternatively, physical activation can be carried out with either CO2 

or steam [5], both substances that are easier to work with, and do not provide the same level 

of negative environmental impact.  

Both pyrolysis conditions, temperature and residence time, were obvious factors to vary, as 

much of the literature identifies these both as having significant impacts on the porosity and 

chemical make-up of the produced chars; this is detailed in depth in Chapter 2. Many 

different levels of both factors have been tested previously, which allowed for an assessment 

of upper and lower limits that could be applied to this study. Work previously carried out in 

the research group was also influential in helping to decide the respective limits. 

Temperature as a factor is important, in that the lower limit has to be high enough to ensure 

a sufficient degree of carbonisation is achieved, while too high a level would cause excessive 

degradation of the samples. From research, a range of 400 – 900 °C has been utilised for 

biochar production [6], [7], though it should be noted that those in the lower range of 400 °C 

were further activated after production [8]. Subsequently, a lower temperature limit of 

500 °C and an upper limit of 800 °C were chosen for the screening section of this study.  
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Likewise, the limits used here for residence time reflect the desire to reduce energy 

consumption; a lower limit of 0.5 h and an upper limit of 3 h were chosen. These fall within 

the range of values of literature. 0.5 h is generally considered the minimum time required for 

a pyrolysis process to ensure volatilisation of the biomass can occur. Considering the upper 

limit, there are instances where high residence times of 6 h have been utilised [9]; while this 

will admittedly produce ‘well’ carbonised samples, it is expected that there comes a point 

where extending the time beyond a certain value will only bring a small increase in carbon 

content and other characteristics. Thus, 3 h was chosen as the high value for the screening 

DoE, in order to permit study of a wide range of time values while not excessively using 

energy.  

Peel type was a key factor in the project, with the decision to investigate two related but not 

identical feedstocks taken early in the planning stage. Orange and mandarin peels originate 

from the same genus, Citrus, which in turn is part of the Rutaceae family of plants. As a result, 

they, unsurprisingly, share many common features, but rudimentary observational analysis 

shows differences in the thickness and texture of the peels from both fruits. As such, it was 

considered interesting to study whether these variations would produce significantly 

different results when tested for biochar production. Note that while the other three factors 

in the DoE are continuous (i.e., can vary from their initial chosen values and be tested at 

different levels) this factor is discrete, meaning that there are only two choices with no 

intermediate levels.  

The selection of CO2 as an activator is ascribed to its proven ability to create micropores in 

the structures of chars [10], which are the optimal pore size for materials to be utilised in 

carbon capture systems. Additionally, as the aim of the project is to capture and reduce CO2 

emissions, the use of CO2 in the production of these materials helps to close the loop in a 
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circular economy aspect (using waste to create a useful product). In the literature, this is a 

factor that is considered during experimental planning, but usually at a set value [11]. Thus, 

to give a definitive answer for this study, it was chosen as a variable to test lower and upper 

levels of 100 and 400 mL/min CO2, based on a range of values observed in academic papers.  

Once all four factors were chosen and their levels fixed, Minitab 22 software was used to 

create an experimental plan; 16 runs were planned and were randomised to reduce bias. The 

runs performed are shown in Table 5.1. Two control experiments were also carried out; these 

samples were made using orange and mandarin peels respectively, at conditions of 800 °C, 

0.5 h and 400 mL/min CO2, and contained no urea doping, in order to give an example of non-

doped biochars.  

The responses chosen for the DoE analysis were: yield of biochar (%), micropore surface area 

determined using the t-plot method (m2/g), and carbon content from elemental analysis 

(wt%).  

5.3 Screening Biochars Results 

5.3.1 Yield 

The yields of the screening biochars produced within this study are shown in Table 5.1. A 

clear split can be seen based on pyrolysis temperature used: for the samples produced at 

500 °C, the yield varies from 18.6 – 24.1 %, while only one of the samples obtained through 

pyrolysis at 800 °C exhibited a yield of more than 14 % (BC 800-0.5-O-100 with 19.1 % yield). 

This is due to the higher pyrolysis temperature removing more volatile components from the 

peel feedstock, which, in turn, is advantageous in creating the desired porosity and 

subsequent larger surface areas of the samples [12].  
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Table 5.1: Conditions Used to Produce Screening Biochars with Subsequent Yield Results 

Label Pyrolysis 
Temperature 
(°C) 

Residence 
Time (h) 

CO2 
Flowrate 
(mL/min) 

Peel Type Yield 
(%) 

BC 500-0.5-O-400 500 0.5 400 Orange  24.0 

BC 500-0.5-O-100 500 0.5 100 Orange 24.1 

BC 500-0.5-M-400 500 0.5 400 Mandarin 20.2 

BC 500-0.5-M-100 500 0.5 100 Mandarin 21.8 

BC 500-3-O-400 500 3 400 Orange  22.9 

BC 500-3-O-100 500 3 100 Orange 23.9 

BC 500-3-M-400 500 3 400 Mandarin 22.9 

BC 500-3-M-100 500 3 100 Mandarin 18.6 

BC 800-0.5-O-400 800 0.5 400 Orange  12.5 

BC 800-0.5-O-100 800 0.5 100 Orange 19.1 

BC 800-0.5-M-400 800 0.5 400 Mandarin 13.8 

BC 800-0.5-M-100 800 0.5 100 Mandarin 13.0 

BC 800-3-O-400 800 3 400 Orange  4.2 

BC 800-3-O-100 800 3 100 Orange 3.4 

BC 800-3-M-400 800 3 400 Mandarin 5.0 

BC 800-3-M-100 800 3 100 Mandarin 4.5 

BC Control Orange 800 0.5 400 Orange 9.0 

BC Control Mandarin 800 0.5 400 Mandarin 8.0 

 

The 500 °C pyrolysed chars do not show a significant difference in yield between the two 

residence times, however, this is not the case for chars produced at 800 °C. The higher 

temperature has already been shown to be more destructive in terms of stripping volatiles 

from the peel, thus, as the peel is exposed to this higher temperature for a longer period, it 

is natural that more of the feedstock will be removed during pyrolysis. The higher 

temperature can be seen to be useful for removing volatiles but prolonged exposure can lead 

to the carbon, which is the backbone of biochar, becoming excessively degraded and leading 

to lower yields [13]. It is possible that the low lignin content of orange peel impacts on the 

pyrolysis process [14]. As this is commonly the last of the three lignocellulosic materials to 

degrade [15], it has been found to contribute to the structure that remains after pyrolysis; 

however, if there is a low concentration of it to begin with in the material, this will doubtlessly 

have an effect on the final char structure.  
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As the peels are organic materials, their structure comprises of substantial amounts of 

cellulose, hemicellulose and lignin, which are known to break down during pyrolysis. 

Hemicellulose and cellulose break down at temperatures in the region of 100 – 400 °C, 

whereas it can take temperatures of up to and beyond 800 °C to fully decompose lignin 

within biomass samples [16]. The yield thus decreases as pyrolysis residence time and 

temperature increase, as there is greater decomposition of the three organic materials 

described [17]. Urea, and its decomposition products, has been shown to fully degrade by 

approximately 400 °C, so it would be expected that, in all of the doped chars produced, this 

has been removed by the pyrolysis process. 

In literature studies on orange peel biochars, researchers have reported yields of 31 % after 

10 min pyrolysis at 500 °C, 35 % after 1 h of 500 °C, and 31 % after 2 h of 500 °C [18], [19], 

[20]. These are all slightly higher than the results seen here but this could be due to a variety 

of reasons, such as experimental setup, gas flow rate and feedstock pre-treatment. A possible 

explanation for a difference in yields in this study could result from the reverse Boudouard 

reaction taking places at lower temperatures, during cooling of the chars, or from ingress of 

oxygen into the experimental setup, once the CO2 gas flow was shut off due to lab safety 

policy. This may have resulted in degradation of the sample, and reduced the overall yield of 

char collected the next day; if N2 gas had been used during the cooling period, then any 

reactions with the leftover char would have ceased, and similarly, no reactions with oxygen 

would have taken place. 

From the control samples, we see that they exhibit a reduced yield when compared to the 

doped samples produced under the same conditions. This suggests that the inclusion of urea 

helps to retain more of the carbon structure of the biochar, or that it reacts with the material 

to produce functional groups on the material that are more resistant to the pyrolysis process. 
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For non-doped orange peel biochar reported in the literature, two similar examples were 

found; biochar produced at 600 °C for 1 h was obtained at a yield of 10.8 % [21], while 

another char made at 800 °C for 2 h gave a yield of 10.3 % [17]. The control samples created 

in this study demonstrate slightly lower yield values, 8 – 9 %, but are still close to the values 

seen in these previous studies; variation in the values could possibly be attributed to 

differences in experimental setup, or in peel type used in each study, as the thickness and 

pith of orange peel can vary between species.  

5.3.2 Elemental Analysis and Proximate Analysis 

The proximate analysis results obtained for the screening biochars from this study are given 

in Table 5.2 and the results obtained from elemental analysis are shown in Table 5.3.  

Considering the results obtained for the raw orange and mandarin peel samples first, it is 

evident that the majority of the sample is composed of volatile components (approx. 72 – 

74 wt%), with only approx. 21 – 23 wt% fixed carbon from proximate analysis, while the 

elemental carbon content from elemental analysis is determined as approx. 43 – 44 wt%. 

This agrees with a previous study on orange peel characterisation, which showed values of 

70 wt%, 24.1 wt% and 40.4 wt% for volatiles, fixed carbon and elemental carbon, respectively 

[21].  

The results obtained for proximate analysis of the full suite of biochar samples can be seen 

in Table 5.2, and it is evident that, as the temperature reaches 500 °C and above, volatile 

components are still being removed from the biochar. This indicates and confirms that, when 

pyrolysis is being carried out at 500 °C, this temperature is insufficient to fully carbonise the 

peels and remove volatile components. This can also help in explaining the lack of porosity 

in these samples as, at this lower temperature, the CO2 has not been able to fully penetrate 

the structure of the peels and create a porous network [22].  
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Table 5.2: Proximate Analysis Results Obtained for Screening Biochars Produced in this Study 

Sample Moisture 
(wt%) 

Volatiles 
(wt%) 

Fixed Carbon 
(wt%) 

Ash (wt%) 

BC 500-0.5-O-400 3.0 29.3 66.2 1.5 

BC 500-0.5-O-100 5.0 32.2 58.6 4.2 

BC 500-0.5-M-400 5.4 25.8 65.0 3.9 

BC 500-0.5-M-100 4.0 23.1 71.4 1.5 

BC 500-3-O-400 5.4 36.9 54.5 3.2 

BC 500-3-O-100 2.7 27.3 67.4 2.6 

BC 500-3-M-400 4.3 23.2 70.7 1.8 

BC 500-3-M-100 5.1 28.3 62.3 4.3 

BC 800-0.5-O-400 8.5 21.3 61.5 8.7 

BC 800-0.5-O-100 7.0 19.1 66.2 7.7 

BC 800-0.5-M-400 7.0 19.6 70.6 2.8 

BC 800-0.5-M-100 7.3 18.8 69.0 4.9 

BC 800-3-O-400 2.1 37.1 35.7 25.1 

BC 800-3-O-100 8.5 31.4 42.4 17.7 

BC 800-3-M-400 4.1 40.6 46.6 8.7 

BC 800-3-M-100 2.5 45.3 37.5 14.7 

BC Control Orange 8.7 24.9 48.9 17.5 

BC Control Mandarin 10.5 28.9 46.7 13.9 

Dried Orange Peel (No Urea) 2.9 73.7 21.2 2.2 

Dried Mandarin Peel (No 
Urea) 

3.5 71.9 23.2 1.4 

Doped Orange Peel 2.7 86.6 10.7 0 

Doped Mandarin Peel 2.7 85.8 11.3 0.2 

 

For the samples obtained for pyrolysis at 500 °C, the fixed carbon content represents more 

than 50 wt% of the mass of each biochar, in some cases as high as 70 wt%. This suggests that 

most, but not all, of the volatiles have been removed, along with any moisture, leaving the 

carbon backbone of the char. Considering the results obtained for the char produced at 

800 °C for 0.5 h, it can be seen that these exhibit the lowest range of volatile wt% (approx. 

19 – 21 wt%) and fixed carbon contents similar to the samples produced from pyrolysis at 

500 °C. The higher level of volatilisation results in an increase in ash content, as minerals, 

such as potassium and calcium, remain unchanged from the carbonisation process, thus this 

fraction makes up a larger percentage of the final mass [23]. The results obtained for the 

chars produced at 800 °C for 3 h are less favourable in terms of the carbon locked away into 
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the structure, as they are seen to exhibit fixed carbon levels of around 35 – 50 wt%, with 

several exhibiting significantly higher ash contents, up to 25 wt%. Overall, it appears that the 

pyrolysis conditions of 800 °C and 0.5 h are the most appropriate for favourable biochar 

production, considering the ranges of the factors tested in this study.  

Fixed carbon contents of 59 – 81 wt% have been previously reported for biochars made from 

orange peels [17], [24], [25], which is in line with the results reported here. Samples produced 

at 800 °C for 3 h show a variation from this, likely due to the longer residence time used; 

where being subjected to a higher temperature for a relatively long period of time leads to 

greater degradation of the biomass as a result of both the intense heat and the CO2 gas flow. 

As a result, as well as volatile components being removed from the peel, the carbon structure 

is also destroyed and the fixed carbon content reduced. The higher temperatures also lead 

to higher ash levels, as the remaining minerals and inorganics within the feedstock become 

a higher relative proportion of the final material [26]. Previous studies have shown that chars 

produced at lower temperatures, and with shorter residence times, exhibit lower fixed 

carbon contents compared to those created with higher temperatures and longer residence 

times [27], indicating that incomplete removal of volatiles from the samples, alongside partial 

degradation of any lignin content, leads to a lower fixed carbon wt% overall. This would 

concur with the results reported here. 

Elemental analysis was performed on the samples produced within the study, with residual 

content (oxygen, sulphur etc) determined by difference [19], [26]. The elemental 

composition, on an ash-free basis, of the screening biochars is seen in Table 5.3. It is clear 

that the wt% values for nitrogen in the doped samples are much higher than for the non-

doped samples, indicating that inclusion of urea in the production stage has increased the 

nitrogen content of the biochars, as anticipated from the design phase of this work.  
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Table 5.3: Elemental Compositions Obtained for Screening Biochars Produced in this Study 

Sample C (wt%) H (wt%) N (wt%) Residuals (wt%) 

BC 500-0.5-O-400 62.9 2.4 13.3 21.4 

BC 500-0.5-O-100 64.0 2.4 12.3 21.3 

BC 500-0.5-M-400 61.6 2.4 14.1 21.9 

BC 500-0.5-M-100 62.9 2.4 13.5 21.2 

BC 500-3-O-400 61.9 2.4 12.3 23.4 

BC 500-3-O-100 63.9 2.4 11.7 22.0 

BC 500-3-M-400 64.0 2.0 14.3 19.7 

BC 500-3-M-100 60.9 2.0 14.6 22.5 

BC 800-0.5-O-400 57.2 1.0 9.9 31.9 

BC 800-0.5-O-100 59.0 1.1 7.3 32.6 

BC 800-0.5-M-400 62.9 1.3 11.2 24.6 

BC 800-0.5-M-100 64.2 1.3 11.1 23.4 

BC 800-3-O-400 37.1 0.5 7.0 55.4 

BC 800-3-O-100 40.9 0.2 7.0 51.9 

BC 800-3-M-400 57.6 1.0 9.6 31.8 

BC 800-3-M-100 48.5 0.7 7.8 43.1 

BC Control Orange 43.7 0.8 2.6 52.9 

BC Control Mandarin 49.8 1.3 3.8 45.1 

Dried Orange Peel (No Urea) 42.9 6.2 0.7 50.2 

Dried Mandarin Peel (No 
Urea) 

44.3 6.2 0.9 48.6 

Doped Orange Peel 29.0 6.4 32.2 32.4 

Doped Mandarin Peel 32.2 6.3 24.8 36.7 

 

The carbon contents observed for the screening biochar samples show that most chars have 

between 55 – 65 wt% carbon content, as expected, as the pyrolysis process allows 

devolatilisation of the peel to occur [28], with the only difference again noted for the biochars 

obtained at 800 °C for 3 h. Their lower carbon contents can be explained, as above, by the 

overall degradation of the biochar structure after being subject to the combined harsh 

conditions of high temperature and long residence time. Elemental carbon content of the 

control biochars matches with literature data and the doping of urea onto the raw peels can 

be deemed successful, as the nitrogen content of the DoE biochars are significantly increased 

compared with the controls [29], [30].  



192 
 

5.3.3 Textural Analysis 

Data regarding the porosity of the screening biochars and their precursor materials can be 

seen in Table 5.4. This has been obtained through N2 sorption measurements and subsequent 

analysis and application of the Rouquerol correction, as described in Chapter 3. When 

considering the raw peels, it is clear that there is no detectable porosity within the material, 

which vindicates the decision to utilise the process of pyrolysis to treat the waste biomass in 

order to create a material suitable for use in carbon capture systems. It can also be seen that 

the preliminary step of doping using urea has little effect on the precursor material and, in 

both cases, there is no appreciable surface area for either peel type. 

Two methods were used for micropore volume determination, as both methods have their 

own individual limitations in application. The Dubinin-Radushkevich (DR) method assumes 

an ideal Gaussian pore size distribution of micropores, which is not always the case [31], 

however, the deviations from linearity in the DR analysis can be used to predict variations in 

the micropore size distribution. The t-plot method uses a non-porous material, which should 

be of a similar composition to the sample being analysed, as a reference, to allow for 

calculation of microporous areas and volumes; however, due to the organic nature of 

biochars, it can be difficult to apply an exact reference material [32]. This method also works 

on the assumption that the materials have an ‘ideal’ flat surface, which does not occur in 

reality, again due to the organic nature of many samples. As a result of neglecting the 

curvature of the pores, there is an underestimation of the micropore volume for materials 

with high levels of microporosity [33]. Thus, due to the limitations of both methods, the 

results from each are presented to give as wide a view as possible of the porous character.   
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Table 5.4: Porosity Characteristics of Screening Biochars Produced in this Study 

Sample Specific 
Surface 
Area 

(m2/g) 1 

Micropore 
Area  
(t-plot) 

(m2/g) 2 

Micropore 
Volume 
(t-plot) 

(cm3/g) 3 

Micropore 
Volume 
(DR) (cm3/g) 
4 

t-plot 
Micropore 
Area/SSA 
(%) 

BC 500-0.5-O-400 0 0 0 0 0 

BC 500-0.5-O-100 0 0 0.001 0 0 

BC 500-0.5-M-400 0 0 0 0.001 0 

BC 500-0.5-M-100 0 0 0 0 0 

BC 500-3-O-400 0 0 0 0 0 

BC 500-3-O-100 0 0 0.001 0.001 0 

BC 500-3-M-400 0 0 0 0 0 

BC 500-3-M-100 0 0 0 0 0 

BC 800-0.5-O-400 391 354 0.135 0.154 91 

BC 800-0.5-O-100 398 369 0.140 0.155 93 

BC 800-0.5-M-400 306 293 0.110 0.120 96 

BC 800-0.5-M-100 346 317 0.120 0.135 91 

BC 800-3-O-400 382 328 0.127 0.151 86 

BC 800-3-O-100 290 263 0.100 0.115 91 

BC 800-3-M-400 367 314 0.122 0.145 86 

BC 800-3-M-100 420 347 0.135 0.167 83 

BC Control Orange 339 273 0.106 0.135 80 

BC Control Mandarin 436 357 0.139 0.174 82 

Dried Orange Peel 
(No Urea) 

0 0 0 0 0 

Dried Mandarin Peel 
(No Urea) 

0 0 0 0 0 

Doped Orange Peel 0 0 0 0 0 

Doped Mandarin Peel 0 0 0 0 0 

 

A clear divide is seen between the biochar samples produced at 500 °C and those at 800 °C; 

the lower temperature samples demonstrate negligible surface areas and pore volumes 

(most results recorded were below the error range of the equipment) while the higher 

temperature samples show varying degrees of porosity. Results suggest that for the samples 

produced at 500 °C, in the absence of chemical activators, pyrolysis under CO2 alone is not 

sufficient to create any significant form of porosity at this temperature level. The Boudouard 

                                                           
1 Uncertainties within BET specific surface area (SSA) were calculated to be below 2 m2/g 
2 Uncertainties within non-zero t-plot micropore surface area values were calculated to be between 
2 – 8 m2/g 
3 Uncertainties within t-plot micropore volume were calculated to be below 0.003 cm3/g 
4 Uncertainties within DR micropore volume were calculated to be below 0.001 cm3/g 
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reaction has been extensively studied in literature, and the thermodynamics of the reaction 

are well detailed. A previous study calculated the Gibbs free energy of the gasification 

reaction, where carbon reacts with CO2 to produce CO; this reaction is only seen to be 

thermodynamically favourable at temperatures above 700 °C [34]. Below this temperature, 

the change in Gibbs free energy (ΔG) is positive and therefore the reaction will not proceed 

spontaneously [35]. Thus, the Boudouard reaction is not significantly active in the 500 °C 

range used to synthesise the lower temperature biochars. From a kinetic standpoint, an 

approximate calculation can be carried out to determine the increase of the relative reaction 

rate between 500 and 800 °C, using an adapted form of the Arrhenius equation, Equation 

5.1. Note that the activation energy of the reaction was taken to be 230 kJ/mol; there are a 

range of values in literature given for the reaction, typically ranging from 200 – 260 kJ/mol 

[35], [36], [37], [38]. The value of 230 kJ/mol was chosen as this lies in the middle of that 

range, and the calculation included below is presented to give a simple approximation of the 

difference in relative reaction rate. 

 
𝑘800

𝑘500
=

𝑒
−

𝐸𝑎
𝑅𝑇800

𝑒
−

𝐸𝑎
𝑅𝑇500

 

Equation 5.1 

Where: 

 
𝑘800

𝑘500
= relative rate of reaction at 800 °C compared to 500 °C 

 𝐸𝑎 = activation energy of the Boudouard reaction (J/mol) 

 𝑅 = universal gas constant (J/mol K) 

 𝑇 = temperature the reaction takes place at (K) 

Substituting in the relevant temperatures and activation energy gives: 
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𝑘800

𝑘500
=

𝑒−
23000

8.3145∗1073

𝑒−
230000

8.3145∗773

= 22145 ≅ 22000 

 

Thus, it is seen from the above calculation that the Boudouard reaction is approximately 

22,000 times faster at 800 °C than at 500 °C. This further confirms that the temperature of 

500 °C is not conducive to the Boudouard reaction taking place, as CO2 gasification is 

extremely slow, and thermodynamically unfavourable, below 700 °C.  

A study that produced orange peel derived biochar via pyrolysis at 500 °C for 2 h found similar 

results, reporting the specific surface area (SSA) of the obtained material to be 0.70 m2/g 

[19]. This is likely due to the pyrolysis temperature being too low to remove a sufficient 

quantity of volatiles from the material for a microporous structure to be created; subsequent 

pore blocking could also arise due to the incomplete volatilisation of the feedstock [39]. Pore 

development may also be inhibited by lignin remaining in the sample, which has not fully 

degraded. However, an alternative study using orange peel to produce biochar reported a 

SSA of 230 m2/g, from pyrolysis at 550 °C for 2 h [40]. This raises the possibility that other 

factors, such as experimental configuration, or feedstock source, could be equally important 

factors that define the characteristics of these biochars. In any case, it is clear from the results 

of this study that temperatures higher than 500 °C are required to produce chars with 

suitable characteristics for CO2 adsorption.   

The samples produced at 800 °C display total SSA results of 290 m2/g or greater, in line with 

expected values for carbon materials used within adsorption systems. The use of CO2 as an 

activating gas is known to be most effective at creating microporosity when used with 

temperatures of 700 – 900 °C [5]; this explains why there is a vast difference in porosity, 

considering both the SSAs and pore volumes, between the high and low temperature 

biochars reported in this study.  
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No clear trend arises between residence time and SSA but, interestingly, the highest SSA 

biochar obtained is that for the BC Mandarin control sample, which was not doped with urea. 

This could indicate that, for the 800 °C chars, there are issues associated with pore blocking 

due to urea doping, which was also observed in the 500 °C chars. Therefore, although higher 

SSAs are found for the samples produced at 800 °C, the higher pyrolysis temperature is still 

inadequate to overcome pore blocking phenomena. Conversely, as reported in Section 5.3.2, 

the samples obtained for pyrolysis at 800 °C demonstrated higher ash content than their 

500 °C equivalents, which can further contribute to pore blocking [23]. 

By comparison, biochars created using a mix of orange, mandarin, lemon and lime peels, 

which underwent pyrolysis and CO2 activation at 900 °C, were reported to exhibit SSAs 

ranging from 166 – 212 m2/g [41], while another study produced CO2 activated biochar at 

800 °C from orange peels, which had been processed to remove essential oils [42]; the SSA 

found in this case was 326 m2/g, which falls within the range observed in this study.  

Table 5.5: Examples from Literature of Biochars Produced for CO2 Capture Applications and their Characteristics 

Biochar 
Precursor 

Type of 
Activation 

Specific 
Surface 
Area 
(m2/g) 

Micropore 
Area 
(m2/g) 

Micropore 
Volume 
(cm3/g) 

CO2 Adsorption 
Capacity 
(mmol/g) 

Ref. 

Cucumber Nitrogen doping 
and chemical 
activation 

1848 - 0.710 5.96 [29] 

Coconut 
Shells 

Nitrogen doping 
and chemical 
activation 

1596 - 0.820 7 [43] 

Soybean 
Straws 

Nitrogen doping 
and physical 
activation 

491 534 0.210 2.02 [44] 

Chicken 
Manure 

Nitrogen doping 
and chemical 
activation 

301.5 - 0.201 10.15 [45] 

Olive 
Stones 

Physical activation 757 - 0.30 5.88 [46] 
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The results for biochar SSA and micropore volume, Table 5.4, reported in this study are, in 

general, noticeably smaller than those found in literature, as seen in Table 5.5. Despite this, 

the microporous surface area results from this study demonstrate an interesting point, when 

the microporous area is assessed as a percentage of the total SSA. Using this metric, it is 

found that all ten char samples produced at 800 °C (doped and non-doped) show 80 % or 

more of the total surface area can be considered to fall within the microporous range. This is 

encouraging, as CO2 adsorption is highly dependent on the presence of microporosity, due 

to the relative size of CO2 molecules [47], hence these results indicate the 800 °C chars could 

be suitable for CO2 adsorption applications.  

 
Figure 5.1: Example N2 Isotherms for Biochar Screening Samples BC 500-0.5-O-400 (left) and 

BC 800-0.5-O-400 (right) 

 

Figure 5.1 show examples of N2 adsorption isotherms obtained for the screening biochars 

produced in this study. The shape of each isotherm represents the general trend found for 

the high and low temperature chars; the 500 °C pyrolysis sample isotherms resemble the left 

graph in Figure 5.1 and samples produced at 800 °C exhibit isotherms analogous to the right 

graph in Figure 5.1. These isotherms can be classified, allowing an indication of the porous 

character created within the samples. The isotherms obtained for the samples produced at 
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500 °C are closest to the standard Type II isotherm shape, based on IUPAC classification [48], 

which shows they are nonporous solids; only minimal adsorption has taken place on their 

surface, and therefore the pyrolysis temperature was insufficiently high to generate 

observable porosity. By contrast, the shape of the isotherms observed for the samples 

obtained through pyrolysis at 800 °C all resemble a Type I(b) isotherm, which indicates that 

the chars mainly comprise a microporous structure, containing micropores and narrow 

mesopores. This is confirmed by the relative proportions of micropore surface area to SSA, 

which is > 80 % for all of these samples. This indicates that the CO2 activation method has 

been successful in creating microporous biochars.  

5.3.4 Surface Chemical Analysis  

FTIR spectroscopy was used to determine the surface chemical groups present in the raw 

peel and biochar materials produced in this study. The FTIR spectra of the raw precursor 

materials, orange and mandarin peels, can be seen in Figure 5.2. 

 
Figure 5.2: FTIR Spectra of Raw Orange and Mandarin Peel Feedstocks 
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The similarity of both peels is evident, with many of the same peaks shared between the two 

samples, which is not unexpected due to their association of being from the same taxonomy. 

A broad peak is found at approx. 3350 cm-1 which is characteristic of O-H hydroxyls found in 

the lignocellulosic structure of the peel, and N-H group stretching from any organic nitrogen 

in the fruit [49]. C-H stretching is observed at 2918 cm-1 likely from methylene groups that 

are typical of organic materials [50]. Evidence of carbonyl group stretching, C=O, arising from 

ester groups is seen at 1733 cm-1 [51], with aliphatic and aromatic compounds giving rise to 

the peak around 1620 cm-1 [52]. Similarly, aliphatic chains of C-H3 are seen at 1441 cm-1, 

which again relates to the fundamental lignocellulosic structure, meanwhile ester and 

carboxylic C-O bonding is evidenced by the 1023 cm-1 peak [53].  

 
Figure 5.3: FTIR Spectrum of Solid Urea 
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An FTIR spectrum was collected for the pure urea used to dope the peels, and is shown in 

Figure 5.3. A large double peak, at around 3400 cm-1, is indicative of N-H bonding, as is the 

peak at 1597 cm-1 [54]. A peak corresponding to C-N is seen at 1459 cm-1, and the stretching 

of a C=O group at 1672 cm-1. This confirms there is a range of nitrogen groups present in the 

urea, and therefore the inclusion of it as a doping material would be expected to lead to the 

transfer of a portion of these groups to the biomass material. 

 

 
Figure 5.4: FTIR Spectra of Doped Orange and Mandarin Peel Feedstocks 

 

Figure 5.4 shows FTIR spectra obtained for the raw doped orange and mandarin peels, before 

they were used in the pyrolysis process. The nitrogen peaks of N-H bonding from the urea 

doping can be seen starkly within the 3400 cm-1 range, and the aliphatic and ester peaks also 

remain within the sample. These spectra are similar to those of the undoped peels; aliphatic, 

ester and carboxylic bonding peaks all remain visible to a certain degree.  
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In comparing the raw peels to the produced biochars, seen in Figure 5.5 and Figure 5.6, it is 

found that many of the peaks disappear after pyrolysis; this could be due to the process of 

heating the material, causing bonds to be broken between different functional groups and 

molecules [55]. Alongside this, an issue of poor light penetration in the dark biochars samples 

was found to occur in practise, which could have contributed to peaks going undetected. As 

discussed in Chapter 4, a germanium crystal was used during the FTIR spectroscopy practical 

experiments. This was required due to the dark, carbon black nature of the biochars; due to 

their colour, they have a high refractive index, which can result in band distortion when using 

a conventional crystal such as diamond, as there is minimal internal reflection of the light 

[56]. This displays itself in the spectra as a ‘tail off’ of the graph in the range of 1500 – 

600 cm-1, showing no peaks. The use of the germanium crystal, which has one of the highest 

refractive indices of those used in FTIR spectroscopy, is known to reduce this effect, and 

provides more accurate spectra. It should be noted that a downside of this method is that it 

has a lower penetration depth, so is very much a characterisation technique suited to surface 

level of the sample only.  

Figure 5.5 shows the FTIR spectra obtained for the biochars obtained through heating for 

0.5 h and 3 h at 500 °C. It is clear to see all eight samples share very similar surface chemistry, 

with the same fundamental peaks identified for each one. N-H bending is observed at 

1580 cm-1 in all samples, indicating some degree of nitrogen doping has been successful [57]. 

This could, however, also be a sign of C=C alkene stretching, which is common in carbon-

based materials [58]. The peak around 1410 cm-1 can be attributed to C-H in plane bending, 

while out of plane bending of C-H is visible around 770 cm-1. 
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Figure 5.5: FTIR Spectra of Biochar Samples Produced Through Pyrolysis at 500 °C, 0.5 h (top) and 500 °C, 3 h (bottom) 
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Figure 5.6: FTIR Spectra of Biochar Samples Produced Through Pyrolysis at 800 °C, 0.5 h (top) and 800 °C, 3 h 

(bottom) 
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Figure 5.6 show the spectra obtained for the biochars obtained through heating at 800 °C for 

0.5 h and 3 h. The issues arising from the dark nature of the biochar are more pronounced 

for these materials, and the spectra produced are of poor quality with little to no discernible 

number of peaks available to identify. It is reassuring, despite this, that the two groups of 

800 °C biochars both follow the same shape, and exhibit similar peaks to those seen in the 

lower temperature samples. Nonetheless, the results obtained through FTIR spectroscopy in 

this study further emphasise the need for a more appropriate analytical technique to 

characterise the surface of the chosen materials; XPS along with SEM are likely to be more 

appropriate and accurate.  

5.3.5 Screening Design of Experiments Trends and ANOVA 

Minitab 22 software was used to carry out regression analysis, and analysis of variance 

(ANOVA), using three responses: biochar yield, t-plot micropore area and carbon content. 

Carbon content was informed by elemental analysis. To carry out the analysis, an initial 

model was created for each response, which contained all four main factors and all two-

factor interactions (i.e., AB would represent the interaction between pyrolysis temperature 

and residence time). Alpha for the model was set equal to 0.05, meaning a confidence level 

of 95 % was taken. From this, using Pareto Charts and the model summary, specific two-

factor interactions were removed from the model when they were deemed to be 

insignificant, and the model recalculated on this basis. An example of this was the interaction 

of pyrolysis temperature and CO2 gas flowrate (termed AD); it was not found to be significant 

in any of the three models, and thus, was removed from them. The final models were 

selected on the basis of their inclusion of all significant main factors. The three resulting 

regression equations can be seen in Equation 5.2 to Equation 5.4, where temperature is in 

°C, residence time in h and CO2 flowrate in mL/min. 
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 𝑌𝑖𝑒𝑙𝑑 = 0.3281 −  0.000198 𝑇𝑒𝑚𝑝 +  0.0639 𝑇𝑖𝑚𝑒 +  0.0385 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 −  0.000012 𝐶𝑂2 𝐹𝑙𝑜𝑤
−  0.000132 𝑇𝑒𝑚𝑝 ∗ 𝑇𝑖𝑚𝑒 −  0.000035 𝑇𝑒𝑚𝑝 ∗ 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 −  0.00378 𝑇𝑖𝑚𝑒 ∗ 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 

Equation 
5.2 

 
 𝑀𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 𝐴𝑟𝑒𝑎 = −558.6 +  1.1209 𝑇𝑒𝑚𝑝 +  13.8 𝑇𝑖𝑚𝑒 +  8.1 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 −  0.0038 𝐶𝑂2 𝐹𝑙𝑜𝑤

−  0.0274 𝑇𝑒𝑚𝑝 ∗ 𝑇𝑖𝑚𝑒 +  0.0170 𝑇𝑒𝑚𝑝 ∗ 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 −  9.26 𝑇𝑖𝑚𝑒 ∗ 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 
Equation 
5.3 

 
 𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 = 61.40 +  0.00674 𝑇𝑒𝑚𝑝 +  6.55 𝑇𝑖𝑚𝑒 +  8.11 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 −  0.00038 𝐶𝑂2 𝐹𝑙𝑜𝑤 

−  0.01315 𝑇𝑒𝑚𝑝 ∗ 𝑇𝑖𝑚𝑒 −  0.01241 𝑇𝑒𝑚𝑝 ∗ 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 −  0.838 𝑇𝑖𝑚𝑒 ∗ 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 
Equation 
5.4 

 

 

 
Figure 5.7: Screening Pareto Chart for Biochar Yield as DoE Response 

 

The Pareto charts of standardised effects for all three responses can be seen in Figure 5.7 - 

Figure 5.9. These show which factors, and two-factor interactions, are significant for each 

response. It should be noted that for all three responses the CO2 gas flowrate was found to 

have little impact on variation in each response. 



206 
 

 
Figure 5.8: Screening Pareto Chart for Biochar Micropore Area as DoE Response 

 
For the micropore area response model, only pyrolysis temperature is seen to be a significant 

factor, but for the yield and carbon content models there are multiple different factors which 

show a statistical influence on the response results.  

 
Figure 5.9: Screening Pareto Chart for Biochar Carbon Content as DoE Response 

 

The coefficients of determination (R2), along with the adjusted (adj) and predicted (pred) 

values of the same coefficient, are seen in Table 5.6 for each response equation. The R2 of 

each equation for the chosen response represents how much of the variation of the response 
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variable is explained by the chosen model [59]. Looking at the results, the micropore area 

response is the most well fitted model of the three.  

Table 5.6: Screening Coefficients of Determination for Each Response 

Response R2 (%) R2-adj (%) R2-pred (%) 

Yield 96.20 92.87 84.80 

Micropore Area 98.80 97.74 95.19 

Carbon Content 90.50 82.19 62.00 

 

The full ANOVA results for each response can be seen in Appendix B. As well as Pareto charts, 

F and p values from ANOVA analysis can be used to show which factors and interactions are 

significant in the models for each response. The p value is used to determine whether 

changing the level of a factor has an effect on the response, that is unlikely to have occurred 

due to chance [60]. At significance level alpha = 0.05, if the p value ≤ 0.05 for a given factor, 

this indicates that the factor significantly affects the measured response. Alternatively, if p 

value > 0.05 for a given factor, then the opposite is true, and the factor is not statistically 

significant in terms affecting of the measured response.  

Through assessment of both Pareto charts and p values for each of the three responses, it 

can be determined that the three factors: pyrolysis temperature, residence time, and peel 

type are all statistically influential, to some degree, as are several of the two-factor 

interactions, while CO2 gas flowrate is not influential. From this, these three influential 

factors were taken forward for further analysis in the optimisation stage of the DoE.  

It should be highlighted that the R2-pred value for the micropore area model must be treated 

with caution. As only two temperature levels were tested in the screening design, 500 °C and 

800 °C, the model is seen to be fitting a binary response; as discussed previously, the 

Boudouard reaction is not thermodynamically favourable at the lower temperature of 

500 °C, while at 800 °C it will proceed and generate a certain degree of porosity. Therefore, 
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this model is not representative of a continuous relationship, and is instead confirming the 

thermodynamic behaviour of the CO2 gasification process. As a result, it should not be used 

to make predictions for micropore area. This also reiterates the fact that the models 

presented in the DoE screening process should not be used to optimise or predict any char 

performance.  

Also note from the findings from this screening design that the fact that gas flow rate is not 

significant in any of the three measured responses may be due to the horizontal 

configuration of the furnace and the influence this has on the mass transfer of CO2, as 

discussed in Chapter 4. As a result, the conclusion that gas flow rate is not a significant 

process parameter can only be considered valid in the context of this study, which utilises a 

horizontal tube furnace.  

5.4 Optimisation Design of Experiments Plan 

After carrying out DoE analysis of the produced screening biochars, three factors of pyrolysis 

(temperature, residence time and peel type) were deemed significant in at least one of the 

three responses measured. Thus, these factors were chosen to be investigated further in the 

optimisation stage. As CO2 flowrate was deemed not to be significant, it was set at a value of 

400 mL/min [61]. This level was chosen to ensure swift removal of gaseous volatiles from the 

system after their evolution, and to provide a greater rate of cooling to the sample upon 

completion of pyrolysis. Literature studies have previously show that higher flowrates can 

increase porosity [12], which directly contradicts the finding of the micropore area response 

model presented in Section 5.3.5 of this study. An explanation for this could be due to the 

fact that a horizontal tube furnace setup was utilised in this project, compared to the vertical 

fixed bed reactor in the aforementioned study [12]. In the horizontal furnace setup, the CO2 

gas will flow over the surface of the biomass, and rely on diffusion into the sample as the 
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process takes place, whereas in a vertical configuration the CO2 will flow through and contact 

more of the biomass sample; as a result, the vertical setup provides more efficient mass 

transfer and, therefore, possibly has a greater effect on the final properties of the char. It 

was not possible to test the difference in configurations due to financial and equipment 

constraints in the project, so in order to best match the available literature, the flowrate was 

maintained at the higher level of 400 mL/min for the optimisation experiments. 

A circumscribed (CCC) design was chosen for use in the optimisation DoE. This allows the 

testing of levels outwith the previously set limits assigned to each factor, a fundamental 

feature of this design. For example, in the screening design, 0.5 h and 3 h were used as upper 

and lower limits for residence time, but in the optimisation stage, values below 0.5 h and 

above 3 h were assessed to create a full surface response over this range. This also led to a 

change in the conditions used for the pyrolysis temperature, but did not apply to the factor 

of peel type due to its discrete nature.  

It was clear from the BET results in Section 5.3.3 that samples produced at 500 °C displayed 

minimal levels of porosity, so testing temperatures below this value would be futile for this 

response. As literature showed that porosity begins to develop from temperatures of 600 °C 

or greater, the decision was taken to increase the lower limit for this factor to 650 °C for the 

optimisation stage, and maintain the upper limit at 800 °C. This allowed for an increase in the 

likelihood of porosity development in the lower temperature samples produced at 650 °C, 

and would, in turn, produce more relevant data for the study. Coupled with the fact that CO2 

activation is usually carried out in the range of 700 – 900 °C [4], this gave more samples from 

this study to compare with literature examples. 
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Minitab 22 was again used to create the experimental plan, resulting in 18 experiments to be 

carried out in random order, and the details of these can be seen in Table 5.7. The chosen 

responses for the analysis were unchanged from the screening stage.  

5.5 Optimisation Biochars Results 

5.5.1 Yield 

The yields of the optimised biochars produced in this study are shown in Table 5.7. Replicate 

samples from the screening design are shown in Table 5.8 against their corresponding 

replicate samples from the optimisation design. A general trend is witnessed of yield 

decreasing with increasing temperature and residence time, similar to observations seen for 

the screening biochar samples. The samples produced at 650 °C have almost identical yield 

results (20 – 21 %), however, due to the lower temperature limit of the optimisation DoE 

stage changing, there are no replicates from the screening stage to allow comparison of 

results. Nonetheless, it is still pertinent to assess the variation between the chars produced 

at 500 °C in the screening design and those at 650 °C in the optimisation design, in the cases 

where the other three factors were constant. For three of the biochars, the yield of the 

samples produced at 650 °C were lower than those obtained via pyrolysis at 500 °C, and in 

one case, the 650 °C sample exhibited a slightly higher yield (OBC-650-0.5-M). This implies 

that increasing pyrolysis temperature will result in increased volatilisation of components 

within the biomass and, thus, reduce the mass yield of the product; however, variation 

should still be expected in samples, due to the organic nature of the materials. The 800 °C 

samples produced during the optimisation stage all exhibit moderately higher yields than 

those produced from the screening stage; the two samples produced through heating at 

800 °C for 3 h increased by 0.2 % each, while the OBC-800-0.5-O sample increased by 3.6 % 

and the OBC-800-0.5-M sample by 3.2 %. This increase in yield for the samples produced at 



211 
 

0.5 h is possibly due to heterogeneity between the feedstock batches used in each stage of 

the design. These results suggest there is a high level of repeatability in the sample 

production process for the higher temperature runs, which is auspicious, as these are the 

biochars expected to be most applicable to carbon capture technology. 

Table 5.7: Conditions Used to Produce Optimisation Biochars and Subsequent Yield Results 

Label Pyrolysis 
Temperature (°C) 

Residence 
Time (h) 

Peel Type Yield (%) 

OBC 650-0.5-O 650 0.5 Orange 21.1 

OBC 800-0.5-O 800 0.5 Orange 16.1 

OBC 650-3-O 650 3 Orange 20.2 

OBC 800-3-O 800 3 Orange 4.4 

OBC 619-1.75-O 619 1.75 Orange 20.6 

OBC 831-1.75-O 831 1.75 Orange 1.9 

OBC 725-0-O 725 0 Orange 20.6 

OBC 725-3.52-O 725 3.52 Orange 16.3 

OBC 725-1.75-O 725 1.75 Orange 18.8 

OBC 650-0.5-M 650 0.5 Mandarin 20.7 

OBC 800-0.5-M 800 0.5 Mandarin 17.0 

OBC 650-3-M 650 3 Mandarin 20.3 

OBC 800-3-M 800 3 Mandarin 5.2 

OBC 619-1.75-M 619 1.75 Mandarin 20.5 

OBC 831-1.75-M 831 1.75 Mandarin 3.7 

OBC 725-0-M 725 0 Mandarin 20.2 

OBC 725-3.52-M 725 3.52 Mandarin 18.0 

OBC 725-1.75-M 725 1.75 Mandarin 19.7 

 

It is notable that the samples produced at 619 °C and 725 °C demonstrate very similar yields; 

it could be suggested that, within the 600 – 725 °C range, there is a strong relationship 

between temperature and residence time. For example, OBC-619-1.75-O has a yield of 

20.6 %, which is identical to OBC-725-0-O. Therefore, it may be inferred that using a short 

residence time and higher temperature as pyrolysis conditions will give a comparable yield 

to runs with condition of longer residence time and/or lower temperature. This does digress 

from the overall goal of the work, however, as while material yield is important, the ability 

to absorb CO2 is the prime focus; based on results from this study and previous papers, 
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biochars produced in the temperature range of 650 – 725 °C will likely not be suitable for this 

application [62].  

For the samples produced through heating at 831 °C, very small yields are achieved (< 4 %), 

which is impractical for real-world applications or even small-scale testing. The samples 

obtained from pyrolysis at 725 °C show a gradual decrease in yield as residence time 

increases, a trend that matches with prior knowledge and research, as the biomass 

undergoes increased volatilisation as time progresses.  

Table 5.8: Comparison of Yield Between Replicate Samples of Screening and Optimisation Biochars 

Screening Sample Yield (%) Corresponding Optimisation 
Sample 

Yield (%) 

BC 800-0.5-O-400 12.5 OBC 800-0.5-O 16.1 

BC 800-0.5-M-400 13.8 OBC 800-0.5-M 17.0 

BC 800-3-O-400 4.2 OBC 800-3-O 4.4 

BC 800-3-M-400 5.0 OBC 800-3-M 5.2 

 

5.5.2 Elemental Analysis and Proximate Analysis 

The proximate analysis of the screening biochars can be seen in Table 5.9.  Replicate samples 

from the screening design are shown in Table 5.10 against their corresponding samples from 

the optimisation design. These results show a degree of complexity and must be broken 

down step by step to be fully analysed. The chars produced at temperatures in the range 619 

– 650 °C show similar fixed carbon contents of between 64 – 70 %, which are comparable to 

those seen for the biochars produced at 500 °C in the screening stage, indicating that this is 

a suitable temperature range to pyrolyse biomass to produce a carbon rich material.  
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Table 5.9: Proximate Analysis Results Obtained for Optimisation Biochars Produced in this Study 

Sample Moisture 
(wt%) 

Volatiles 
(wt%) 

Fixed Carbon (wt%) Ash (wt%) 

OBC 650-0.5-O 4.6 27.8 63.9 3.7 

OBC 800-0.5-O 5.7 24.8 60.9 8.6 

OBC 650-3-O 5.6 20.0 67.7 6.7 

OBC 800-3-O 14.8 29.3 45.8 10.1 

OBC 619-1.75-O 6.8 19.1 69.8 4.3 

OBC 831-1.75-O 12.6 41.8 31.2 14.4 

OBC 725-0-O 6.6 18.4 69.8 5.2 

OBC 725-3.52-O 7.6 23.3 63.8 5.3 

OBC 725-1.75-O 7.0 24.2 63.0 5.8 

OBC 650-0.5-M 6.1 18.6 70.5 4.8 

OBC 800-0.5-M 8.2 20.7 65.2 5.9 

OBC 650-3-M 5.1 22.6 67.3 5.0 

OBC 800-3-M 14.4 25.0 53.8 6.8 

OBC 619-1.75-M 5.0 22.1 67.3 5.6 

OBC 831-1.75-M 6.9 34.8 37.8 20.5 

OBC 725-0-M 5.3 21.4 67.6 5.7 

OBC 725-3.52-M 4.7 18.8 71.8 4.7 

OBC 725-1.75-M 4.5 20.9 68.1 6.5 

 

Increasing the temperature to 725 °C has little perceivable effect; fixed carbon contents for 

the six samples produced at this level were observed to lie in the range of 62 – 72 %. For the 

three mandarin biochars the fixed carbon increases as residence time increases, 

demonstrating that prolonged exposure to higher temperature does increase the removal of 

volatile matter from the biomass. In contrast, for the orange biochars at this temperature, 

the highest fixed carbon is found in the sample which experienced a residence time of 0 h.  

For the samples produced through heating at 800 °C there is a continuation of the trends 

observed in the screening experiments; mainly that the 800 °C – 0.5 h samples exhibit fixed 

carbon contents comparable to the lower temperature samples, while the 800 °C – 3 h 

samples exhibit less carbon, due to the more destructive heating conditions. This persists for 

the samples produced at 831 °C, with the lowest fixed carbon levels in the study seen for 

these materials.  
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Table 5.10: Comparison of Proximate Analysis Results Between Replicate Samples of Screening and Optimisation 
Biochars 

Screening Sample Moisture 
(wt%) 

Volatiles 
(wt%) 

Fixed Carbon 
(wt%) 

Ash (wt%) 

BC 800-0.5-O-400 8.5 21.3 61.5 8.7 

BC 800-0.5-M-400 7.0 19.6 70.6 2.8 

BC 800-3-O-400 2.1 37.1 35.7 25.1 

BC 800-3-M-400 4.1 40.6 46.6 8.7 

Optimisation Sample Moisture 
(wt%) 

Volatiles 
(wt%) 

Fixed Carbon 
(wt%) 

Ash (wt%) 

OBC 800-0.5-O 5.7 24.8 60.9 8.6 

OBC 800-0.5-M 8.2 20.7 65.2 5.9 

OBC 800-3-O 14.8 29.3 45.8 10.1 

OBC 800-3-M 14.4 25.0 53.8 6.8 

 

The 800 °C – 3 h and all 831 °C samples display significantly higher ash contents; again, this 

is attributable to the mineral components that now contribute a greater relative proportion 

of the material, as more carbon is released during pyrolysis. The high ash content can become 

a complication in the application of biochars, as it is an indicator of higher mineral contents 

within the chars, which, in turn, could adversely affect their performance within remediation 

technologies [63]. 

The elemental composition of the biochars produced in the optimisation study, on an ash 

free basis, are shown in Table 5.11, and comparison between replicate samples from the 

screening and optimisation design in Table 5.12. Looking at the samples produced using 

temperatures between 619 – 725 °C, a consistent level of elemental carbon (63 – 65 wt%) is 

seen, regardless of residence time. This indicates that pyrolysis up to this temperature range 

is efficient at removing volatiles from biomass and can enhance the carbon content to a 

predetermined maximum. Therefore, in situations where creation of a carbon rich material 

is the intention, these conditions can be replicated to provide such an outcome. However, 

although carbon content is an important factor for biochars, these samples are seen to lack 

noteworthy porosity, which is fundamentally more important to their performance as carbon 



215 
 

sequestering materials. As such, to achieve the goals of this study, pyrolysis temperatures 

must exceed 725 °C.  

Table 5.11: Elemental Compositions Obtained for Optimisation Biochars Produced in this Study 

Sample C (wt%) H (wt%) N (wt%) Residuals (wt%) 

OBC 650-0.5-O 63.3 1.4 12.9 22.4 

OBC 800-0.5-O 58.2 1.0 10.9 29.9 

OBC 650-3-O 66.0 1.0 13.1 19.9 

OBC 800-3-O 30.9 0.6 6.4 62.1 

OBC 619-1.75-O 63.6 1.0 10.9 24.5 

OBC 831-1.75-O 20.0 0.2 4.3 75.5 

OBC 725-0-O 63.5 1.1 11.9 23.5 

OBC 725-3.52-O 64.0 0.8 12.3 22.9 

OBC 725-1.75-O 63.9 0.7 12.3 23.1 

OBC 650-0.5-M 66.2 1.2 13.5 19.1 

OBC 800-0.5-M 62.6 1.0 10.7 25.7 

OBC 650-3-M 65.6 1.2 12.1 21.1 

OBC 800-3-M 49.8 0.9 8.9 40.4 

OBC 619-1.75-M 64.9 1.4 12.1 21.6 

OBC 831-1.75-M 38.7 0.6 6.7 54.0 

OBC 725-0-M 64.5 1.0 11.5 23.0 

OBC 725-3.52-M 64.5 0.9 11.7 22.9 

OBC 725-1.75-M 65.4 0.6 11.4 22.6 

 

In turn, assessing the results for biochar samples produced at temperatures in the range 800 

– 831 °C, there is generally a lower comparative carbon content. The exceptions are the two 

samples produced at 800 °C for a residence time of 0.5 h, as they show carbon contents of 

58 and 63 wt% respectively. This is, in part, due to the shorter residence time; the high 

temperature ensures that volatiles are driven off from the material, but it is not subject to 

sustained heating, meaning the carbon backbone remains largely intact. Compare these to 

the samples produced at 800 °C for 3 h, where the carbon content decreases to 31 wt% for 

the orange biochar and 50 wt% for the mandarin biochar, and it is clear that exposure to 

longer residence time at this elevated temperature can be detrimental to the overall biochar 

structure. 
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Table 5.12: Comparison of Elemental Analysis Results Between Replicate Samples of Screening and Optimisation 
Biochars 

Screening Sample C (wt%) H (wt%) N (wt%) Residuals (wt%) 

BC 800-0.5-O-400 57.2 1.0 9.9 31.9 

BC 800-0.5-M-400 62.9 1.3 11.2 24.6 

BC 800-3-O-400 37.1 0.5 7.0 55.4 

BC 800-3-M-400 57.6 1.0 9.6 31.8 

Optimisation Sample C (wt%) H (wt%) N (wt%) Residuals (wt%) 

OBC 800-0.5-O 58.2 1.0 10.9 29.9 

OBC 800-0.5-M 62.6 1.0 10.7 25.7 

OBC 800-3-O 30.9 0.6 6.4 62.1 

OBC 800-3-M 49.8 0.9 8.9 40.4 

 

The destructive effect of sustained heating is witnessed in the most extreme case for the 

831 °C biochar samples; although a shorter residence time of 1.75 h was used, the elemental 

carbon content for the orange sample was 20 wt%, and 39 wt% for the mandarin sample. 

This follows the trend of less carbon being locked within the material structure as pyrolysis 

temperature increases. It is interesting to note for the 831 °C – 1.75 h and 800 °C – 3 h 

samples that the orange peel biochars have noticeably lower carbon contents than those 

made from mandarin peel. This could imply there is a meaningful difference in the makeup 

of each species of peel; note that raw orange peel contained 44 wt% carbon and mandarin 

peel contained 50 wt%, from the elemental analysis of the raw peels. Naturally this would 

suggest biochars produced from the orange peel variant would contain less carbon, but a 

difference of approximately 20 wt% is somewhat unexpected.  

Another factor could be that orange peels contain more pith than their mandarin relatives, 

with the pith itself consisting of a much softer tissue of parenchyma cells; meanwhile the 

outer layer of the peel (the thicker orange material), is composed of dense collenchyma cells 

[64]. It is also known that the parenchyma cells contain more cellulose compared to the 

collenchyma cells [65], and the pith tissue is much less densely arranged on a cellular level 

than the outer peel [66]. Thus, the orange peels overall are likely to contain more cellulose 
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than the mandarin peels, with cellulose degrading around 300 °C; therefore, this, in 

combination, with the different levels of cellular packing, suggests that orange peels may 

degrade more freely during pyrolysis than the mandarin peels, mirroring what is seen at the 

high temperatures of > 800 °C. However, the exact effect of pith content was not controlled 

or explored here.  

The elemental nitrogen content remains high relative to the control samples previously 

produced, replicating the trend from the screening design. Values of 10 – 13 wt% are 

reported for the majority of samples, and the samples produced at temperatures ≥ 800 °C 

with long residence times, show lower values (4 – 8 wt%); this being a result of the harsh 

heating conditions, as discussed previously.  

High ash contents in samples such as OBC 831-1.75-O and OBC 831-1.75-M result in larger 

values of residual content, in these cases, greater than 50 wt% of the total material. This is a 

result of a high proportion of the material degrading to ash, meaning a considerable 

percentage of the original elemental carbon has been removed and minerals such as 

potassium and sodium comprise a higher relative wt%. The residual content constitutes 

approximately 20 wt% for the remaining samples; the majority of this is likely oxygen, but 

there may be small amounts of elements, such as sulphur, that have not been fully removed 

from the raw peels and survived the pyrolysis process.  

Comparison of the samples produced in the optimisation stage and their replicates from the 

screening stage, as shown in Table 5.12, demonstrate an encouraging level of consistency 

between the two sets. The 800 °C – 0.5 h samples have approximately the same carbon 

content, and their nitrogen content is very similar. The 800 °C – 3 h samples show slightly 

more variation in carbon content, but may be due to different batches of feedstock being 

used in each phase of the design.  
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5.5.3 Textural Analysis 

Data pertaining to the porosity characteristics of the optimised biochars can be seen in Table 

5.13, and comparison with replicates from the screening design are shown in Table 5.14. It is 

observed that, despite efforts to produce a wide range of porous samples, the new lower 

temperature limit of 650 °C was still not high enough to generate meaningful porosity, again, 

due to the lower temperature lying below the 700 °C point where the Boudouard reaction 

becomes active for CO2 gasification to occur. This has been witnessed in literature, where 

soybean CO2 activated biochars did not develop any notable porosity until the activation 

temperature reached 700 °C [44]. The limited degradation of lignin through pyrolysis in this 

temperature range may also be contributing to the non-porous structure observed. 

Table 5.13: Porosity Characteristics of Optimisation Biochars Produced in this Study 

Sample Specific 
Surface Area 

(m2/g) 5 

Micropore 
Area  
(t-plot) 

(m2/g) 6 

Micropore 
Volume 
(t-plot) 

(cm3/g) 7 

Micropore 
Volume (DR) 

(cm3/g) 8 

t-plot 
Micropore 
Area/SSA (%)  

OBC 650-0.5-O 0 0 0 0 0 

OBC 800-0.5-O 289 263 0.100 0.114 91 

OBC 650-3-O 0 0 0 0 0 

OBC 800-3-O 237 193 0.076 0.095 81 

OBC 619-1.75-O 0 0 0 0 0 

OBC 831-1.75-O 31 22 0.009 0.013 71 

OBC 725-0-O 0 0 0 0 0 

OBC 725-3.52-O 213 198 0.075 0.086 93 

OBC 725-1.75-O 87 85 0.032 0.035 97 

OBC 650-0.5-M 0 0 0 0 0 

OBC 800-0.5-M 225 203 0.077 0.090 90 

OBC 650-3-M 0 0 0 0 0 

OBC 800-3-M 355 304 0.118 0.143 86 

OBC 619-1.75-M 0 0 0 0 0 

OBC 831-1.75-M 319 269 0.105 0.129 85 

OBC 725-0-M 0 0 0 0 0 

OBC 725-3.52-M 121 116 0.043 0.048 96 

OBC 725-1.75-M 0 0 0 0 0 

                                                           
5 Uncertainties within BET specific surface area were calculated to be below 1 m2/g 
6 Uncertainties within non-zero t-plot micropore surface area values were calculated to be between 
1 – 5 m2/g 
7 Uncertainties within t-plot micropore volume were calculated to be below 0.002 cm3/g 
8 Uncertainties within DR micropore volume were calculated to be below 0.001 cm3/g 
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Increasing the pyrolysis temperature to 725 °C does show an enhancement of the textural 

properties of the samples; out of the six biochars produced at this temperature, three are 

considered porous. OBC 725-3.52-O and OBC 725-3.52-M both demonstrate relative 

microporosities of greater than 90 %, and OBC 725-1.75-O is almost entirely microporous. 

The total surface area of each sample is lower than that of the samples produced at 800 °C 

or above, indicating that it is in this range of temperatures that microporosity development 

is instigated. For the samples produced at 725 °C with a residence time of 0 h, no porosity is 

generated, so it should be noted that sustained temperature is required to breakdown the 

lignocellulosic components of the material. Interestingly for the samples produced at 725 °C 

with a residence time of 1.75 h, the orange peel biochar exhibits a porous nature but the 

mandarin biochar does not; so far in this study there have been few noticeable differences 

between the two species of peel. A possible explanation could be due to the ratio of outer 

skin peel to pith in the samples; the more pith there is in the sample, the more well developed 

the porosity. This makes physical sense, as the pith is much softer than the outer peel which 

could suggest there is less robust components such as lignin present. This in turn relates to 

the discussion of pith content found in Section 5.5.2. There are other factors, such as pre-

processing of the fruit, that may affect the relative biochar properties obtained as, despite 

the peels being washed before pyrolysis, they will have experienced different processing 

stages before shipment to the supermarket. Similarly, although the peels share a taxonomy 

of the same fruit genus, they possess fundamental structural and elemental differences that 

separate them as different species, which may also affect the outcomes.  

The samples produced at temperatures of 800 °C and above prove to be superior chars within 

this study, in terms of the level of porosity development; all except OBC 831-1.75-O 

demonstrate total SSAs of greater than 200 m2/g. This confirms observations made from the 
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screening stage that to attain sufficient pore networks for carbon capture applications, a 

pyrolysis temperature in the region of 800 °C is required. 

Table 5.14: Comparison of Porosity Characteristics Results Between Replicate Samples of Screening and 
Optimisation Biochars 

Screening Sample Specific 
Surface 
Area 

(m2/g) 9 

Micropore 
Area  
(t-plot) 

(m2/g) 10 

Micropore 
Volume 
(t-plot) 

(cm3/g) 11 

Micropore 
Volume (DR) 

(cm3/g) 12 

t-plot 
Micropore 
Area/SSA 
(%) 

BC 800-0.5-O-400 391 354 0.135 0.154 91 

BC 800-0.5-M-400 306 293 0.110 0.120 96 

BC 800-3-O-400 382 328 0.127 0.151 86 

BC 800-3-M-400 367 314 0.122 0.145 86 

Optimisation Sample Specific 
Surface 
Area 

(m2/g) 13 

Micropore 
Area  
(t-plot) 

(m2/g) 14 

Micropore 
Volume 
(t-plot) 

(cm3/g) 15 

Micropore 
Volume (DR) 

(cm3/g) 16 

t-plot 
Micropore 
Area/SSA 
(%)  

OBC 800-0.5-O 289 263 0.100 0.114 91 

OBC 800-3-O 237 193 0.076 0.095 81 

OBC 800-0.5-M 225 203 0.077 0.090 90 

OBC 800-3-M 355 304 0.118 0.143 86 

 

Once again, there is a notable difference between the orange and mandarin chars produced 

at 831 °C, with the mandarin char being highly porous relative to lower temperature samples, 

and the orange char exhibiting primitive porosity. It is known that OBC-831-1.75-O had 

degraded heavily under the intense conditions (temperature and residence time), losing a 

high percentage of its carbon structure in the process, but OBC-831-1.75-M also suffered a 

notable loss of carbon; thus, it is surprising that there is such a vast difference in porosity 

terms between the two samples. The values reported for SSA and micropore area, volume 

                                                           
9 Uncertainties within Screening BET specific surface area (SSA) were calculated to be below 2 m2/g 
10 Uncertainties within non-zero Screening t-plot micropore surface area values were calculated to 
be between 2 – 8 m2/g 
11 Uncertainties within Screening t-plot micropore volume were calculated to be below 0.003 cm3/g 
12 Uncertainties within Screening DR micropore volume were calculated to be below 0.001 cm3/g 
13 Uncertainties within Optimisation BET specific surface area were calculated to be below 1 m2/g 
14 Uncertainties within non-zero Optimisation t-plot micropore surface area values were calculated 
to be between 1 – 5 m2/g 
15 Uncertainties within Optimisation t-plot micropore volume were calculated to be below 0.002 
cm3/g 
16 Uncertainties within Optimisation DR micropore volume were calculated to be below 0.001 cm3/g 
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etc. for the samples in the optimisation runs vary from those obtained for the samples 

produced in the screening runs at the same conditions, see Table 5.14. This is an unfortunate 

drawback of using organic biomass material; the very nature of its composition means that 

there is no guaranteed consistency from batch to batch of oranges or mandarins. Similarly, 

although the same species of each feedstock were sourced from the same supermarket, they 

were purchased at different times of the year; the screening biochars were synthesised with 

peels purchased in the spring, whereas the optimisation biochars were produced from peels 

purchased in the autumn. It is impossible to accurately discern a full record of factors that 

would influence the composition or makeup of the fruits, but it is obvious that the changing 

of seasons and the weather conditions they were subjected to during growth would be key 

in their impact on the final product. For the samples that do exhibit porosity, there is a high 

level of microporosity in all, which is promising with a view for testing their ability to adsorb 

CO2.  

5.5.4 Surface Chemical Analysis 

The elemental surface composition (at. %) of each of the optimisation biochars, as calculated 

from XPS, is shown in Table 5.15. Considering the raw and doped peels; the nitrogen content 

increases on doping, reaffirming the elemental analysis results, which indicates that urea 

doping was successful in the initial stage and nitrogen-containing groups did impregnate onto 

the peels.  

Similarly, the samples produced at temperatures between 619 – 725 °C match the trend seen 

from the bulk elemental analysis (Section 5.3.2), in that their surface is composed mainly of 

carbon, with all samples demonstrating a carbon at. % of greater than 59 at. %. Although 

there was no concerted effort to increase oxygen-containing functional groups on the surface 
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of the materials, it is clear for most that the at. % of oxygen either remained consistent or 

increased in comparison with the precursor peels.  

Table 5.15: XPS Surface Composition Analysis Results of Optimisation Biochars Produced in this Study  

Sample C 1 s (at. %) N 1s (at. %) O 1s (at. %) Residuals (at. %) 

OBC 650-0.5-O 84.4 7.6 7.2 0.8 

OBC 800-0.5-O 83.7 7.3 8.0 1.0 

OBC 650-3-O 83.9 7.8 7.5 0.8 

OBC 800-3-O 41.3 13.4 32.5 12.8 

OBC 619-1.75-O 57.7 19.5 19.3 3.5 

OBC 831-1.75-O 22.1 3.8 50.2 23.9 

OBC 725-0-O 58.2 17.8 20.6 3.4 

OBC 725-3.52-O 57.1 19.2 21.4 2.3 

OBC 725-1.75-O 59.1 18.9 20.2 1.8 

OBC 650-0.5-M 59.9 20.6 17.7 1.8 

OBC 800-0.5-M 58.6 18.2 20.8 2.4 

OBC 650-3-M 61.9 21.2 15.6 1.3 

OBC 800-3-M 42.1 13.3 33.9 10.7 

OBC 619-1.75-M 60.6 19.8 17.9 1.7 

OBC 831-1.75-M 34.2 9.1 43.1 13.6 

OBC 725-0-M 61.6 19.2 17.5 1.7 

OBC 725-3.52-M 60.2 19.7 18.2 1.9 

OBC 725-1.75-M 61.8 20.2 16.3 1.7 

BC Control Orange 75.5 1.7 18.0 4.8 

BC Control Mand 79.9 2.5 14.2 3.4 

Raw Orange Peel 76.9 1.6 21.5 0 

Raw Mandarin Peel 79.3 1.5 18.5 0.7 

Doped Orange Peel 73.8 5.4 20.8 0 

Doped Mandarin Peel 76.3 4.7 19.0 0 

 

For the samples produced at 800 °C and above, the carbon content decreases, owing to the 

harsher pyrolysis conditions, and the residual content is also considerably higher (10 – 

20 at. %). This is representative of ash formation, which manifests itself on the surface of 

chars as minerals such as potassium and calcium. There are considerable quantities of atomic 

nitrogen on the surface of some of the samples produced at 800 °C, further enhancing their 

credentials as potential CO2 capture materials [67].  
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The different chemical environments of each of the three elements, carbon, nitrogen and 

oxygen, can be identified based on their peaks that exist within the bonding energy range of 

each element. For carbon the main peak lies at 284.8 eV; this is commonly known as the 

adventitious carbon peak of C-C/C-H bonding. It is frequently used as a ‘reference peak’ to 

which the spectra are calibrated, due to the abundance of carbon in most organic materials, 

and as such it is appropriate to use in the analysis of biochars [68]. From this, it is then 

possible to identify other bonding peaks arising from carbon existing in the sample, and these 

can include: C-O at 286.5 eV, C=O at 287.8 eV, C=N at 285.9 eV, O-C=O 289 eV and π*-π* 

transitions at 291 eV [69], [70], [71]. 

Regarding oxygen-containing moieties, there are three main groups which are identified in 

the biochar samples. Quinone and carbonyl groups (O-1 – C=O) are represented by a peak at 

approximately 531 eV, phenol or ether groups (O-2 – C-OH, C-O-C) at 532 eV and carboxylic 

acid groups (O-3 – O=C-OH) at 534 – 535 eV [67].  

 

 
Figure 5.10: Nitrogen and Oxygen-Containing Surface Functional Bonding Groups [72] 

 



224 
 

In terms of nitrogen-containing groups, there are four notable moieties, although only three 

are found on the surfaces of the biochars produced in this study. Pyridinic nitrogen (N-6) at 

398 eV, pyrrolic and pyridone (N-5) at 400 eV, and quaternary nitrogen (N-Q) at 401 eV are 

all visible within the spectra of the biochars, while pyridine-N-oxide (N-X) was not present 

[72]. An example of the different bonding groups that can occur on the surface is shown in 

Figure 5.10. [73]. During the process of nitrogen doping, the quantity of these chemical 

groups has increased in the biochar samples through the insertion of nitrogen atoms into 

cyclic carbon rings [74]. On the edge of the carbon sheets and rings the N-5 groups can be 

found, appearing as N-H groups [75], while N-6 groups are characteristically found with a 

single and double bond to two carbon atoms, respectively. The N-Q moieties are similar to 

N-6, but tend to be firmly embedded inside the aromatic framework of the biochars, existing 

within the carbon layers. The graphs detailing the peaks for each element for a chosen 

sample (OBC 619-1.75-M) can be seen in Figure 5.11, Figure 5.12 and Figure 5.13. 

 
Figure 5.11: XPS Spectrum for Carbon C 1s of OBC 619-1.75-M 
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Figure 5.12: XPS Spectrum for Nitrogen 1s of OBC 619-1.75-M 

 
Figure 5.13: XPS Spectrum of Oxygen 1s of OBC 619-1.75-M 

 

The breakdown of nitrogen- and oxygen-containing surface bonding on the biochar samples 

can be seen in Table 5.16. Pyridinic nitrogen is consistently seen to be the most prominent 

form of nitrogen on the surface of the chars, with all except one of the samples having a N-6 

content of > 50 %. N-Q tends to be the second most prominent surface species of nitrogen, 

with pyrrolic N-5 being third. At temperatures used for pyrolysis in this study, 619 – 831 °C, 

the N-5 nitrogen groups are known to convert to N-6 pyridinic forms [76]. This is observed in 
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this study, as when comparing the raw precursor to the produced biochars, there is a 

correlation between pyridinic nitrogen increasing and pyrrolic nitrogen decreasing.  

When assessing CO2 adsorption potential, pyridinic and pyrrolic are the most desired species; 

pyridinic nitrogen interacts with carbon due to its high electronegative nature and by causing 

Lewis acid-base interactions, while pyrrolic nitrogen has been seen to enhance adsorption 

through a hydrogen bonding mechanism [77]. Previous studies have also shown a positive 

relationship between enhanced CO2 adsorption and pyridinic and pyrrolic moieties, although 

this was only valid in the pressure range of 0 – 0.5 bar, with tests at atmospheric pressure 

not providing the same conclusion [78]. For all but one sample, pyridinic nitrogen is the most 

prevalent form found on the surface of the biochars. The one sample that does not fit this 

trend is OBC-831-1.75-O, known to be a primarily ashy sample with low carbon and nitrogen 

content; this would justify why the high-resolution nitrogen scan results differ from other 

samples.  

Interestingly, the pyrrolic nitrogen content is higher in samples produced at higher 

temperatures (approx. 800 °C) than those at lower temperature (619 – 725 °C). This conflicts 

with literature knowledge that states pyrrolic nitrogen should change to the pyridinic form 

with increasing temperature. It is also though that pyridinic nitrogen should further convert 

to the quaternary form at temperatures exceeding 800 °C [79], but lower values are seen for 

N-Q in samples produced at 800 °C than for the samples produced at 725 °C and below.  
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Table 5.16: XPS Analysis Surface Nitrogen and Oxygen Composition of Optimisation Biochars Produced in this 
Study 

 Bond types and energy ranges (eV) 

Sample N-6 
(pyridinic) 
(%) 

N-5 
(pyrrolic) 
(%) 

N-Q 
(quaternary) 
(%) 

O-1 
(C=O) 
(%) 

O-2 
(C-O) 
(%) 

O-3 
(O-C=O) 
(%) 

OBC 650-0.5-O 56 12 32 54 27 19 

OBC 800-0.5-O 55 19 26 59 27 14 

OBC 650-3-O 55 10 35 47 34 19 

OBC 800-3-O 59 29 12 69 21 10 

OBC 619-1.75-O 57 9 34 52 31 17 

OBC 831-1.75-O 24 63 13 86 13 1 

OBC 725-0-O 56 12 32 41 41 18 

OBC 725-3.52-O 54 17 29 55 33 12 

OBC 725-1.75-O 53 18 29 51 30 19 

OBC 650-0.5-M 55 10 35 51 32 17 

OBC 800-0.5-M 54 20 26 59 26 15 

OBC 650-3-M 56 9 35 45 34 21 

OBC 800-3-M 51 23 26 28 60 12 

OBC 619-1.75-M 56 12 32 50 30 20 

OBC 831-1.75-M 50 26 24 17 71 12 

OBC 725-0-M 55 13 32 52 30 18 

OBC 725-3.52-M 55 14 31 48 34 18 

OBC 725-1.75-M 53 14 33 48 32 20 

BC Control 
Orange 

38 50 12 48 28 24 

BC Control 
Mandarin 

69 31 0 27 60 13 

Raw Orange Peel 0 97 3 11 74 15 

Raw Mandarin 
Peel 

0 88 12 10 65 25 

Urea Orange Peel 0 81 19 20 62 18 

Urea Mandarin 
Peel 

26 55 19 16 59 25 

 

Oxygen-containing groups deemed important for CO2 adsorption are generally forms of O-1 

and O-3 moieties; O-1 carbonyl bonds provide a quadrupole moment which is favourable for 

CO2 molecules, while O-3 carboxylic groups are highly hydrophilic which helps alongside the 

pyrrolic nitrogen surface groups [29]. O-1 oxygen such as carbonyl and ketone groups are the 

main groups left on the biochar after the pyrolysis process is completed, as seen from Table 

5.16. The predominant type of oxygen on the original precursor peels was O-2, due to 
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hydroxyl groups being a key functional group in the composition of orange peels [51]. Overall, 

there is a reasonable spread of the three types of oxygen-containing moieties across each 

sample, excluding the two biochars produced at 831 °C. The presence of the oxygen-

containing surface groups should provide an additional route for CO2 adsorption onto the 

samples, by providing ancillary sites for molecules to interact with. For example, although 

the carbon surface of the chars is hydrophobic, having different hydrophilic oxygen-

containing groups available may counter this and encourage adsorption [76].  

To compare the levels of nitrogen doping achieved on the external surface of the chars 

against the nitrogen doping present in the bulk, the elemental analysis results from Section 

5.5.2 were converted to atomic percentage, in order to allow a calculation of ratios of XPS 

determined nitrogen to elemental analysis determined nitrogen. Note that hydrogen was 

excluded from the atomic percentage calculations, as XPS cannot detect hydrogen. This ratio 

calculation was also carried out for oxygen, where the value’s given for ‘residuals’ were used 

to calculate a ratio of XPS determined oxygen to elemental analysis determined oxygen; note 

again that, the elemental analysis is presented on an ash-free basis. Therefore, it is assumed 

that the residuals are oxygen, but to confirm this specialised elemental analysis would be 

required, which was not possible due to financial restrictions.  

The results of both ratios can be seen in Table 5.17. For the nitrogen doped biochars, the vast 

majority of the samples have a ratio > 1, indicating that there is a greater quantity of nitrogen-

containing functionalities on the external surface of the materials than on the internal 

surface areas and the general bulk. This implies that there are more sites on the external 

surface of the chars for molecules to adsorb to, than there are in the bulk of the material, 

which is where the porosity exists, and thus, where the majority of adsorption is expected to 

take place. As a result, the lack of sites within the bulk may limit the adsorption potential of 
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the chars when being tested for CO2 uptake. In terms of oxygen containing-functionalities, 

for most samples the ratio lies in the range of 0.89 – 1.15, which indicates that there is an 

even spread of these functionalities on both the external and internal surfaces of the chars.  

Table 5.17: Ratio of XPS Determined Nitrogen/Elemental Determined Nitrogen and of XPS Determined 
Oxygen/Elemental Determined Oxygen for the Optimisation Biochars Produced in this Study 

Sample Ratio of XPS Determined 
Nitrogen/Elemental Analysis 
Determined Nitrogen 

Ratio of XPS Determined 
Oxygen/Elemental Analysis 
Determined Oxygen 

OBC 650-0.5-O 0.63 0.39 

OBC 800-0.5-O 0.70 0.32 

OBC 650-3-O 0.64 0.46 

OBC 800-3-O 2.03 0.58 

OBC 619-1.75-O 1.90 0.96 

OBC 831-1.75-O 0.82 0.71 

OBC 725-0-O 1.59 1.07 

OBC 725-3.52-O 1.66 1.15 

OBC 725-1.75-O 1.64 1.07 

OBC 650-0.5-M 1.64 1.14 

OBC 800-0.5-M 1.82 0.98 

OBC 650-3-M 1.88 0.90 

OBC 800-3-M 1.54 0.98 

OBC 619-1.75-M 1.75 1.01 

OBC 831-1.75-M 1.35 0.90 

OBC 725-0-M 1.78 0.93 

OBC 725-3.52-M 1.80 0.97 

OBC 725-1.75-M 1.90 0.89 

BC Control Orange 0.65 0.39 

BC Control Mandarin 0.67 0.36 

 

The FTIR spectra collected for the samples produced at 619 °C and 650 °C can be seen in 

Figure 5.14. In the samples produced at 619 °C, small peaks at 2995 cm-1 are indicative of C-H 

stretching in the material [80], while the peaks at 1738 cm-1 may show evidence of ester 

(O-C=O) or aldehyde (C=O) groups on the surface. For both samples, the peaks around 

1360 cm-1 and 1210 cm-1 again indicate C-H bonding. The quality of spectra for the 650 °C 

samples is quite poor, with almost no identifiable peaks, indicating that penetration of light 

into the sample was once again an issue. 
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Figure 5.14: FTIR Spectra of Biochar Samples Produced Through Pyrolysis at 619 °C (top) and 650 °C (bottom) 
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Figure 5.15 shows the spectra of the samples produced at 725 °C. A peak is visible at 

2349 cm-1, and seen in approximately the same range for the samples created through 

pyrolysis at 650 °C; this is attributed to CO2 in the air near to the instrument that has not 

been fully compensated for by the background spectra. As with the aforementioned samples, 

peaks at 1734 cm-1 could show evidence of oxygen-containing functional groups on the 

surface, and C-H bonding is seen once again at 1357 and 1215 cm-1 respectively. For the two 

samples produced using a residence time of 3.52 h there are no visible peaks on either 

spectrum, emphasising the issues surrounding the use of FTIR spectroscopy characterisation 

for dark carbon materials; as the carbon content increases, the harder it is for light to 

penetrate into the sample. 

 
Figure 5.15: FTIR Spectra of Biochar Samples Produced Through Pyrolysis at 725 °C 

 

Spectra obtained for samples produced at 800 °C and 831 °C are shown in Figure 5.16. These 

are similar to the spectra seen in the screening design, with the two samples produced using 
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a residence time of 0.5 h showing little to no peaks. The samples obtained using 3 h residence 

time do show intense peaks, as do the samples produced at 831 °C; but this is suspected to 

be a product of their high ash content, meaning the minerals that were present in the original 

material now comprise a higher % of the total sample and thus are more visible in the FTIR 

spectra. 

Overall, the use of FTIR spectra to provide surface analysis of the biochars did not produce 

quantifiable or meaningful results; although some peaks were identified, the dark 

characteristics of the materials proved a limitation to providing comprehensive analysis. For 

future work on biochars, XPS analysis and SEM should be deemed more applicable. 
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Figure 5.16: FTIR Spectra of Biochar Samples Produced Through Pyrolysis at 800 °C (top) and 831 °C (bottom) 
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5.5.5 SEM Analysis 

SEM was used to examine the optimisation biochars at magnifications of x150 and x550. 

Figure 5.17 and Figure 5.18 show the sample OBC 650-0.5-O, while Figure 5.19 and Figure 

5.20 show the sample OBC 800-0.5-O. 

 
Figure 5.17: SEM Image of OBC 650-0.5-O at 

Magnification of x150 

 
Figure 5.18: SEM Image of OBC 650-0.5-O at 

Magnification of x550 

 
Figure 5.19: SEM Image of OBC 800-0.5-O at 

Magnification of x150 

 
Figure 5.20: SEM Image of OBC 800-0.5-O at 

Magnification of x550 

 

Firstly, looking at the x150 magnification, similarity between the samples is clear; 

OBC 650-0.5-O displays a structured network of pores in a honeycomb lattice formation. 

BC 800-0.5-O has a similar form but is visibly more disordered with larger cavities. When 

looking at the higher magnification images of x550, pore blocking is visible in the 650 °C 

sample but not the 800 °C sample; instead, the 800 °C sample contains clear and open pores. 

The pores identifiable at this magnification are likely to be macropores and large mesopores, 
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which indicates the higher temperature sample has a better developed pore network, with 

mesopores likely leading to smaller micropores, which have been identified through textural 

analysis in Section 5.5.3. This would concur with the pore size data discussed previously and 

also with literature findings [81].  

The sheet-like structure observed in Figure 5.18 and Figure 5.20 is characteristic of biochars 

produced at these conditions, as other orange peel derived biochars work has shown similar 

structures through SEM imaging; in the case of biochars produced with and without KOH 

activation at 800 °C, the sample that did not include KOH shows a close resemblance with 

those in this project [82]. In that study, the use of KOH was proven to increase the likelihood 

of honeycomb structures within the material, due to the degradation of K2CO3 and its 

reaction with the carbon framework. Thus, it is possible that for this project, the application 

of a more common activator could be used to produce a more consistent porous structure if 

desired.  

 
Figure 5.21: SEM Image of OBC 800-3-M at 

Magnification of x150 

 
Figure 5.22: SEM Image of OBC 800-3-M at 

Magnification of x550 
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Figure 5.23: SEM Image of OBC 800-3-M at Magnification of x170 

 

OBC 800-M-3 is the most porous biochar produced in the optimisation stage, but its 

morphology (see Figure 5.21 to Figure 5.23) does not show any large differences to its peers; 

the same rough outer surface is observed, with intermittent lattice structure throughout. 

Large cracked craters are seen in Figure 5.23, which could indicate extreme degradation 

during pyrolysis and activation. The intense synthesis conditions were productive in terms of 

creating pore development, but also exemplify the trade-off that must be balanced to ensure 

the structure of the material is not inherently destroyed.  

 
Figure 5.24: SEM Image of BC Control Orange at 

Magnification of x150 

 
Figure 5.25: SEM Image of BC Control Orange at 

Magnification of x550 
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Figure 5.26: SEM Image of BC Control Mandarin at 

Magnification of x150 

 
Figure 5.27: SEM Image of BC Control Mandarin at 

Magnification of x550 

 

The two biochar control samples, Figure 5.24 to Figure 5.27, do not differ significantly in 

textural terms to the doped biochars. At a magnification of x150 they can be seen to have 

rough disordered structure with elements of lattice formation, and when increased to x550 

the larger mesopores can be seen. Both images at x550 magnification show distinct porous 

structures, indicating a further porous network exists within these samples, which would 

concur with the surface area data discussed in Section 5.3.3. In comparison to literature, all 

the biochar structures presented here show similarities to those reported in other studies 

[30], [83], [84], [85]; a rough surface coupled with large cavities indicate that pyrolysis has 

successfully removed volatiles from the material and in turn, has aided the development of 

a porous network. 

5.5.6 Optimisation Design of Experiments Trends and ANOVA 

The same process from Section 5.3.5 was followed to produce ANOVA and Pareto charts for 

the optimisation design. Again, the alpha for the model was set equal to 0.05, resulting in a 

confidence level of 95 %. Two-factor interactions are described in the same way as before. 

Pareto charts can be seen in Figure 5.28 – Figure 5.30, and the regression coefficient for each 

model in Table 5.18. 
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Figure 5.28: Optimisation Pareto Chart for Biochar Yield as DoE Response 

 

On assessment of the Pareto charts it is clear that over the three responses, temperature is 

the key factor in all. For yield and carbon content, there is also influence from two-factor 

interactions between temperature and residence time, meanwhile for micropore area 

temperature is the single defining factor. The R2 values for the models, in Table 5.18, also 

give an indication of the accuracy of the optimisation equations (these equations are shown 

and discussed in Section 5.6); the yield model appears to be the most reliable, while the 

micropore area model seems poor. 

 
Figure 5.29: Optimisation Pareto Chart for Biochar Micropore Area as DoE Response 
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Once again, pyrolysis temperature is observed as the single significant factor in the 

development of micropore area, whereas there are multiple factors and two-factor 

interactions determined to be influential in the response of yield and carbon content. 

 
Figure 5.30: Optimisation Pareto Chart for Biochar Carbon Content as DoE Response 

Table 5.18: Optimisation Coefficients of Determination for Each Response 

Response R2 (%) R2-adj (%) R2-pred (%) 
Yield 96.74 95.38 92.36 
Micropore Area 60.15 43.55 6.93 
Carbon Content 85.79 79.87 66.01 

 

The full ANOVA results for each response can be seen in Appendix C. Looking specifically at 

the micropore area model, the R2-pred for the optimisation model is seen to be vastly 

different from the screening model (6.93 % optimisation vs 95.19 % screening). The lower 

range of temperatures within the optimisation design (619 – 650 °C) lie below the 700 °C 

threshold where the Boudouard reaction becomes thermodynamically favourable and 

spontaneous; therefore, no CO2 gasification will occur during the synthesis of these 

materials, and thus, activation of the samples does not take place. Consequently, CO2 acts as 

an inerting gas for these samples rather than an activating gas; nonetheless, due to the 

atmosphere remaining inert, other pyrolysis reaction mechanisms can still take place. This 

means limited pore development may be possible, but it will not occur to the same extent as 
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that observed in the samples produced at 725 – 831 °C, which will be aided by the Boudouard 

reaction.  

Consequently, this results in a non-monotonic response being observed in the micropore 

area data, for which the polynomial model cannot account, and limits the usefulness of the 

model for any further predictions. This represents a failing of the experimental design for this 

response; as seen in the following section (Section 5.6), the micropore area model recognises 

that a high pyrolysis temperature is required to create notable microporosity, but it cannot 

predict appropriate synthesis conditions with any degree of reliability (the model also 

predicts non-zero values at points, which is physically impossible). Due to this, the results 

drawn from this specific model cannot be framed as successful in terms of optimisation of 

the process.    

5.6 Optimal Biochars Results 

Based on the optimised equations produced from analysis of the optimisation DoE in Section 

5.5.6, six ‘optimal’ biochars were produced to ascertain the validity of the optimisation DoE 

method. This meant two biochars were produced, one from orange peel and one from 

mandarin peel, for each response variable.  

Each optimisation equation is seen in Table 5.19 for each factor. The Microsoft Excel Solver 

tool was used to find the optimal conditions for each equation based on the limits of the DoE 

carried out, and on the basis of optimising for maximum yield, micropore surface area and 

carbon content, respectively. Note that T = temperature (°C), and t = time (h). 
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Table 5.19: Biochar Optimisation Equations Generated for Each Response Variable 

Response Variable 
and Peel Type 

Optimisation Equations  

Yield, Orange Peel −298 + 0.905 ∗ 𝑇 + 19.76 ∗ 𝑡 − 0.00064 ∗ 𝑇2 − 0.0296 ∗ 𝑇 ∗ 𝑡 

Yield, Mandarin Peel −297.4 + 0.905 ∗ 𝑇 + 19.76 ∗ 𝑡 − 0.00064 ∗ 𝑇2 − 0.296 ∗ 𝑇 ∗ 𝑡 

Micropore Surface 
Area, Orange Peel 

−23 − 0.88 ∗ 𝑇 − 8 ∗ 𝑡 + 0.00133 ∗ 𝑇2 + 0.043 ∗ 𝑇 ∗ 𝑡 

Micropore Surface 
Area, Mandarin Peel 

−8 − 0.88 ∗ 𝑇 − 8 ∗ 𝑡 + 0.00133 ∗ 𝑇2 + 0.043 ∗ 𝑇 ∗ 𝑡 

Carbon Content, 
Orange Peel 

−707 + 2.165 ∗ 𝑇 + 38.9 ∗ 𝑡 − 0.001516 ∗ 𝑇2 − 0.0563 ∗ 𝑇 ∗ 𝑡 

Carbon Content, 
Mandarin Peel 

−702 + 2.165 ∗ 𝑇 + 38.9 ∗ 𝑡 − 0.001516 ∗ 𝑇2 − 0.0563 ∗ 𝑇 ∗ 𝑡 

 

Using these equations, the following conditions were calculated to be the process 

parameters to create ‘optimal’ biochars for each response, shown in Table 5.20. 

Table 5.20: Conditions for Creating Optimal Biochars Based on Generated Optimisation Equations 

Sample Temperature (°C) Time (h) Peel Type 

OPB Yield Orange 707 0 Orange 

OPB Yield Mandarin 707 0 Mandarin 

OPB Micropore Orange 831 0 Orange 

OPB Micropore Mandarin 831 3.52 Mandarin 

OPB Carbon Orange 650 3.52 Orange 

OPB Carbon Mandarin 650 3.52 Mandarin 

 

Each pair of samples was tested only for the response for which they were created. The 

results of this can be seen in Table 5.21. 
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Table 5.21: Results of Each Response for Optimal Biochars Created from Generated Optimisation Equations, and 
the Predicted Result for Each Response 

Sample Yield 
(%) 

Predicted 
Yield (%) 

Micropore 
Surface 
Area 
(m2/g) 

Predicted 
Micropore 
Surface 
Area (m2/g) 

Carbon 
Content 
(%) 

Predicted 
Carbon 
Content (%) 

OPB Yield 
Orange 

19.9 21.9 - - - - 

OPB Yield 
Mandarin 

18.6 22.5 - - - - 

OPB 
Micropore 
Orange 

16.8 - 61 164 - - 

OPB 
Micropore 
Mandarin 

0.9 - 0 277 - - 

OPB Carbon 
Orange 

18.5 - - - 67.2 67.9 

OPB Carbon 
Mandarin 

17.9 - - - 65.3 72.9 

 

Overall, it is evident that the biochars created from the optimisation equations do not match 

all the predicted results accurately. Taking the optimal yield biochars, the actual yield is lower 

than predicted; this is surprising due to the residence time being used for the production of 

both was 0 h, thus, it would be expected that the collected yield would be the high. It also 

contradicts the results for OBC 725-0-O and OBC 725-0-M, as those samples were produced 

at a marginally higher temperature with the same residence time, yet they display a higher 

yield than OPB Yield Orange and OPB Yield Mandarin. It is likely that the discrepancies here 

are due to the inherent reality of using organic materials in this way, such that there will 

always be a degree of heterogeneity in them. The optimal samples were created around two 

months after the optimisation run of experiments, but were made from the same batch of 

feedstock; it is possible that a form of natural degradation has occurred in the dried peels, 

that then went on to impact the pyrolysis process.  
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Figure 5.31: Contour Plot for Optimisation of Model for Orange Peel Biochar Yield (%) with Respect to 

Pyrolysis Temperature (°C) and Residence Time (h) 

 
Figure 5.32: Contour Plot for Optimisation of Model for Mandarin Peel Biochar Yield (%) with Respect to 

Pyrolysis Temperature (°C) and Residence Time (h) 

 

The contour plots for the two yield response models are shown in Figure 5.31 and Figure 

5.32. These plots provide a visualisation of the relationship of the continuous process 

parameter assessed in this study; the colours of the plots indicate the magnitude of the 
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response for the associated parameter values. For example, the light green areas indicate a 

low yield result, whereas the dark green areas indicate the highest achievable yield values. 

The optimal micropore biochars are the most disappointing of the six created, as they fall 

well below the prediction of the optimisation model. This should however not come as a 

surprise, as the R2 for the model was poor to begin with. The OPB Micropore Orange sample 

displays a level of porosity, but it is not comparable in a positive sense with other biochars 

created in the study; likely due to the lack of any residence time, which limits the extent of 

volatilisation of the material.  

 
Figure 5.33: Contour Plot for Optimisation of Model for Orange Peel Biochar Micropore Area (m2/g) with 

Respect to Pyrolysis Temperature (°C) and Residence Time (h). Note that this model predicts sub-zero 
micropore areas, which are physically impossible, hence the associated data has been truncated at 0 m2/g. 

 

Meanwhile, the OPB Micropore Mandarin sample was almost completely degraded by the 

pyrolysis process, leaving mostly ash in the sample and, as a result, exhibited no meaningful 

porosity. This indicates the recommended levels of temperature and time were too high for 

the process to successfully produce porous biochars in line with statistical predictions, and 

indicates a failure of the model in this particular case. The contour plots for both micropore 
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area models can be seen in Figure 5.33 and Figure 5.34. The contour plots presented in the 

main body are truncated at 0 m2/g; the models themselves predicts that at low temperature 

and low residence time the micropore areas will be below 0 m2/g, which is physically 

impossible, but this discrepancy does exist within the models. The original contour plots, 

which have not been truncated, can be found in Appendix D.  

 
Figure 5.34: Contour Plot for Optimisation of Model for Mandarin Peel Biochar Micropore Area (m2/g) with 

Respect to Pyrolysis Temperature (°C) and Residence Time (h). Note that this model predicts sub-zero 
micropore areas, which are physically impossible, hence the associated data has been truncated at 0 m2/g. 

 

The carbon content samples present results closest to those predicted; OPB Carbon Orange 

essentially matches the expected value, while OPB Carbon Mandarin is close to its expected 

value. This concurs with literature, as carbon content is often seen to be maximised at low-

to-moderate pyrolysis temperatures, and long residence times. It should be noted that 

although OPB Carbon Mandarin does not meet its predicted value, it is still of similar carbon 

content to some of the highest mandarin-derived biochars in this study. The contour plots 

for both carbon content models can be seen in Figure 5.35 and Figure 5.36. 
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Figure 5.35: Contour Plot for Optimisation of Model for Orange Peel Biochar Elemental Carbon Content (wt%) 

with Respect to Pyrolysis Temperature (°C) and Residence Time (h) 

 
Figure 5.36: Contour Plot for Optimisation of Model for Mandarin Peel Biochar Elemental Carbon Content 

(wt%) with Respect to Pyrolysis Temperature (°C) and Residence Time (h) 

 

It is difficult to define the optimisation equations above in terms of ‘failure’ or ‘success’, yet 

on reflection of the results, they provide a mixture picture. The carbon content equations 

seem to have produced accurate predictions, and the yield equations, while not entirely 

correct, are within the same magnitude of value. The micropore area equations however are 
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widely inaccurate, despite agreeing with literature in a sense, in that higher temperature and 

longer time will increase porosity. In the case of the OPB Micropore Mandarin sample, this 

likely only holds till a certain level, such as a temperature of 800 °C and time of 3 h (as this 

was seen during the optimisation stage to produce a porous biochar sample). Beyond these 

conditions, either the fundamental makeup of the peel feedstock or the increased harsh 

conditions facilitate a complete degradation of the sample. The OPB Micropore Orange 

equation contrasts this in that it recommends no residence time, which is insufficient to 

create meaningful porosity as this means the sample does not undergo pyrolysis for a long 

enough period.  

Overall, it appears that DoE can be utilised to provide reliable prediction models for 

responses when there are multiple influential factors in a process, such as for yield and 

carbon content, but when there is one prevailing factor then the model produced is less 

effective. Assessing the optimal biochars produced from the DoE optimisation in this project, 

namely OPB Micropore Orange and OPB Micropore Mandarin, both samples display low 

levels of porosity through N2 adsorption analysis, and thus are not expected to be suitable 

for CO2 adsorption applications. Nevertheless, it is important to explore further 

characterisation of these samples to confirm this.  

5.7 Additional Textural Analysis (Volumetric CO2 Adsorption) 

After the production and characterisation of the biochars in this study was completed, the 

opportunity to carry out volumetric CO2 adsorption became available (~9 months after 

results completion). As a result, the following Chapter 6, which details the hydrochars 

produced in this study, includes this analysis and incorporates it into the DoE process. Due to 

time restraints it was not possible to retrospectively analyse all the biochars produced using 
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this method, but the highest surface area biochar samples were tested to compliment the 

results presented in Section 5.5.3.  

The micropore results calculated from DR analysis of CO2 isotherms for the selected samples 

are shown in Table 5.22. It is seen that the trend of porosity derived from N2 isotherms does 

not match with that from CO2 isotherms; out of the nine samples tested, BC Control Mandarin 

had the highest N2 adsorption DR micropore area, but only the third highest CO2 adsorption 

DR micropore area. These deviations may be a result of the activated diffusion effect 

(discussed in detail in Chapter 6), where CO2 molecules at 0 °C possess higher energy than N2 

molecules at -196 °C, meaning the CO2 molecules are able to penetrate into ultramicropores 

that are not accessible to the N2 molecules. Based on this, it follows that a different 

perspective of the pore structure will be obtained. It is also possible that surface nitrogen-

containing functionalities have assisted in increasing the adsorption capacity for samples 

such as OBC 800-0.5-O.  

Table 5.22: Porosity Characteristics Derived from N2 and CO2 Isotherms of Selected Optimisation Biochars 
Produced in this Study 

Sample  Equivalent Micropore 
Surface Area (DR N2) 
(m2/g) 17 

Equivalent Micropore 
Surface Area (DR CO2) 
(m2/g) 18 

Micropore 
Width 
(DR CO2) (nm) 

OBC 800-0.5-O 322 418 0.7 

OBC 800-3-O 268 231 0.6 

OBC 800-0.5-M 252 391 0.7 

OBC 800-3-M 402 327 0.7 

OBC 831-1.75-M 362 155 0.7 

BC Control Orange 380 298 0.6 

BC Control 
Mandarin  

491 380 0.7 

OPB Micropore 
Orange 

67 436 0.7 

OPB Micropore 
Mandarin 

0 0 - 

                                                           
17 Uncertainties within DR N2 equivalent micropore area were calculated to be below 2 m2/g 
18 Uncertainties within DR CO2 equivalent micropore area were calculated to be 1 – 6 m2/g 
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The results shown here are evidence that although N2 adsorption isotherms are considered 

to be the standard method for porosimetry measurements, it is important to consider 

alternative methods such as CO2 adsorption if the selected materials are suspected to contain 

high levels of microporosity. Further interpretation and experimentation of the CO2 

adsorption of these samples will be discussed further in Chapter 7. 

5.8 Biochar Results Summary 

This chapter has addressed the production and characterisation of a series of biochars, aided 

by a DoE methodology. The biochars were synthesised using a one-step method 

incorporating both pyrolysis and activation; N2 was used as an inert gas for temperature 

ramping, and CO2 as an activating gas. Initially four process parameters were examined in the 

screening design stage, and textural and elemental characterisation was utilised to quantify 

the influence of each of these individual factors on chosen responses. These responses were: 

biochar yield, microporous surface area (determined via t-plot method from N2 adsorption 

isotherms) and elemental carbon content. Of the four tested parameters, pyrolysis 

temperature, pyrolysis residence time and peel type were found to be significant. 

This led into the optimisation stage of the process, where these three significant parameters 

were tested at a wider range of conditions; this allowed models to be developed that could 

predict the optimal conditions required to maximise each of the three responses. Additional 

characterisation such as XPS analysis confirmed the increased presence of nitrogen-

containing functionalities on the surface of the biochars, and SEM showed honeycomb-like 

porous structures within the materials. The prediction models were then tested 

experimentally, resulting in the production of six optimal biochars; the yield and carbon 

content response models were deemed to be accurate, while the micropore area response 

model performed more poorly.  
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It is important to note that due to the use of natural biomass, there exists inherent variability 

both throughout a single feedstock batch, and between different batches. There is also the 

potential for degradation in samples upon storage for prolonged periods. While these factors 

cannot necessarily be controlled, further work could be undertaken to understand the 

potential implications that they have upon char characteristics. 
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6 Results II – Hydrochar Characterisation  

6.1 Introduction 

This chapter aims to provide detailed characterisation of nitrogen-doped orange and 

mandarin derived hydrochars which were physically activated using CO2, a synthesis method 

not previously tested in literature for these feedstocks. This is accompanied by a Design of 

Experiment (DoE) methodology, which utilises both screening and optimisation designs, to 

create model designs for each chosen response. Once produced, these models can be used 

to synthesise an optimal hydrochar for each response.  

This chapter consists of the characterisation of the hydrochars produced in this project. It 

takes an almost identical form to Chapter 5, in that it will follow through the DoE process and 

rationale for process decisions. The hydrochars were produced through hydrothermal 

carbonisation (HTC) before being activated via pyrolysis with CO2. Limited textural 

characterisation was carried out on the pre-activated hydrochars, with full characterisation 

carried out on the activated hydrochar materials. This was due to the pre-activation 

hydrochars being of little interest in the context of this project. Proximate and elemental 

analysis alongside textural analysis (Brunauer-Emmett-Teller (BET) and Fourier Transform 

Infrared (FTIR) spectroscopy) were carried out on the hydrochars produced in the screening 

phase, with full characterisation undertaken for the hydrochars produced in the optimisation 

stage; this included X-ray Photoelectron Spectroscopy (XPS), Scanning Electron Microscopy 

(SEM) and gravimetric CO2 adsorption. 

6.2 Hydrochar Design of Experiments Plan  

As for the biochars in Chapter 5, an extensive review of the literature was undertaken for 

hydrochars and the process conditions used to create them. Four main parameters identified 

to influence the characteristics of hydrochar were selected from this review to be tested: 
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HTC temperature, HTC residence time, feedstock type (peel type), and activation 

temperature (in a CO2 environment).  These parameters are also comparable to those used 

to produce the aforementioned biochars, enabling a more detailed comparison of the 

production methods as well as the final characterisation results.  

In literature methodologies it was commonly observed that materials created by HTC alone 

possessed negligible porosity, and as such would be of little interest to this study. Therefore, 

a two-step production method was employed, with the further activation stage chosen to 

induce a level of porosity that is desired for CO2 adsorption. Physical activation with CO2 as 

the activating gas was used to mirror the biochar activation method. This was due to the 

ability of CO2 to create microporosity, but also allowed for further comparison opportunities 

to the biochars made in this study.  

HTC temperature and HTC residence time were identified from other studies as having a 

marked effect on the process, but conflicting data was presented on their overall influence 

[1], [2], [3], [4]. Upper and lower temperature limits were chosen, again based on previous 

literature. There is an inherent limit on the upper range, as going above 250 °C would bring 

about the risk of overpressure and loss of containment of the HTC vessel, so it was decided 

to work at a safe range below this. Low temperatures (< 150 °C) were seen to give poor levels 

of carbonisation [5], so a range of 180 – 220 °C was used for hydrochar production in the 

screening design (parameters are compiled in Table 6.1).  

In the literature, HTC residence time has been tested at a wide range, ranging from 0 h up to 

multiple days (48 h) [6]. Due to the inclusion of urea in the HTC process, this introduced safety 

concerns about the reaction pathways that could occur, meaning it was preferred to carry 

out the synthesis process overnight when there were no occupants in the laboratory. As such, 

each sample was prepared and loaded into the HTC autoclave vessel at the end of each day, 
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before being placed in a specialised oven that could be pre-programmed. The process was 

then allowed to run overnight, and the sample removed the following morning for drying and 

further analyses. This then meant that the upper limit for residence time had to be short 

enough that the process could be started at 5 pm and finished by 9 am the following day. It 

was decided to use 12 h as the upper limit, to ensure the process would be complete and the 

heating and cooling times accounted for. The lower limit was set at 2.5 h.  

For the activation stage, the chosen temperatures were based on the findings of Chapter 5, 

and how the pyrolysis temperature had been seen to affect porosity. 800 °C was seen to be 

effective, and contrastingly 500 – 650 °C was not; thus, a narrower range of 750 – 800 °C was 

chosen in an attempt to create a set of samples that all presented characteristics concomitant 

with the potential for CO2 adsorption.  

Minitab 22 was again used to create an experimental plan, and the experiments are detailed 

in Table 6.1. Two control experiments were carried out without urea, using orange and 

mandarin peels respectively at conditions of 220 °C (HTC), 2.5 h and 800 °C (activation), with 

no urea doping to examine the effect of the doping process.  

The chosen responses for this DoE analysis were: overall yield of hydrochar (%), micropore 

surface area determined using the DR CO2 method (m2/g), and carbon content from 

elemental analysis (wt%). These responses are similar to those used for the biochar DoE 

process, however, they differ slightly. Firstly, overall yield was used as a parameter for this 

investigation as the final hydrochar product is produced through a two-step procedure rather 

than the one-step method employed for the biochars. Secondly, the possibility to measure 

adsorption via volumetric CO2 isotherms was available for the second half of the project and 

this was determined to be more appropriate for the overall scope of the project than just 

measuring porosity from N2 isotherms. As result, the CO2 isotherms could be used along with 



260 
 

the DR method to give data relating to the surface area of the samples that was more suitable 

to the study. Carbon content was measured using elemental analysis.   

6.3 Screening Hydrochar Results  

6.3.1 Yield 

The conditions used to produce the screening hydrochars in this study are reported in Table 

6.1, along with the HTC yield and the overall hydrochar product yield.  

Table 6.1: Conditions Used to Produce Screening Hydrochars with Subsequent Yield Results 

Sample HTC 
Temp. 
(°C) 

HTC 
Time 
(h) 

Peel Type Activation 
Temp. 
(°C) 

HTC 
Yield 
(%) 

Overall 
Yield (%) 

HC 180-2.5-O-750 180 2.5 Orange 750 31.7 10.5 

HC 220-2.5-O-750 220 2.5 Orange 750 34.4 10.8 

HC 180-12-O-750 180 12 Orange 750 29.1 9.6 

HC 220-12-O-750 220 12 Orange 750 32.6 12.5 

HC 180-2.5-M-750 180 2.5 Mandarin 750 30.4 9.0 

HC 220-2.5-M-750 220 2.5 Mandarin 750 31.2 10.4 

HC 180-12-M-750 180 12 Mandarin 750 29.0 9.8 

HC 220-12-M-750 220 12 Mandarin 750 29.3 9.7 

HC 180-2.5-O-800 180 2.5 Orange 800 28.3 7.9 

HC 220-2.5-O-800 220 2.5 Orange 800 27.9 8.8 

HC 180-12-O-800 180 12 Orange 800 29.9 9.8 

HC 220-12-O-800 220 12 Orange 800 33.2 9.7 

HC 180-2.5-M-800 180 2.5 Mandarin 800 27.7 7.5 

HC 220-2.5-M-800 220 2.5 Mandarin 800 30.4 9.1 

HC 180-12-M-800 180 12 Mandarin 800 28.4 8.6 

HC 220-12-M-800 220 12 Mandarin 800 30.6 10.0 

HC Control Orange 220 2.5 Orange 800 40.1 15.1 

HC Control 
Mandarin 220 2.5 Mandarin 800 40.2 14.1 

 

From the data obtained for HTC Yield, Table 6.1, it is clear that the results for all 16 screening 

samples fall within approximately the same range of around 30 %, with the lowest at 27.7 % 

and the highest at 34.4 %. Most samples fall within the 29 – 31 % range, indicating a degree 

of homogeneity between them, no matter the HTC conditions used in the synthesis step; the 

average HTC yield is 30.2 %, with a standard deviation of 2 %. The hydrochar control samples, 
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produced with no urea doping, both exhibit higher HTC yields of 40 %, which indicates that 

the urea doping has resulted in lower yields. When urea decomposes in hydrothermal 

conditions, it leads to the production of CO2 and NH3 [7]; it could be possible that these gases 

are produced during the HTC process, and go on to aid in the decomposition of the biomass, 

reducing the solid mass fraction obtained from HTC and leading to lower yields for samples 

that had been doped with urea. However, note that a fraction of these gases will be dissolved 

in the liquid phase which is present; CO2 would typically enhance the acidity of the mixture, 

and NH3 would cause an increase in basicity. Thus, it is difficult to quantify the individual 

effect these gases have on reactions occurring in the mixture.  

Assessing the difference between samples produced at 180 °C versus those at 220 °C, the 

higher temperature samples have a higher HTC yield. This conflicts with previous literature 

studies into hydrochar production using microalgae, coconut shells and loblolly pine biomass 

respectively [8], [9], [10], which indicate that higher HTC temperature should cause the 

hydrochar yield to decrease. There are reports that during the HTC process around 180 °C, 

hemicellulose and glucose derivates in the biomass precursor can break down to form 

5-hydroxymethylfurfural (HMF). The HMF present in the mixture can then adsorb onto the 

solids in the mixture, and as a result can give the impression of an apparent increase in 

hydrochar yield [11]. It was then reported that increasing the temperature beyond 200 °C in 

that study was seen to bring about the expected decrease in yield; but in the range of 180 – 

200 °C there is the possibility that this event can occur, which may explain the higher yields 

at higher temperature observed here. This has also been described in another study using 

microalgae for hydrochar production [12].  

Residence time is commonly found to have an inversely proportional relationship to HTC 

yield, such that as it increases, yield will decrease [13], [14]. While detected for some of the 
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hydrochars here, it is not seen universally in the sample set, indicating further research is 

required on it. It has been reported that while it does influence the yield from hydrothermal 

process, it is not as significant a factor as HTC temperature [15]. 

When considering the overall yield of hydrochar materials, the 750 °C activated samples 

have, on average, a slightly higher mass of final product than the 800 °C samples. This is not 

unexpected, as the use of a higher activation temperature is likely to drive off more volatile 

material [16], and give a lower yield, as seen previously for the biochar samples produced in 

this study (Chapter 5). Nonetheless, there is an overlap of overall yields between the two 

activation temperatures, with the 750 °C activated samples falling within 9 – 12.5 %, 

compared to 7.5 – 10 % for the 800 °C samples. In the overall context this is a small variation. 

Thus, if those developed at a higher activation temperature are later seen to have improved 

porous properties, the trade-off in lower yield could be found to be acceptable. As described 

in Section 6.3.3, the resulting porosities of these materials mean that the variation in yield is 

tolerable.   

Again, the hydrochar control samples activated at 800 °C have the highest overall yield of 

those produced, suggesting that the inclusion of urea must have some added effect on the 

degradation of the material structure during both the HTC and the activation step. The values 

of 14 – 15 % yield for the control peels are similar to literature, where non-doped orange 

peel hydrochar was produced at HTC conditions of 200 °C and 20 h, then activated under CO2 

at 750 °C and displayed a yield of 17.3 % [17].  

This is an interesting result as it contrasts with what is found for the biochar materials. When 

assessing the biochars post-pyrolysis, the samples produced with nitrogen doping via urea 

soaking were found to have higher yields than those made from raw peels alone; whereas 

the opposite is true for the hydrochars. An explanation for this could be that urea causes 
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more degradation to occur during the hydrothermal stage by offering additional reaction 

pathways for the biomass. It was not possible to find precedent for this in literature, but it 

has been seen to be true for instances when urea was used as a doping agent in the activation 

stage of hydrochars and helped to produce more porous structures [18]. 

6.3.2 Elemental Analysis and Proximate Analysis  

The proximate analysis results for the screening hydrochars can be seen in Table 6.2. Note 

that both these and the elemental analysis data are based on the post-activation hydrochars. 

On the whole, the data shows all 16 screening samples to contain high levels of fixed carbon, 

ranging from 65 – 76 wt%. The range of results is narrow, with no clear trend emerging: they 

all lie within the typical range for fixed carbon, as observed in literature [19], [20], [21]. In 

fact, for each of the four measured parameters (moisture, volatiles, fixed carbon and ash), 

the samples are all reasonably consistent, with no one sample or samples standing out as 

exceptionally higher in any one aspect. HTC is known to drive off volatiles from the biomass 

feedstock, in this case the raw peels, and increase the fixed carbon content [22] and the 

activation stage continues this process, leading to a further increase in the fixed carbon 

percentage [23]. When comparing with the proximate data for the raw peels, included in 

Chapter 5, it is evident this has taken place as expected in this study.   

The HC Control Mandarin sample exhibits what could be described as the ‘best’ results of all 

18 tested here; it contains very little moisture, and similarly has an ash content which is on 

the lower end of those seen in this study. Most importantly, it displays a fixed carbon level 

of 79.6 wt%, the highest found for hydrochars in this study. A study using general citrus fruit 

waste to produce activated hydrochars at 800 °C reported the fixed carbon in their sample 

as 76.4 wt% [24], which matches well with results shown below.  
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Table 6.2: Proximate Analysis Results Obtained for Screening Hydrochars Produced in this Study 

Sample Moisture 
(wt%) 

Volatiles (wt%) Fixed Carbon 
(wt%) 

Ash (wt%) 

HC 180-2.5-O-750 5.3 20.9 70.4 3.4 

HC 220-2.5-O-750 3.1 24.8 65.6 6.5 

HC 180-12-O-750 1.8 19.9 70.0 8.3 

HC 220-12-O-750 1.6 16.8 74.6 7.0 

HC 180-2.5-M-750 2.8 15.2 74.3 7.7 

HC 220-2.5-M-750 3.1 17.0 72.6 7.3 

HC 180-12-M-750 2.3 17.9 73.6 6.2 

HC 220-12-M-750 1.3 18.9 70.3 9.5 

HC 180-2.5-O-800 5.0 19.3 68.4 7.3 

HC 220-2.5-O-800 1.5 23.4 66.0 9.1 

HC 180-12-O-800 4.9 18.6 67.1 9.4 

HC 220-12-O-800 3.5 13.3 74.4 8.8 

HC 180-2.5-M-800 3.0 14.0 75.2 7.8 

HC 220-2.5-M-800 2.5 20.0 69.6 7.9 

HC 180-12-M-800 3.2 14.5 77.0 5.3 

HC 220-12-M-800 4.8 14.4 73.2 7.6 

HC Control Orange 0.2 16.5 76.3 7.0 

HC Control 
Mandarin 0.5 13.3 79.6 6.6 

 

Elemental analysis of the post-activation hydrochars is shown in Table 6.3. In terms of the 

screening hydrochars, the carbon content lies within a range of 58 – 69 wt%, which is a typical 

range for hydrochar materials [21], although for activated hydrochars the figures are usually 

higher; values up to 94 – 97 wt% have previously been found [25], [26]. It is likely that the 

doping of urea has therefore resulted in the comparably lower values here. Previous study 

has proven this, with nitrogen-doped and non-doped activated hydrochars from the same 

biomass precursor given elemental carbon content of 63 wt% and 79.4 wt% respectively [9]; 

the increase of nitrogen between non-doped and doped in this case was from 0.8 wt% to 

12.5 wt%.  
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Table 6.3: Elemental Compositions Obtained for Screening Hydrochars Produced in this Study 

Sample C (wt%) H (wt%) N (wt%) Residuals 
(wt%) 

HC 180-2.5-O-750 67.2 0.8 6.8 25.2 

HC 220-2.5-O-750 65.2 0.8 7.4 26.6 

HC 180-12-O-750 60.5 0.8 5.7 33.0 

HC 220-12-O-750 63.6 0.8 7.8 27.8 

HC 180-2.5-M-750 64.8 0.8 6.2 28.2 

HC 220-2.5-M-750 64.9 0.9 6.8 27.4 

HC 180-12-M-750 66.0 0.8 6.3 26.9 

HC 220-12-M-750 64.0 0.9 7.3 27.8 

HC 180-2.5-O-800 62.5 0.7 5.0 31.8 

HC 220-2.5-O-800 58.9 0.7 5.9 34.5 

HC 180-12-O-800 61.3 0.6 6.0 32.1 

HC 220-12-O-800 59.2 0.9 6.3 33.6 

HC 180-2.5-M-800 64.1 0.7 5.6 29.6 

HC 220-2.5-M-800 64.9 0.7 6.6 27.8 

HC 180-12-M-800 69.7 0.7 6.9 22.7 

HC 220-12-M-800 65.7 0.7 7.6 26.0 

HC Control Orange 75.9 0.6 1.7 21.8 

HC Control Mandarin 79.9 0.6 2.3 17.3 

 

Activation temperature does not seem to have a clear influence on fixed carbon content: the 

highest value of 69.7 wt% and also the lowest of 59.2 wt% were both achieved in samples 

activated at 800 °C. In the case of some samples, increasing HTC temperature while other 

factors remain constant is seen to result in a small decrease in elemental carbon, but this is 

not universal within the sample set; some display no change and for HC 180-12-O-750 and 

HC 220-12-O-750 the increase in temperature leads to an increase in carbon. Due to this, it 

can be said that varying both HTC and activation temperature within these tested ranges 

does not appear to have a noticeable influence on the elemental carbon content of the 

hydrochars. Typically, increase in HTC temperature has been shown to increase elemental 

carbon content [27], [28], as the hydrothermal process increases the degree of aromatisation 

in the samples [29]. However, in this project it is likely that the activation stage obscures the 

relationship between HTC temperature and carbon content. If the carbon content was to be 

measured after HTC but before the CO2 activation process, it would be expected that higher 
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HTC temperatures would results in noticeably higher carbon content in the samples. In the 

case of this study, the proximate and elemental analysis was carried out after the activation 

process, by which point any relationship between carbon content and HTC temperature will 

have been obscured by the further carbonisation that has taken place during activation; thus, 

most of the hydrochar samples are reported to have similar carbon levels.  

The variation in peel type between samples does however show some change in elemental 

carbon. For the samples activated at 750 °C, there are mixed results which show no 

correlation, but for 800 °C activated samples it is clear to observe that the mandarin derived 

samples all show higher carbon content than the corresponding orange derived samples. This 

is likely to be due to the physical make up of both peel types; orange peels contain more pith 

(cellulose fibre component) than mandarin peels [30], which will result in a greater state of 

decomposition during HTC and pyrolysis (activation). As a consequence, more of the carbon 

structure of the materials is destroyed during the production process of the orange peel 

hydrochars than for the mandarin peel hydrochars.  

In terms of nitrogen doping using urea, the results confirm this has been successful: there is 

an approximate 5 wt% increase in elemental nitrogen in the doped samples compared to the 

two control samples. Theoretically this should enhance CO2 adsorption through increased 

numbers of nitrogen-containing functionalities, and the same can be said for oxygen-

containing functional groups which appear to exist in the sample too, based on the high 

residual content for each sample. The two control samples tested both exhibit higher carbon 

content than the screening hydrochars, and lower nitrogen content; the lack of urea will 

result in less nitrogen being present, which in turn will increase the carbon content as it will 

make up more of the samples by convention. There is also the potential that the 

carbonisation process in both HTC and activation occurs in a different manner as a result of 
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no urea inclusion, and in the case of the control samples a higher degree of carbonisation is 

achieved. An orange peel derived hydrochar (HTC at 200 °C, 20 h) which was activated under 

CO2 at 750 °C from literature reported elemental carbon content of 83.9 wt% [17], indicating 

that non-doped hydrochars indeed display high levels of carbon. Similarly, Tectona grandis 

seeds were used to produce hydrochars and subsequently activated with CO2 at 750 – 850 °C, 

and showed elemental carbon levels of 79 – 83 wt% [31].  

6.3.3 Textural Analysis 

Porosity data for the screening hydrochar prior to their activation is shown in Table 6.4. 

Table 6.4: Porosity Characteristics Determined from N2 Isotherms of Screening Hydrochars (Pre-Activation) 
Produced in this Study 

Sample Specific 
Surface Area 
(m2/g) 

Micropore 
Area (t-plot) 
(m2/g) 

Micropore 
Volume  
(t-plot) (cm3/g) 

Micropore 
Volume (DR) 
(cm3/g) 19 

HC 180-2.5-O 0 0 0 0.001 

HC 220-2.5-O 0 0 0 0.002 

HC 180-12-O 0 0 0 0.001 

HC 220-12-O 0 0 0 0.002 

HC 180-2.5-M 0 0 0 0.001 

HC 220-2.5-M 0 0 0 0.001 

HC 180-12-M 0 0 0 0.001 

HC 220-12-M 0 0 0 0.001 

HC 180-2.5-O 0 0 0 0.001 

HC 220-2.5-O 0 0 0 0.002 

HC 180-12-O 0 0 0 0.001 

HC 220-12-O 0 0 0 0.001 

HC 180-2.5-M 0 0 0 0.002 

HC 220-2.5-M 0 0 0 0.001 

HC 180-12-M 0 0 0 0.002 

HC 220-12-M 0 0 0 0.001 

 

                                                           
19 Uncertainties within t-plot micropore volume were calculated to be below 0.001 cm3/g. 
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Table 6.5: Porous Characteristics Determined from N2 Isotherms (-196 °C) and CO2 Isotherms (0 °C) of Screening Hydrochars (Post-Activation) Produced in this Study 

Sample N2 Adsorption Isotherm Data 20 CO2 Adsorption Isotherm Data 21 

Specific 
Surface Area 
(m2/g)  

Micropore 
Area  
(t-plot) (m2/g)  

Micropore 
Volume  
(t-plot) (cm3/g)  

Micropore 
Volume (DR) 
(cm3/g)  

t-plot 
Micropore 
Area/SSA (%) 

Micropore 
Volume (DR) 
(cm3/g) 

Equivalent 
Micropore Surface 
Area (m2/g)  

Micropore 
Width 
(nm) 

HC 180-2.5-O-750 0 0 0.002 0.002 0 0.135 336 0.7 

HC 220-2.5-O-750 0 0 0.003 0.001 0 0.129 322 0.7 

HC 180-12-O-750 N/A N/A N/A N/A N/A 0.136 340 0.7 

HC 220-12-O-750 0 0 0.001 0.001 0 0.133 331 0.7 

HC 180-2.5-M-750 N/A N/A N/A N/A N/A 0.136 340 0.7 

HC 220-2.5-M-750 N/A N/A N/A N/A N/A 0.149 372 0.7 

HC 180-12-M-750 N/A N/A N/A N/A N/A 0.148 368 0.7 

HC 220-12-M-750 0 0 0 0.003 0 0.144 359 0.7 

HC 180-2.5-O-800 88 92 0.034 0.034 0 0.142 354 0.7 

HC 220-2.5-O-800 82 74 0.027 0.033 90 0.154 385 0.7 

HC 180-12-O-800 46 43 0.016 0.019 93 0.134 334 0.7 

HC 220-12-O-800 N/A N/A N/A N/A N/A 0.119 297 0.7 

HC 180-2.5-M-800 64 64 0.024 0.024 100 0.143 358 0.7 

HC 220-2.5-M-800 11 12 0.004 0.005 100 0.146 365 0.7 

HC 180-12-M-800 10 12 0.004 0.003 100 0.164 409 0.7 

HC 220-12-M-800 0 0 0 0.001 0 0.140 348 0.7 

HC Control Orange 394 363 0.136 0.152 92 0.195 486 0.7 

HC Control 
Mandarin 

390 356 0.134 0.152 91 0.182 453 0.7 

                                                           
20 Uncertainties within the BET specific surface area (SSA) were calculated to be below 2 m2/g, below 2 m2/g for the t-plot micropore surface area and below 
0.001 cm3/g for the t-plot micropore volume. Uncertainties within DR N2 micropore volume were calculated to be below 0.001 cm3/g. 
21 Uncertainties within DR CO2 micropore volume were calculated to be below 0.002 cm3/g, and below 4 m2/g for the DR CO2 micropore surface area.  
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It is clear to see from Table 6.4 that the pre-activation hydrochars demonstrate no notable 

porosity; thus, the HTC process alone is not suitable for the production of porous chars in this 

study, and a secondary method must be subsequently employed.  

Data pertaining to the porosity of the screening activated hydrochars is shown in Table 6.5, 

and example of both N2 and CO2 isotherms are seen in Figure 6.1. Note that not all samples 

were tested via N2 adsorption, as at this stage in the project the equipment capable of 

recording volumetric CO2 isotherms became available for use. Therefore, it was decided to 

focus on carrying out these tests as they were more relatable to the overall goal of the 

project. N2 isotherms were still deemed necessary, however, to give a complete 

characterisation of the hydrochars. In the interest of time remaining in the project, it was 

decided to prioritise the optimisation hydrochars for this full N2 adsorption characterisation. 

 
Figure 6.1: Example N2 (left) and CO2 (right) Isotherms for Hydrochar Screening Samples HC 220-2.5-O-800 

and HC 180-12-M-8000 

 

From the N2 adsorption data, the tested samples clearly show that activation temperature is 

the influential factor, with the majority of those produced at 800 °C showing a degree of 

porosity (10 < SSA, m2/g < 90), compared to the 750 °C activated hydrochars which display a 

distinct lack of a porous network (SSA < 10 m2/g). This matches trends from Chapter 5, which 
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showed that the pyrolysis temperature was often required to be 800 °C or greater to produce 

char materials with observable porosity. HTC residence time also seems to show some 

influence, as the samples produced with a time of 12 h appear to display lower porosity than 

those with 2.5 h, in this small sample size. This could be due to carbonisation occurring after 

initial hydrolysis in the HTC process, meaning any porosity that was created is then destroyed 

over the increased timescale [4]. The control samples exhibit enhanced porosity compared 

to the screening hydrochars, suggesting a difference in pore development between the 

doped and non-doped samples.  

The porosity data calculated from CO2 isotherm data displays a stark contrast to the N2 

porosity data. All of the 16 doped samples tested display values of DR equivalent 

microporous surface area in the approximate range of 300 – 400 m2/g, even those samples 

which displayed negligible surface area when measured via N2 adsorption. This situation 

highlights the importance of using the appropriate analysis techniques when assessing 

microporous materials. While CO2 is known to possess a smaller kinetic diameter than N2 

(0.33 nm vs 0.36 nm) [32], this parameter does not take into account the molecular 

orientation of either molecule, and thus, cannot be used to determine whether the 

molecules will enter smaller ultramicropores. Instead, the critical dimensions are more 

applicable, and in this case, N2 is observed to have a smaller minimum cross-sectional 

dimension than CO2 [33]. In reality, the reason that CO2 can access smaller micropores in the 

ultramicroporous regime (<0.7 nm) is due to the activated diffusion effect; activated diffusion 

is a method of diffusion where molecules must overcome an energy barrier to move or hop 

across sites [34]. In the case of narrow pores, such as ultramicropores, issues can arise when 

the molecules are a similar size to the pore, and thus, they encounter a large energy barrier 

at the entry to the pore. As adsorption of N2 is tested at -196 °C, the N2 molecules encounter 

this barrier but do not possess the appropriate kinetic energy to enter the pore; if left for an 
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infinite period of time adsorption would occur, but within the allotted experiment 

measurement time this does not occur. Conversely, CO2 adsorption measurements are 

carried out at 0 °C, and therefore, the CO2 molecules have higher energy, which, in turn, 

enhances the likelihood that they can overcome the energy barrier and diffuse into the 

ultramicropores; this is therefore why the data derived from the CO2 isotherms differs to that 

derived from N2 isotherms. 

From these CO2 results, the sample with the largest DR equivalent surface area is still seen to 

be HC Control Orange, with HC 180-12-M-800 presenting the highest DR equivalent surface 

area of the nitrogen-doped samples. Based on this data, it could be suggested that using urea 

aids in the development of ultramicroporous materials, but limits the creation of larger pores 

in the meso- and macroporous domain. This may relate to the way in which CO2 in the 

activation stage interacts with nitrogen-containing functionalities which are present in the 

samples. In terms of the influence of process factors on this CO2 derived microporosity, there 

are no stark relationships that can be found from comparison within the data set. Varying 

HTC residence time and temperature between sample sets is seen to give differing results 

throughout the range of samples, so it is not possible to identify any trends. Similar can be 

stated for activation temperature, where no clear correlations are seen. Only the factor of 

peel type shows some relationship: mandarin derived hydrochars have, on average, higher 

micropore surface areas compared to orange derived hydrochars, indicating that mandarin 

peels provide the opportunity for greater micropore development. 

Literature around orange peel derived hydrochar produced at 210 °C for 2 h, doped with urea 

and KOH and then physically activated under argon, has shown that inclusion of urea in the 

HTC step is more effective at porosity creation in activated hydrochars than introducing it 

after HTC but before activation [35]. This conflicts with the data in this project; it is possible 
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that the use of KOH as activator had an additional impact that could not be replicated by the 

use of CO2, thus, further investigation would be required.  

Looking at surface areas calculated from N2 isotherms presented in other studies, hydrochar 

prepared from orange peels at 200 °C and 20 h (HTC) before being activated under CO2 at 

750 °C was seen to have a surface area of 117 m2/g pre-activation and 301 m2/g post 

activation (and a DR N2 micropore volume of 0.154 cm3/g post-activation) [17]. Regrettably, 

the porosity characteristics of the pre-activated control hydrochars were not measured in 

this project so cannot be compared. In future it would be interesting to see if they presented 

similar results. Considering the post-activation data, for the eleven screening hydrochars 

examined, all present much lower N2 derived surface areas (0 – 88 m2/g), but the control 

samples have greater surface areas than this example; this could be due to a greater 

activation temperature of 800 °C, or the higher HTC temperature used. It should not be 

forgotten however, that the doped samples have been shown to possess high levels of 

microporosity that cannot be accessed via N2 adsorption.  

The general difference from the data in this study and the reports from literature is that the 

urea doping carried out has not led to well-developed pore structures forming in the 

hydrochar materials. While the overall process has produced microporous hydrochars after 

nitrogen doping and CO2 activation, this microporosity was not detectable under N2 

adsorption, indicating that the overall pore development has been restricted beyond these 

small ultramicropores. In contrast, the two control samples are seen to be microporous via 

both CO2 and N2 adsorption analysis. It has been repeatedly reported in other studies that 

urea doping results in increases in surface area [18], [36], [37]. The difference between these 

studies and this project is that they have incorporated urea after HTC, whereas here it was 

introduced during the HTC stage, which could imply that the reactions between the feedstock 
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and urea under hydrothermal conditions must influence the porosity development. 

Alternatively, it could simply be the case that CO2 is very effective at micropore creation but 

unable to enhance mesopore development.  

An additional study looking at hydrochar derived from orange peels and activated by KOH at 

700 °C tested three different HTC temperature: 180, 200 and 220 °C. The sample produced 

at 220 °C displayed the highest surface area after activation, 457 m2/g, while the 180 °C 

sample was found to be 51 m2/g [28]. Considering these were activated using KOH, the 

highest surface area is lower than expected, but nonetheless, it is still greater than those 

presented in this report and show a trend of higher HTC temperature resulting in higher 

surface area.  

6.3.4 Surface Chemical Analysis 

To examine the surface chemistry of the hydrochar samples pre- and post-activation, FTIR 

spectroscopy was used. This allows different surface functionalities to be identified, and can 

provide evidence of successful doping through the presence of nitrogen-containing 

functionalities. A selection of the pre-activation FTIR spectra are shown below: hydrochars 

produced at 180 °C and 220 °C are shown in Figure 6.2, with the rest of the data presented 

in Appendix E. 

All of the samples present similar spectra, indicating a high degree of chemical similarity 

between all produced hydrochars. The majority of differences observed are related to the 

intensity of peaks between individual samples. A relatively wide peak at 3340 – 3280 cm-1 is 

observed due to the presence of hydroxyl groups in the hydrochar structures [38], also 

indicated by C-O hydroxyl bending at around 1270 cm-1. A small peak at 2930 – 2915 cm-1 can 

be attributed to stretching of aliphatic C-H bonds [39]; leftover C-H2 and C-H3 aliphatic chains 

are also seen at 1430 – 1420 cm-1 in some samples [40]. Around 1740 – 1720 cm-1 a distinct 
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carbonyl peak related to C=O vibrations is observed from ketone or aldehyde groups [41]. 

Peaks at approximately 1600 cm-1 can be ascribed to C=C bonding that arises from aromatic 

rings in the structure [42]. Phenol C-O stretches can be seen around 1225 – 1220 cm-1, and 

possible C-N stretches at 1360 cm-1; alternatively, instead of C-N, these may prove to be 

simply more evidence of methyl C-H stretching [43]. Finally, ester bonds of C-O-C are clear at 

1035 cm-1 likely from the carbohydrate content of the feedstock [44], and C-H bending is 

visible at around 750 cm-1 [45]. Little variation is seen between the orange and mandarin 

samples, indicating there are many common functionalities shared between the two types 

of citrus species, as evidenced in the FTIR section of Chapter 5. Generally, more intense peaks 

are seen for the samples produced at 2.5 h compared to 12 h. This could suggest that longer 

residence time results in higher carbonisation and removal of more functional groups [46].   
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Figure 6.2: FTIR Spectra of Hydrochar Samples Produced Through HTC at 180 °C (top) for Activation at 750 °C 

and 220 °C (bottom) for Activation at 800 °C 
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The FTIR spectra produced from the two control hydrochar samples prior to activation are 

seen in Figure 6.3. They exhibit, in the main, the same peaks as the hydrochars produced 

using urea doping, indicating that the inclusion of urea does not change the HTC process in 

any fundamental way.  

 
Figure 6.3: FTIR Spectra of Hydrochar Control Samples Produced Through HTC at 220 °C for Activation at 

800 °C 

The post-activation FTIR spectra are shown below in Figure 6.4, showing hydrochars 

produced at 180 °C and activated at 750 °C, and hydrochars produced at 220 °C and activated 

at 800 °C. These spectra are notably different from the pre-activation ones described above, 

in the main, due to their lack of absorbance bands, indicating loss of functional groups. This 

matches with behaviour noted in Chapter 5, in that high pyrolysis temperature of 

approximately 800 °C results in high levels of carbonisation and devolatilisation of the char 

material. Some groups remain: C=O carbonyl stretching is seen from 1740 – 1735 cm-1, and 

C-N bonding remains at approximately 1370 – 1360 cm-1. Likewise, C-O groups are still 

observed at 1200 cm-1, and C-H stretching at 870 cm-1 [39].   
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Figure 6.4: FTIR Spectra of Hydrochar Samples Produced Through HTC at 180 °C and Activated at 750 °C (top), 

and at 220 °C and Activated at 800 °C (bottom) 

 



278 
 

The pyrolysis process of activating the hydrochars is useful for porosity creation, but it is clear 

it removes many of the functional groups that were previously present; this is due to the 

breaking of structural bonds associated with different functionalities and decomposition of 

many of the intrinsic structures from the initial feedstock [17], [39].  

Finally, the FTIR spectra produced from the two control hydrochar samples post-activation 

are seen in Figure 6.5. No absorbance bands are witnessed in the either spectra, reminiscent 

of some of the spectra seen for biochars in this study, see Chapter 5, where a combination 

of pyrolysis removing the vast majority of functional groups and the dark nature of the char 

material prevented collection of high-quality spectra.  

 
Figure 6.5: FTIR Spectra of Hydrochar Control Samples Produced Through HTC at 220 °C and Activated at 

800 °C 
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6.3.5 Screening Design of Experiment Trends and ANOVA 

The same process, method and materials were used to carry out Analysis of Variance 

(ANOVA) and regression analysis of the hydrochar screening results as had been used for the 

biochar screening results in Chapter 5. The only major difference that should be noted is that 

for the hydrochar samples, the response of micropore area was now based on the data 

obtained from the volumetric CO2 adsorption isotherms, rather than N2 adsorption 

isotherms. This was due to the overall goal of the project being directed towards CO2 

adsorption, thus, when the ability to carry out testing in this manner arose during the course 

of the study, it was deemed appropriate to utilise it. While this meant that the hydrochar 

DoE differed from the biochar DoE, it was suspected that the same trend would be followed 

through both types of analysis method in that the more porous chars would give higher levels 

of adsorption. The use of CO2 would simply help better facilitate analysis of microporosity 

due to its ability to travel into smaller pores than N2 [47]. 

The regression equations for each of the three responses are seen in Equation 6.1 – Equation 

6.3, with temperature in °C, residence time in h and CO2 flowrate in mL/min.  

 𝑌𝑖𝑒𝑙𝑑 = 25.33 + 0.02613 𝐻𝑇𝐶 𝑇𝑒𝑚𝑝 − 7.09 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 − 0.02705 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑇𝑒𝑚𝑝
+ 0.00870 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 ∗ 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑇𝑒𝑚𝑝 

Equation 6.1 

 𝑀𝑖𝑐𝑟𝑜𝑝𝑜𝑟𝑒 𝐴𝑟𝑒𝑎 = 231 − 0.189 𝐻𝑇𝐶 𝑇𝑒𝑚𝑝 + 12 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒
+ 0.204 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑇𝑒𝑚𝑝 + 0.002 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒 ∗ 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑇𝑒𝑚𝑝 

Equation 6.2 

 𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 = 88.7 − 0.0302 𝐻𝑇𝐶 𝑇𝑒𝑚𝑝 − 35.7 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒
− 0.0242 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑇𝑒𝑚𝑝 + 0.0482 𝑃𝑒𝑒𝑙 𝑇𝑦𝑝𝑒
∗ 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑇𝑒𝑚𝑝 

Equation 6.3 

 

The Pareto charts for each response are seen in Figure 6.6 – Figure 6.8, and the regression 

coefficients for each model in Table 6.6.  
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Figure 6.6: Screening Pareto Chart for Hydrochar Yield as DoE Response 

 

All three models have poor regression coefficients, indicating that they could be improved, 

likely by removing more factors as the ones remaining are complicating each model. For 

instance, the yield model could be improved by removing the factor of peel type and the 

interaction between peel type and activation temperature, however, as this factor was found 

to be influential in one of the other two responses, it was kept in all three models. It should 

be reiterated that the screening models in this study are used to identify the factors to take 

forward for further investigation, and should not under any circumstances be used to make 

any detailed predictions of the responses tested.  

In terms of the micropore area model, it displays a R2 of 34.41 % and R2-pred of 0 %, and 

suffers similar failings that were present in the biochar screening model, as discussed in 

Chapter 5; however, in this case it is due to the choice of the activation temperature range, 

i.e. 750 – 800 °C. While this lies within the window in which the Boudouard reaction occurs, 

it is too narrow to generate meaningful changes in microporosity between the 750 °C and 

800 °C samples. While a small effect from this factor may be present, it is likely hidden by 

experimental noise and a poor signal-to-noise ratio. Therefore, the effect of activation 



281 
 

temperature is not fully captured in this DoE model. Due to CO2 being present during the 

ramp and dwell stages of activation, the hydrochar material that enters the dwell phase in 

each experiment is not consistent, as different dwell temperatures of 750 °C and 800 °C are 

utilised. This introduces a level of variability that the model cannot interpret. 

The above explanation can also, in part, be applied to the carbon content response. As the 

hydrochar is subjected to an activation process, it is likely that the activation temperature is 

an important factor in the degree of carbonisation that will be achieved. Yet, as described 

above, the chosen range of 750 – 800 °C is too narrow to display the true effect that this 

factor has on the response. In both cases, to improve the models, a wider range of activation 

temperature could be tested in future, as long as the chosen range lay within the active 

window for the Boudouard reaction.  

 

Figure 6.7: Screening Pareto Chart for Hydrochar Micropore Area as DoE Response 
 

Despite this, it can be observed that HTC temperature, peel type and activation temperature 

are all determined to be influential in at least one of the three responses measured. 

Therefore, these process parameters were taken forward for further analysis in the 

optimisation stage. HTC residence time was set at a fixed value for future experiments. 
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The ANOVA and associated p values for each response can be seen in Appendix F. 

 

Figure 6.8: Screening Pareto Chart for Hydrochar Carbon Content as DoE Response 
 

Table 6.6: Screening Coefficients of Determination for Each Hydrochar Response 

Response R2 (%) R2-adj (%) R2-pred (%) 

Yield 67.59 55.80 31.43 

Micropore Area 34.41 10.55 0.00 

Carbon Content 62.24 48.52 20.12 

 

6.4 Optimisation Design of Experiments Plan 

From the DoE results, three of the four factors were determined to be influential: HTC 

temperature, peel type and activation temperature. This therefore meant HTC residence 

time would not be included in the optimisation stage of the process, and must be set at a 

constant value. It was decided to use the lower level of time from the screening experiments 

of 2.5 h; this was in part due to literature suggesting a longer residence time had no 

significant impact on the final product’s porosity, and partly due to the safety concerns that 

had surrounded the experimental setup. By choosing the lower time period for HTC, the 

setup was running for less time which was preferential. Additionally, using a shorter 
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residence time would reduce energy consumption, in line with the green chemistry focus of 

the project.  

A circumscribed (CCC) design was used for the optimisation experiments, identical to that 

used in Chapter 5. HTC temperature and activation temperature were tested at five levels 

instead of two, and the peel type remained set as orange and mandarin, respectively. Minitab 

22 was used to create the new experimental plan, see Table 6.7, leading to 18 experiments 

being undertaken, and the chosen responses were the same as those used for the screening 

design: overall hydrochar yield, DR microporous surface area, and elemental carbon content.  

6.5 Optimisation Hydrochars Results 

6.5.1 Yield  

The process conditions and calculated yield of the optimisation hydrochars are shown in 

Table 6.7, and comparisons with their replicates from the screening design in Table 6.8.  

Table 6.7: Conditions Used to Produce Optimisation Hydrochars and Subsequent Yield Results 

Sample HTC 
Temperature 
(°C) 

Peel Type Activation 
Temperature 
(°C) 

HTC 
Yield (%) 

Overall 
Yield (%) 

OHC 200-O-740 200 Orange 740 30.4 10.4 

OHC 180-O-750 180 Orange 750 27.4 8.7 

OHC 220-O-750 220 Orange 750 30.8 9.9 

OHC 172-O-775 172 Orange 775 26.2 7.9 

OHC 200-O-775 200 Orange 775 32.2 10.6 

OHC 228-O-775 228 Orange 775 31.3 10.7 

OHC 180-O-800 180 Orange 800 28.4 8.4 

OHC 220-O-800 220 Orange 800 31.6 9.9 

OHC 200-O-810 200 Orange 810 30.9 10.0 

OHC 200-M-740 200 Mandarin 740 27.3 9.0 

OHC 180-M-750 180 Mandarin 750 24.4 7.6 

OHC 220-M-750 220 Mandarin 750 27.0 8.2 

OHC 172-M-775 172 Mandarin 775 21.4 6.1 

OHC 200-M-775 200 Mandarin 775 29.0 9.3 

OHC 228-M-775 228 Mandarin 775 27.0 8.9 

OHC 180-M-800 180 Mandarin 800 23.0 6.1 

OHC 220-M-800 220 Mandarin 800 27.9 9.7 

OHC 200-M-810 200 Mandarin 810 26.2 8.0 
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There is a wider range of initial HTC yield in these samples, with some showing yields of 21 – 

23 %, however, the higher range of values remains consistent at around 31 – 32 %. On the 

whole, most lie around the 26 – 30 % range, which is congruent with the results from the 

screening samples. It is noticeable that the majority of the lower yield values originate from 

the mandarin hydrochar samples, possibly due to harsher degradation of the feedstock 

structure during HTC. This was a new trend that had not been seen in the screening phase.  

The same relationship is present in the overall yield data, with mandarin derived hydrochars 

displaying lower values. This is likely a follow-on effect from the HTC process, and the lower 

yield are purely due to less material being available to activate after the HTC stage. In terms 

of activation temperature, it does not present any strong relationship with the overall yield 

results. Nonetheless, the HTC temperature does, as it is clear to see that samples produced 

at lower HTC temperatures such as 172 °C and 180 °C show the lowest yields; the description 

of HMF production and adsorption onto the solid hydrochar during HTC which was provided 

in Section 6.3.1 remains the only explanation found so far to describe this increased yield for 

samples produced at a higher HTC temperature. The yields obtained for the optimisation 

samples appear to be lower than those for the screening samples; this may again be due to 

different batches of feedstock being used in each phase of the design. If more time and 

resources were available, further replicates could be produced to allow for calculation of 

errors and variation within each sample set.  
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Table 6.8: Comparison of Yield Between Replicate Samples of Screening and Optimisation Biochars 

Screening Sample HTC 
Yield 
(%) 

Overall 
Yield (%) 

Corresponding 
Optimisation 
Sample 

HTC 
Yield 
(%) 

Overall 
Yield (%) 

HC 180-2.5-O-750 31.7 10.5 OHC 180-O-750 27.4 8.7 

HC 220-2.5-O-750 34.4 10.8 OHC 220-O-750 30.8 9.9 

HC 180-2.5-M-750 30.4 9.0 OHC 180-M-750 24.4 7.6 

HC 220-2.5-M-750 31.2 10.4 OHC 220-M-750 27.0 8.2 

HC 180-2.5-O-800 28.3 7.9 OHC 180-O-800 28.4 8.4 

HC 220-2.5-O-800 27.9 8.8 OHC 220-O-800 31.6 9.9 

HC 180-2.5-M-800 27.7 7.5 OHC 180-M-800 23.0 6.1 

HC 220-2.5-M-800 30.4 9.1 OHC 220-M-800 27.9 9.7 

  

6.5.2 Elemental and Proximate Analysis  

The proximate analysis results for the post-activation optimisation hydrochars can be seen 

in Table 6.9, and a comparison with their replicate samples from the screening design in Table 

6.10. The 18 samples all lie within a range of 65 – 75 wt% for their fixed carbon content, 

matching expectations from the screening design and from literature [48], [49]. No 

observable trend is seen for activation temperature in the data. It may have been expected 

that higher temperature would give lower fixed carbon due to more burn-off, but this was 

not observed. The lowest fixed carbon content for both peel types is seen in the two samples 

produced at a HTC temperature of 228 °C, OHC 228-O-775 and OHC 228-M-775, which could 

imply the higher temperature has resulted in enhanced degradation during the HTC process 

and, thus, produced a poorer carbon structure at the end of the process. The ashiest samples 

in this section (those > 10 wt%) are activated at temperatures of 775 °C or higher, which can 

be a sign of increased volatilisation or of further degradation of the carbon structure. In either 

case, the ash is produced from minerals that inherently exists within the feedstock [50].   
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Table 6.9: Proximate Analysis Results Obtained for Optimisation Hydrochars Produced in this Study 

Sample Moisture 
(wt%) 

Volatiles (wt%) Fixed Carbon 
(wt%) 

Ash (wt%) 

OHC 200-O-740 4.3 15.6 73.0 7.1 

OHC 180-O-750 2.5 15.4 74.4 7.7 

OHC 220-O-750 3.2 16.0 73.8 7.0 

OHC 172-O-775 2.1 16.6 71.2 10.1 

OHC 200-O-775 2.3 14.0 74.8 8.9 

OHC 228-O-775 2.1 20.2 65.2 12.5 

OHC 180-O-800 2.1 18.5 69.3 10.1 

OHC 220-O-800 2.1 15.3 73.1 9.5 

OHC 200-O-810 1.9 14.2 74.1 9.8 

OHC 200-M-740 3.6 20.3 68.1 8.0 

OHC 180-M-750 1.1 13.7 75.5 9.7 

OHC 220-M-750 1.7 17.3 75.0 6.0 

OHC 172-M-775 1.8 14.6 73.8 9.8 

OHC 200-M-775 2.2 13.4 75.9 8.5 

OHC 228-M-775 3.5 22.1 67.4 7.0 

OHC 180-M-800 1.34 13.6 74.7 10.3 

OHC 220-M-800 5.4 14.0 72.9 7.7 

OHC 200-M-810 3.1 15.6 72.7 8.6 

 

Some of the samples from this section can also be directly compared to those from the 

screening design which were created at the same conditions, see Table 6.10, and it is notable 

that most of them displayed slightly higher fixed carbon than the corresponding screening 

samples. This serves to highlight the lack of consistency that can be achieved when working 

with natural organic samples, but equally, the variation is small enough to leave no concerns 

with the synthesis process. From a general point of view, the samples produced in both the 

screening and optimisation designs have a consistent level of fixed carbon, which is crucial 

for a high quality of hydrochar.  
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Table 6.10: Comparison of Proximate Analysis Results Between Replicate Samples of Screening and Optimisation 
Hydrochars 

Screening Sample Moisture 
(wt%) 

Volatiles 
(wt%) 

Fixed Carbon 
(wt%) 

Ash (wt%) 

HC 180-2.5-O-750 5.3 20.9 70.4 3.4 

HC 220-2.5-O-750 3.1 24.8 65.6 6.5 

HC 180-2.5-M-750 2.8 15.2 74.3 7.7 

HC 220-2.5-M-750 3.1 17.0 72.6 7.3 

HC 180-2.5-O-800 5.0 19.3 68.4 7.3 

HC 220-2.5-O-800 1.5 23.4 66.0 9.1 

HC 180-2.5-M-800 3.0 14.0 75.2 7.8 

HC 220-2.5-M-800 2.5 20.0 69.6 7.9 

Optimisation Sample Moisture 
(wt%) 

Volatiles 
(wt%) 

Fixed Carbon 
(wt%) 

Ash (wt%) 

OHC 180-O-750 2.5 15.4 74.4 7.7 

OHC 220-O-750 3.2 16.0 73.8 7.0 

OHC 180-M-750 1.1 13.7 75.5 9.7 

OHC 220-M-750 1.7 17.3 75.0 6.0 

OHC 180-O-800 2.1 18.5 69.3 10.1 

OHC 220-O-800 2.1 15.3 73.1 9.5 

OHC 180-M-800 1.34 13.6 74.7 10.3 

OHC 220-M-800 5.4 14.0 72.9 7.7 

 

The elemental analysis results for the post-activation optimisation hydrochars can be seen in 

Table 6.11, and their comparison with replicate samples from the screening phase in Table 

6.12. The hydrochars have a very consistent elemental carbon content of 60 – 65 wt%, and 

as before with the screening hydrochars, Section 6.3.2, there is little correlation between the 

carbon content and the respective HTC and activation temperatures. The same trend of 

higher levels of elemental carbon in the mandarin derived hydrochars compared to the 

orange hydrochars is observed, giving further indication that the difference in structure 

between mandarin and orange peels has an influence over the final hydrochar product.  
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Table 6.11: Elemental Compositions Obtained for Optimisation Hydrochars Produced in this Study 

Sample C (wt%) H (wt%) N (wt%) Residuals 
(wt%) 

OHC 200-O-740 61.6 0.8 7.5 30.1 

OHC 180-O-750 62.6 1.0 7.1 29.3 

OHC 220-O-750 63.8 0.8 8.2 27.2 

OHC 172-O-775 61.9 0.6 6.3 31.2 

OHC 200-O-775 64.0 0.7 7.8 27.5 

OHC 228-O-775 60.9 0.7 8.2 30.2 

OHC 180-O-800 62.7 0.7 7.1 29.5 

OHC 220-O-800 60.2 0.6 7.7 31.5 

OHC 200-O-810 63.0 0.6 7.3 29.1 

OHC 200-M-740 64.1 0.9 7.6 27.5 

OHC 180-M-750 65.0 0.9 6.8 27.3 

OHC 220-M-750 65.9 0.9 8.5 24.7 

OHC 172-M-775 61.6 0.8 6.4 31.2 

OHC 228-M-775 64.4 0.6 8.4 26.6 

OHC 200-M-775 65.0 0.8 7.4 26.8 

OHC 180-M-800 62.5 0.7 6.6 30.2 

OHC 220-M-800 65.2 0.7 8.0 26.1 

OHC 200-M-810 65.3 0.6 7.6 26.5 

 

Urea doping is seen to continue to be successful by providing an enhanced level of elemental 

nitrogen content, compared to non-doped control samples analysed previously. It should be 

noted that the nitrogen content in this set of hydrochars is slightly higher than that reported 

for the screening hydrochars, see Table 6.12. This is possibly due to a different batch of peels 

being used, and the associated variation this brings. Conversely, the carbon content of the 

samples is broadly similar in comparison. This serves to highlight the degree of variation and 

unpredictability that is present when working with organic materials. It should also be noted 

that elemental analysis has been reported to be an unreliable technique in terms of 

reproducibility [51]. This may be a contributor to the variation in nitrogen content.  
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Table 6.12: Comparison of Elemental Analysis Results Between Replicate Samples of Screening and Optimisation 
Hydrochars 

Screening Sample C (wt%) H (wt%) N (wt%) Residuals 
(wt%) 

HC 180-2.5-O-750 67.2 0.8 6.8 25.2 

HC 220-2.5-O-750 65.2 0.8 7.4 26.6 

HC 180-2.5-M-750 64.8 0.8 6.2 28.2 

HC 220-2.5-M-750 64.9 0.9 6.8 27.4 

HC 180-2.5-O-800 62.5 0.7 5.0 31.8 

HC 220-2.5-O-800 58.9 0.7 5.9 34.5 

HC 180-2.5-M-800 64.1 0.7 5.6 29.6 

HC 220-2.5-M-800 64.9 0.7 6.6 27.8 

Optimisation Sample C (wt%) H (wt%) N (wt%) Residuals 
(wt%) 

OHC 180-O-750 62.6 1.0 7.1 29.3 

OHC 220-O-750 63.8 0.8 8.2 27.2 

OHC 180-M-750 65.0 0.9 6.8 27.3 

OHC 220-M-750 65.9 0.9 8.5 24.7 

OHC 180-O-800 62.7 0.7 7.1 29.5 

OHC 220-O-800 60.2 0.6 7.7 31.5 

OHC 180-M-800 62.5 0.7 6.6 30.2 

OHC 220-M-800 65.2 0.7 8.0 26.1 

 

Overall, the nitrogen content of the optimisation post-activation hydrochars is typically lower 

than that of the optimisation biochars presented in Chapter 5; the biochars showed an 

average nitrogen content of 10.8 wt% compared to an average of 7.5 wt% for these 

hydrochars. This could be due to the different doping techniques that the precursor peels 

were subject to. Peels for use in biochar synthesis were soaked in a urea solution for 5 h, 

before being drained and dried in an oven for 24 h prior to pyrolysis, to introduce urea into 

the materials. Conversely, the peels for hydrochar synthesis were washed in deionised water 

and dried; their first interaction with urea was when they were mixed with a urea solution in 

the autoclave prior to undergoing HTC. It is also possible that different reaction pathways are 

encountered in the two processes (pyrolysis and HTC), therefore as a result, the nitrogen 

content will undoubtedly vary between the two types of materials.  
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6.5.3 Textural Analysis  

Data regarding the porosity of pre-activation optimisation hydrochars from N2 isotherms is 

displayed in Table 6.13. These show an overall lack of porosity and further emphasise the fact 

that HTC alone is not suitable for creating porous materials, and matches with data obtained 

from the screening design.  

Table 6.13: Porosity Characteristics Determined from N2 Isotherms of Selected Optimisation Hydrochars (Pre-
Activation) Produced in this Study 

Sample Specific 
Surface Area 
(m2/g) 

Micropore 
Area (t-plot) 
(m2/g) 

Micropore 
Volume (DR) 
(cm3/g) 

Micropore 
Volume (t-plot) 
(cm3/g) 

OHC 180-O-750 0 0 0 0.001 

OHC 220-O-750 0 0 0 0.002 

OHC 180-O-800 0 0 0 0.001 

OHC 220-O-800 0 0 0 0.002 

OHC 200-O-775 0 0 0 0.001 

OHC 180-M-750 0 0 0 0.001 

OHC 220-M-750 0 0 0 0.003 

OHC 180-M-800 0 0 0 0.002 

OHC 228-M-775 0 0 0 0.002 

OHC 200-M-810 0 0 0 0.002 

 

Table 6.14 below shows further porosity characteristics of the pre-activation hydrochars, in 

this case derived from CO2 isotherms. The data from this form of analysis is more positive 

than that of the N2 isotherms, yet the micropore areas reported are not remarkably large, 

with most results lying within the 20 – 30 m2/g range. Once again, this adds credence to the 

judgement that non-activated hydrochars do not possess the characteristics to be utilised in 

carbon capture technologies. As the data obtained from both the N2 and CO2 isotherms for 

this subsection of hydrochars are consistent, it follows that the other pre-activated 

hydrochars that have not been tested would very likely show the same level of porosity as 

those displayed here. 
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Table 6.14: Porous Characteristics Determined from CO2 Isotherms of Selected Optimisation Hydrochars 
(Pre-Activation) Produced in this Study 

Sample Micropore Volume (DR) 
(cm3/g) 22 

Equivalent Micropore 
Surface Area (m2/g) 23 

OHC 180-O-750 0.008 19 

OHC 220-O-750 0.012 29 

OHC 180-O-800 0.009 23 

OHC 220-O-800 0.011 27 

OHC 200-O-775 0.010 25 

OHC 180-M-750 0.011 28 

OHC 220-M-750 0.011 29 

OHC 180-M-800 0.011 29 

OHC 228-M-775 0.011 26 

OHC 200-M-810 0.011 27 

 

Porosity characteristics determined after activation had taken place are presented below in 

Table 6.15, showing data obtained via N2 and CO2 isotherms, and the comparison of CO2 

porosity data with replicates from the screening design in Table 6.16. The N2 specific surface 

area (SSA) results show a slight contrast to the pre-activation samples: ten of the optimised 

samples present discernible porosity using this method, although only three of them are 

greater than 100 m2/g. These three specific samples were activated at either 800 °C or 810 °C, 

and also produced using a HTC temperature of 200 °C or above. This would suggest that 

higher temperature is required in both parts of the process to enable sufficient pore network 

development. Most of these samples are of a similar standard in terms of SSA to the post-

activation screening hydrochars, discussed in Section 6.3.3, but some of the samples within 

the optimisation subset that are produced at the same conditions show differing results. For 

example, HC 180-2.5-O-800 presents a SSA of 88 m2/g, whereas OHC 180-O-800 shows 

non-porous characteristics under N2 analysis. Contrastingly, the SSA of HC 220-2.5-O-800 was 

82 m2/g, compared to 207 m2/g for OHC 220-O-800. This again shows the consequences of 

                                                           
22 Uncertainties within DR CO2 micropore volume were calculated to be below 0.001 cm3/g. 
23 Uncertainties within DR CO2 micropore surface area were calculated to be below 1 m2/g. 
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using natural organic materials as a feedstock, as the optimisation samples were produced 

from a different batch of peels to the screening samples, so natural variation in the raw 

material could have influenced results.  

The results from CO2 isotherm analysis show all the post-activation optimisation samples 

possess high levels of microporosity, higher than that seen from N2 analysis. This is similar to 

the results seen in Section 6.3.3, where the post-activation screening samples were seen to 

be microporous under CO2 analysis compared to the low or non-porous results obtained via 

N2 analysis, and is likely a result of CO2 activation generating an abundance of micropores 

[52].  This further emphasises the importance of choosing the most appropriate porosity 

analysis technique for solid adsorbent materials. As seen before in the screening hydrochar 

samples, there is not an immediate identifiable relationship between the tested factors and 

the equivalent micropore surface area measured via CO2 adsorption. On average the 

mandarin-derived hydrochars present marginally higher microporous surface areas. The 

highest result is seen by OHC 180-M-800, giving 407 m2/g, which is an impressive level of 

porosity. In comparison to the screening hydrochars, Section 6.3.3, this matches the porosity 

level of sample HC 180-12-M-800 which reported a microporous surface area of 409 m2/g. 

Looking at other comparisons between the two sample sets, for those made at the same 

conditions, the results show mild variation but still lie in the same approximate range.  

The set of samples analysed here all present microporous surface areas within a tight 

100 m2/g range, and it is difficult to distinguish any trends. The key takeaway appears to be 

the requirement for an activation stage, in this case with CO2 as activating agent, to create 

this level of microporosity within the samples themselves, which subsequently gives them 

the characteristics to be potential CO2 adsorbents.  



293 
 

Table 6.15: Porosity Characteristics Determined from N2 and CO2 Isotherms of Optimisation Hydrochars (Post-Activation) Produced in this Study 

Sample N2 Adsorption Isotherm Data24 CO2 Adsorption Isotherm Data25 

Specific 
Surface Area 
(m2/g)  

Micropore 
Area (t-plot) 
(m2/g) 

Micropore 
Volume 
(t-plot) 
(cm3/g) 

Micropore 
Volume (DR) 
(cm3/g) 

t-plot 
Micropore 
Area/SSA 
(%) 

Micropore 
Volume (DR) 
(cm3/g) 

Equivalent 
Micropore 
Surface Area 
(m2/g) 

Micropore 
Width (nm) 

OHC 200-O-740 0 0 0.000 0.002 0 0.126 315  0.7 

OHC 180-O-750 0 0 0.001 0.003 0 0.139 347  0.6 

OHC 220-O-750 0 0 0.001 0.002 0 0.139 346  0.7 

OHC 172-O-775 0 0 0.003 0.003 0 0.125 311  0.7 

OHC 200-O-775 25 27 0.010 0.010 100 0.129 322  0.7 

OHC 228-O-775 62 63 0.028 0.022 100 0.133 332  0.6 

OHC 180-O-800 0 0 0.001 0.001 0 0.147 366  0.7 

OHC 220-O-800 207 195 0.080 0.073 94 0.150 367  0.7 

OHC 200-O-810 135 127 0.052 0.048 94 0.137 343  0.6 

OHC 200-M-740 0 0 0.000 0.001 0 0.146 364  0.7 

OHC 180-M-750 0 0 0.000 0.001 0 0.137 343  0.7 

OHC 220-M-750 10 11 0.003 0.004 1 0.139 346  0.7 

OHC 172-M-775 83 79 0.032 0.030 95 0.122 304  0.6 

OHC 200-M-775 24 28 0.009 0.009 100 0.154 383  0.7 

OHC 228-M-775 10 13 0.004 0.005 100 0.141 353  0.6 

OHC 180-M-800 11 10 0.004 0.004 91 0.163 407  0.7 

OHC 220-M-800 0 0 0.000 0.001 0 0.134 333  0.7 

OHC 200-M-810 119 112 0.047 0.042 94 0.148 369  0.7 

                                                           
24 Uncertainties within the BET specific surface area were calculated to be below 2 m2/g, below 2 m2/g for the t-plot micropore surface area and below 0.001 cm3/g 
for the t-plot micropore volume. Uncertainties within the DR N2 volume were calculated to be below 0.003 cm3/g.  
25 Uncertainties within DR CO2 micropore volume were calculated to be below 0.002 cm3/g, and below 4 m2/g for the DR CO2 micropore surface area.  
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Table 6.16: Comparison of Porosity Characteristics Results Between Replicate Samples of Screening and 
Optimisation Hydrochar 

Screening Sample Micropore Volume (DR) 
(cm3/g)  

Equivalent Micropore 
Surface Area (m2/g)  

HC 180-2.5-O-750 0.135 336 
HC 220-2.5-O-750 0.129 322 
HC 180-2.5-M-750 0.136 340 
HC 220-2.5-M-750 0.149 372 
HC 180-2.5-O-800 0.142 354 
HC 220-2.5-O-800 0.154 385 
HC 180-2.5-M-800 0.143 358 
HC 220-2.5-M-800 0.146 365 
Optimisation Sample Micropore Volume (DR) 

(cm3/g)  
Equivalent Micropore 
Surface Area (m2/g)  

OHC 180-O-750 0.139 347  
OHC 220-O-750 0.139 346  
OHC 180-M-750 0.137 343  
OHC 220-M-750 0.139 346  
OHC 180-O-800 0.147 366  

OHC 220-O-800 0.150 367  

OHC 180-M-800 0.163 407  

OHC 220-M-800 0.134 333  

 

6.5.4 Surface Chemical Analysis  

The elemental surface composition (at. %) of each of the post-activation optimisation 

hydrochars, as calculated from XPS, is shown in Table 6.17. A large percentage of the surface 

is seen to be carbon based (> 80 at. %) for all samples, indicating that the HTC and activation 

processes have succeeded in creating a carbon rich-material. It is also observed that there is 

a consistent level of atomic nitrogen incorporated into each of the samples, around 4 – 

6.3 at. %. In contrast, the two control samples which were not doped have atomic nitrogen 

contents of 1.8 – 1.9 at. %. While not a huge difference, it is notable and corroborates that 

the urea doping process has been successful. Atomic oxygen content for most samples is 

within the range of 7 – 10 at. %, indicating the presence of oxygen-containing functionalities, 

which in turn, is promising in terms of the materials potential for CO2 adsorption.  
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Table 6.17: XPS Surface Composition Analysis Results of Post-Activation Optimisation Hydrochars Produced in 
this Study 

Sample C (1s) 
(at. %) 

N (1s) 
(at. %) 

O (1s) 
(at. %) 

Ca (2p) 
(at. %) 

Si (2p) 
(at. %) 

Residuals 
(at. %) 

OHC 200-O-740 85.9 5.7 7.1 0.8 0.6 0 

OHC 180-O-750 84.7 5.2 8.5 0.8 0.8 0 

OHC 220-O-750 84.1 6.3 8.1 0.6 0.9 0 

OHC 172-O-775 86.3 4.7 7.7 0.6 0.7 0 

OHC 200-O-775 84.7 5.6 8.2 0.9 0.6 0 

OHC 228-O-775 86.2 6.6 6.1 0.8 0.3 0 

OHC 180-O-800 83.3 4.2 10.1 1.8 0.6 0 

OHC 220-O-800 83.6 5.7 8.5 1.3 0.9 0 

OHC 200-O-810 85.5 4.8 8.2 0.7 0.8 0 

OHC 200-M-740 86.3 5.8 6.7 0.7 0.5 0 

OHC 180-M-750 87.2 4.5 7.0 0.6 0.7 0 

OHC 220-M-750 86.1 6.3 6.6 0.5 0.5 0 

OHC 172-M-775 86.1 4.0 8.3 1.1 0.4 0.2 

OHC 200-M-775 86.8 5.2 6.8 0.9 0.1 0.1 

OHC 228-M-775 85.0 5.3 8.3 1.0 0.5 0 

OHC 180-M-800 83.1 4.6 10.0 1.5 0.4 0.3 

OHC 220-M-800 85.6 4.8 8.0 1.1 0.5 0 

OHC 200-M-810 83.8 5.2 9.0 1.2 0.4 0.4 

HC Control Orange 92.1 1.9 5.2 0.5 0.3 0 

HC Control 
Mandarin 

92.5 1.8 5.2 0.2 0.2 0 

 

Considering the two controls, they have significantly high atomic carbon on their surface in 

comparison to their precursor material, see the XPS data presented in Chapter 5. The two-

step process of HTC and activation clearly results in a well-carbonated sample, as the oxygen 

content is seen to greatly reduce, matching what is seen in literature where oxygen/carbon 

ratios decrease after both processes [37], [46], [53], [54].  

Calcium is observed as this is a common component of ash, and the higher at. % of it are seen 

for the samples activated at the higher range of activation temperatures, which matches with 

ash formation being more prominent at these temperatures. Interestingly, calcium is 

common in hydrochar ash as during the HTC process it is not reduced as efficiently by the 

carbonisation process as other common ash elements such as potassium and sodium [24].  
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Assessing the atomic carbon between individual samples, there is a general slight decrease 

as activation temperature increases: most of the hydrochars produced at 800 °C and 810 °C 

contain approximately 83 at. %, while those activated at 775 °C or below show 85 – 87 at. %. 

As a whole, the activated hydrochars appear to exhibit a large degree of homogeneity across 

their outer surface, indicating that both the carbonisation and doping processes have been 

successful across the range of samples. In comparison to the elemental analysis carried out 

in this project, the overall XPS data matches well. High carbon content is found on the surface 

of the hydrochars, as well as throughout the bulk, a sign of successful carbonisation, and 

nitrogen-containing functionalities are present too. The presence of oxygen-containing 

functionalities on the hydrochar surface is reasonably consistent between samples, although 

lower than the residual content reported in Section 6.5.2. Nonetheless, it must be 

remembered that the residual content from elemental analysis will include other 

components such as the calcium and silica identified in the XPS analysis.  

The explanation of different nitrogen- and oxygen-containing moieties has been covered in 

the XPS analysis presented in Chapter 5 and can be consulted for reference. The types of 

nitrogen and oxygen environments present on the surface of the activated hydrochars are 

seen in Table 6.18.  
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Table 6.18: XPS Analysis of Surface Nitrogen and Oxygen Composition of Post-Activation Optimisation 
Hydrochars Produced in this Study 

Sample Bond types and energy ranges (eV) 

N-6 
(pyridinic) 
(%) 

N-5 
(pyrrolic) 
(%) 

N-Q 
(quaternary) 
(%) 

O-1 
(C=O) 
(%) 

O-2 
(C-O) 
(%) 

O-3 
(O-C=O) 
(%) 

OHC 200-O-740 44 25 31 42 39 19 

OHC 180-O-750 45 16 39 15 64 21 

OHC 220-O-750 47 12 41 16 64 20 

OHC 172-O-775 41 16 43 20 60 20 

OHC 200-O-775 44 29 27 42 46 12 

OHC 228-O-775 42 14 44 53 39 8 

OHC 180-O-800 44 12 44 14 63 23 

OHC 220-O-800 48 17 35 17 65 18 

OHC 200-O-810 41 29 30 17 68 15 

OHC 200-M-740 42 28 30 17 61 22 

OHC 180-M-750 40 25 35 20 60 20 

OHC 220-M-750 42 23 35 19 60 21 

OHC 172-M-775 49 22 29 26 61 13 

OHC 200-M-775 42 25 33 17 72 11 

OHC 228-M-775 38 28 34 13 65 22 

OHC 180-M-800 51 31 18 11 68 21 

OHC 220-M-800 41 23 36 21 59 20 

OHC 200-M-810 42 29 29 52 30 18 

HC Control 
Orange 

33 19 48 40 33 27 

HC Control 
Mandarin 

34 21 45 10 76 14 

 

The urea method of doping is known to incorporate nitrogen components into the aromatic 

structures that are created in the material [37], and appears to have been successful. Across 

the range of doped hydrochars, pyridinic nitrogen is the most common bonding type found, 

comprising approximately 40 % of the overall detected nitrogen. This is promising, as 

pyridinic nitrogen is one of the most useful forms for enhancing CO2 adsorption [55], 

although other reports suggest pyrrolic is equally if not more important [56]. Spent coffee 

grounds hydrochars doped with urea and physically activated showed a similar tendency, 

where after activation pyrrolic nitrogen has decreased and led to the subsequent increase in 

pyridinic nitrogen [57]. 
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Compared to the biochars in this study (Chapter 5), the hydrochars have higher levels of 

pyrrolic nitrogen, and lower levels of pyridinic nitrogen. The doped hydrochars display an 

average pyrrolic level of 22.4 % compared to 15.7 % in the biochars, and the average pyridinic 

level in the hydrochars is 43.5 % versus 53 % in the biochars. This suggests that the nitrogen 

is more stable in the hydrochars, as it would be expected that the pyrrolic form would change 

to pyridinic at these activation temperatures, and then in turn, change to quaternary 

nitrogen above 800 °C [58], [59]. No clear trend is seen between the process factors and the 

different levels of each form of nitrogen. The range of tested factors is potentially too narrow 

to highlight any differences.  

The hydroxyl form of oxygen, O-2, is the most prominent type of bonding on the surface of 

the activated hydrochars, with varying levels of carbonyl bonding, O-1, and carboxylic 

bonding, O-3, also found throughout. The O-3 forms of oxygen are the more desired form in 

this project, as they can increase CO2 adsorption through increasing electrostatic interactions 

between the hydrochar surface and the CO2 molecules [25]. However, O-2 forms are still 

considered useful as they increase the overall basicity of the surface which in turn also 

contributes to higher affinity for CO2 molecules [60]. From analysing the hydrochar data, 

there is a sufficient level of oxygen functionality on the surface of the samples, and in turn a 

promising level of O-2 and O-3 groups within that which should contribute to the goal of CO2 

adsorption. In a similar manner to the nitrogen data, there is little in the way of trends or 

relationships that can be drawn from the data. No direct correlation between HTC or 

activation temperature can be found in any of the three forms of oxygen. Examples of each 

elemental XPS spectrum collected for a given sample, OHC 220-O-750, can be seen in Figure 

6.9 to Figure 6.11. 
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Figure 6.9: XPS Spectrum for Carbon C 1s of OHC 220-O-750 

 
Figure 6.10: XPS Spectrum for Nitrogen N 1s of OHC 220-O-750 

 
Figure 6.11: XPS Spectrum for Oxygen O 1s of OHC 220-O-750 

 

Calculations of the ratios of XPS determined nitrogen to elemental analysis determined 

nitrogen, and XPS determined oxygen to elemental analysis determined oxygen, were carried 
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out for the hydrochars, in the same manner as had been followed for the biochars obtained 

in this study, as described in Chapter 5. The results can be seen in Table 6.19.  

Table 6.19: Ratio of XPS Determined Nitrogen/Elemental Analysis Determined Nitrogen and of XPS Determined 
Oxygen/Elemental Analysis Determined Oxygen for the Optimisation Hydrochars Produced in this Study 

Sample Ratio of XPS Determined 
Nitrogen/Elemental Analysis 
Determined Nitrogen 

Ratio of XPS Determined 
Oxygen/Elemental Analysis 
Determined Oxygen 

OHC 200-O-740 0.80 0.28 

OHC 180-O-750 0.78 0.35 

OHC 220-O-750 0.82 0.36 

OHC 172-O-775 0.79 0.30 

OHC 200-O-775 0.76 0.36 

OHC 228-O-775 0.85 0.24 

OHC 180-O-800 0.63 0.41 

OHC 220-O-800 0.78 0.33 

OHC 200-O-810 0.70 0.34 

OHC 200-M-740 0.81 0.30 

OHC 180-M-750 0.71 0.31 

OHC 220-M-750 0.79 0.33 

OHC 172-M-775 0.66 0.32 

OHC 200-M-775 0.75 0.31 

OHC 228-M-775 0.68 0.38 

OHC 180-M-800 0.73 0.40 

OHC 220-M-800 0.64 0.37 

OHC 200-M-810 0.73 0.41 

HC Control Orange 1.23 0.30 

HC Control Mandarin 0.86 0.38 

 

For all of the doped samples, the nitrogen ratio is < 1 (within an approximate range of 0.65 – 

0.8), which indicates that there are more nitrogen-containing functionalities within the bulk 

of the material (i.e., the internal surface area) than on the external surface area. The same 

can be said for the oxygen-containing functionalities, although the ratios are much lower, 

with the majority of values lying in the range 0.3 – 0.4; this implies that there are significantly 

more oxygen-containing functionalities within the bulk of the material, and present on the 

internal surface area, than on the external surface. This would be expected to be favourable 

in terms of CO2 uptake, as the combination of internal microporosity which contains nitrogen 
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adsorption sites should be attractive to the adsorbate molecules. The results for these 

hydrochars are distinctly different to those found for the biochars discussed in Chapter 5, as 

those biochar samples were seen to have greater levels of functionalisation on the external 

surface of the materials compared to the bulk. Assessing both sets of results, it is clear to see 

that the hydrothermal synthesis step has helped increase the level of functionalisation 

observed in the bulk/internal surface area. This may be due to the urea solution being 

present in the reaction mixture during HTC and potentially facilitating different reaction 

pathways within the materials.  

The FTIR spectra for the optimisation hydrochars pre-activation are presented based on their 

intended activation temperatures: samples to be activated at 740 °C and 775 °C are seen in 

Figure 6.12. Again, as the collected spectra are all similar and easily comparable, only a 

selection are included here; the rest can be found in Appendix G.  

The same trends and peaks are observed which were seen in the range of screening samples 

(see Section 6.3.4), with some slight variations in intensity seen. The main groups identified 

remain hydroxyl bonds (-OH), carbonyl stretching (C=O), phenols (C-O), aromatic structures 

(C=C) and methyl stretches and bending (C-H and CH2/CH3). It is encouraging that the same 

principle bonds and groups are seen to exist between samples in the screening and 

optimisation design, implying that there is a degree of chemical consistency between both 

sample sets. To avoid repetition, in-depth discussion of the identified peaks which are seen 

here can be found in Section 6.3.4. It is notable in some samples that there is a peak around 

2300 cm-1 (not highlighted). This belongs to CO2 that is present in the room due to breathing 

when the FTIR spectra were measured [44]. Attempts were made to ensure this had minimal 

effect on the results, but in some cases, it was impossible to avoid.  
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The accompanying post-activation hydrochar spectra can be seen in Figure 6.13. Once again, 

the pyrolysis process is seen to strip the chars of functional groups, leaving little behind in 

the activated forms. Similarly, it is the same groups seen to remain as it was for the screening 

hydrochars after activation, Section 6.3.4; carbonyl C=O around 1740-20 cm-1, aliphatic CH2 

and CH3 at 1400 cm-1, phenol C-O at 1200 cm-1 and C-H bending at 870 cm-1 [40], [41], [43], 

[45]. Overall, while little quantitative data can be garnered from these spectra, they present 

evidence of the high degree of carbonisation of the samples that matches with elemental 

and XPS analysis results. Similarly, through the phenol and carbonyl associations, oxygen-

containing functional groups are demonstrated to still exist within the hydrochar structure.  
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Figure 6.12: FTIR Spectra of Hydrochar Samples Produced Through HTC for Activation at 740 °C (top) and 

775 °C (bottom) 
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Figure 6.13: FTIR Spectra of Hydrochar Samples Produced Through HTC and Activated at 740 °C (top) and 

775 °C (bottom) 
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6.5.5 SEM Analysis 

A selection of activated hydrochar samples were selected to be tested by SEM to analyse the 

surface morphology and examine, if any, porous structures that were developed in the 

samples. Selection was based on demonstrating the difference between synthesis 

conditions. Nine samples were chosen: four urea-doped orange peel derived samples and 

another four urea-doped mandarin peel derived samples, with the final one being the HC 

Control Orange sample.  Microspheres can be seen on the surfaces of most of the hydrochars; 

these are created through the interactions between HMF and the hydrochar during the HTC 

process [11]. This occurs by hemicellulose and cellulose being removed from the 

lignocellulosic structure of the biomass, undergoing a conversion process in the 

hydrothermal mixture before adsorbing back onto the solid char structure in the form of 

these microspheres [61]. The spherical nature is due to the hydrophobicity exhibited by the 

particles – by adopting a sphere shape this provides minimal contact with the aqueous media 

that they are present in during HTC [17].   

 
Figure 6.14: SEM image of OHC 180-O-750 at 

Magnification of x150 

 
Figure 6.15: SEM Image of OHC 180-O-750 at 

Magnification of x550 
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Figure 6.16: SEM image of OHC 220-O-800 at 

Magnification of x150 

 
Figure 6.17: SEM image of OHC 220-O-800 at 

Magnification of x550 

 

All hydrochars visualized present some form of microsphere on their surface from the SEM 

results, with OHC 220-O-800 showing a variety of them in different sizes in Figure 6.17. The 

size and frequency of them across each sample varies, likely a result of the different process 

conditions tested during synthesis, and also due to natural variation in the chosen feedstock. 

It is thought that this occurs for temperatures of 190 °C and above in the HTC [17]. In general, 

this matches with the micrographs presented in this project, but for some of the 180 °C HTC 

temperature samples, Figure 6.15 and Figure 6.19, there are visible spherical particles with 

rough surfaces that could be the initial formations of these spheres. The sample produced at 

172 °C HTC temperature also displays these particles, Figure 6.20, indicating that the 

formation of them is possible at lower temperature than previously reported. 
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Figure 6.18: SEM image of OHC 180-M-800 at 

Magnification of x150 

 
Figure 6.19: SEM image of OHC 180-M-800 at 

Magnification of x550 

 
Figure 6.20: SEM image of OHC 172-M-775 at 

Magnification of x150 

 
Figure 6.21: SEM image of OHC 172-M-775 at 

Magnification of x550 

 

The 172 °C sample also showed an example of the honeycomb structures seen in the 

hydrochar samples tested, Figure 6.21. This is reminiscent of the structures seen in the 

biochar samples, Chapter 5; this follows, as the hydrochars are subject to the same process 

during their activation stage, so similarities in morphology are not surprising.  

The overall surface of the samples appears to be quite rough and heterogenous, with 

deposits of microspheres visible but also spaces where CO2 activating gas has penetrated the 

structure and led creation of a porous network. Although the magnification used cannot 

provide observation of micropores, it is clear the activation process has led to the formation 

of a transport pore network that will be useful for gas sorption applications.  
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Figure 6.22: SEM image of OHC 228-O-775 at 

Magnification of x150 

 
Figure 6.23: SEM image of OHC 228-O-775 at 

Magnification of x550 

 
Figure 6.24: SEM image of OHC 200-O-810 at 

Magnification of x150 

 
Figure 6.25: SEM image of OHC 200-O-810 at 

Magnification of x550 

 

For the samples synthesised at HTC temperatures of 200 °C and above, examples shown in 

Figure 6.22 to Figure 6.25, many of the microsphere structures are present. In some cases, 

there are larger structures with smooth surfaces, which could be examples of agglomeration 

that has occurred where there were concentrated deposits of the microspheres. It is 

assumed that these structures have not been affected by the CO2 activation, but to confirm 

this future work would need to be carried out i.e., carrying out SEM imaging on hydrochars 

pre- and post-activation.  
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Figure 6.26: SEM image of OHC 200-M-810 at 

Magnification of x150 

 
Figure 6.27: SEM image of OHC 200-M-810 at 

Magnification of x500 

 

Typical cylindrical pore like structures can be seen in Figure 6.19 and Figure 6.27; these are 

likely transport pores which will lead into the wider pore network within the material. The 

shape of the pores are heterogenous, suggesting that they have been created by a 

combination of the removal of volatiles being driven out of the biomass material and the CO2 

activating gas penetrating the samples.  

 
Figure 6.28: SEM image of OHC 200-M-775 at 

Magnification of x150 

 
Figure 6.29: SEM image of OHC 200-M-775 at 

Magnification of x550 
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Figure 6.30: SEM image of HC Control Orange at 

Magnification of x150 

 
Figure 6.31: SEM image of HC Control Orange at 

Magnification of x550 

 

Overall, the SEM images of the activated hydrochars present pictures typical of materials 

produced through HTC and activated through pyrolysis. Other orange peel derived 

hydrochars produced through HTC have been reported in literature; for example, a study of 

non-doped sample activated with CO2 showed a comparable smooth, microsphere, coral-like 

structure that bares resemblance to Figure 6.25 [17]. This study also suggests that higher 

activation temperature may have an influence on the fusion of microspheres. Comparing the 

two samples activated at 810 °C, Figure 6.24 to Figure 6.27, this would concur with the images 

of OHC 200-O-810 but not so much for OHC 200-M-810. OHC 220-O-800, activated at 800 °C, 

presents a high quantity of microspheres but the agglomeration process is not as 

pronounced. Another study using orange peels reported similar microsphere fusion after 

activation with CO2 [24]. 

Assessing the HC Control Orange sample, Figure 6.30 and Figure 6.31, from the x150 

magnification it displays a similar general structure to the doped hydrochar samples. Upon 

increasing the magnification to x550 there is a noticeable flakier nature to the structure, 

resembling that of the biochars from Chapter 5, but microsphere particles are also still clearly 

visible indicating the same fundamental degradation process has occurred during HTC 

regardless of the inclusion of urea doping. 
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Literature has shown examples of hydrochars produced using orange peels as having 

comparable characteristics, with both microspheres and sheet-like structures present in the 

materials framework [28], while the rough texture seen in many of the samples is commonly 

observed, and credited to the release of volatiles during both HTC and activation [62], [63], 

and the CO2 activating gas.  

6.5.6 Optimisation Design of Experiments Trends and ANOVA 

Pareto charts for the optimisation design are shown in Figure 6.32 – Figure 6.34 and the 

regression coefficients in Table 6.20. From the three factors examined, and their two-factor 

interactions, it is notable that activation temperature was not deemed influential for any of 

the three responses. This could be due to the fact that a narrow range of 750 – 800 °C was 

initially chosen for the study (based on literature values and previous experience with biochar 

production). As such, due to using a proven range of activation temperatures, the effect of 

varying it within this range was minimal.  

 
Figure 6.32: Optimisation Pareto Chart for Yield as DoE Response 

 

In terms of the yield response, both HTC temperature and peel type are identified as 

influential to the results, highlighting the improved yields observed for orange peel compared 
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to mandarin. The phenomenon of higher HTC temperature producing higher yields is also 

evidenced by this analysis.  

 
Figure 6.33: Optimisation Pareto Chart for Micropore Area as DoE Response 

 

The micropore area response model shows that none of the three tested main factors are 

statistically significant at the applied 95 % confidence level. This could relate to the narrow 

range of activation temperature as discussed above, where regardless of the positive values 

of microporosity that were found, the variation between them was not large enough to show 

any significance. The R2-pred is also 0 % for this model; the explanation discussed in Section 

6.3.5 remains valid and applies here. Consequently, the result from Figure 6.33 that suggests 

no factor is influential on the response of micropore area must be treated with caution; in 

reality, the factor of activation temperature will certainly have an influence on the porous 

characteristics of the hydrochar material, however, this effect is not noticeable in this study 

due to the narrow range of activation temperatures considered by this model. Similarly, the 

model presented here has no predictive power and should not be used to investigate the 

response of micropore area.    
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Figure 6.34: Optimisation Pareto Chart for Carbon Content as DoE Response 

 

For carbon content of samples, peel type is the defining factor, with some two-factor 

interactions also playing a part. From analysis of the initial optimisation elemental analysis 

results it was already clear that mandarin derived hydrochars had a higher carbon content, 

with DoE analysis simply confirming this fact.  

Table 6.20: Optimisation Coefficients of Determination for Each Hydrochar Response 

Response R2 (%) R2-adj (%) R2-pred (%) 

Yield 87.24 81.92 72.93 

Micropore Area 34.44 7.12 0.00 

Carbon Content 69.77 57.18 36.68 

 

Assessing each of the regression models, Table 6.20, it is notable that the yield and carbon 

content models have improved; this should not be a surprise, as the inclusion of more 

experimental points should by definition lead to an enhanced accuracy in a model. As a result, 

it would be expected that predictions made using these two should be close to the value 

found during experimental trials. Conversely, the micropore area model remains poor and 

thus, likely unreliable for basing estimations. The ANOVA and associated p values for each 

response can be seen in Appendix H, while the optimisation equations are addressed in 

Section 6.6. 
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6.6 Optimal Hydrochars Results 

Six optimal hydrochars were produced using the optimisation equations produced from the 

analysis of the optimisation design, Section 6.5.6. The equations can be seen in Table 6.21 

for each response, where HT represents HTC temperature (°C) and AT represents activation 

temperature (°C).  

Table 6.21: Hydrochar Optimisation Equations Generated for Each Response Variable 

Response Variable 
and Peel Type 

Optimisation Equations  

Yield, Orange Peel −55.3 + 0.654 ∗ 𝐻𝑇 − 0.00524 ∗ 𝐴𝑇 − 0.000153 ∗ 𝐻𝑇2 

Yield, Mandarin Peel −58.8 + 0.664 ∗ 𝐻𝑇 − 0.00524 ∗ 𝐴𝑇 − 0.000153 ∗ 𝐻𝑇2 

Micropore Surface 
Area, Orange Peel 

−1192 + 12.67 ∗ 𝐻𝑇 + 0.342 ∗ 𝐴𝑇 − 0.0314 ∗ 𝐻𝑇2 

Micropore Surface 
Area, Mandarin Peel 

−1154 + 12.57 ∗ 𝐻𝑇 + 0.342 ∗ 𝐴𝑇 − 0.0314 ∗ 𝐻𝑇2 

Carbon Content, 
Orange Peel 

−4.4 + 0.749 ∗ 𝐻𝑇 − 0.0076 ∗ 𝐴𝑇 − 0.001914 ∗ 𝐻𝑇2 

Carbon Content, 
Mandarin Peel 

−14.8 + 0.811 ∗ 𝐻𝑇 − 0.0076 ∗ 𝐴𝑇 − 0.001914 ∗ 𝐻𝑇2 

 

Using the limits for each factor that were defined in the optimisation stage, optimisation was 

performed using the Microsoft Excel Solver tool. The optimal conditions for both continuous 

factors to maximise each response for each peel type are shown in Table 6.22. 

Table 6.22: Conditions for Creating Optimal Hydrochars Based on Generated Equations 

Sample HTC Temperature 
(°C) 

Activation 
Temperature (°C) 

Peel Type 

OPH Yield Orange 211 740 Orange 

OPH Yield Mandarin 217 740 Mand 

OPH Micropore Orange 202 810 Orange 

OPH Micropore Mandarin 200 810 Mand 

OPH Carbon Orange 196 740 Orange 

OPH Carbon Mandarin 212 740 Mand 

 

The results of the production of activated hydrochars using each of the sets of optimal 

conditions is shown in Table 6.23, alongside their predicted values.  
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Table 6.23: Results of Each Response for Optimal Hydrochars Created from Generated Optimisation Equations, 
and the Predicted Result for Each Response 

Sample Yield 
(%) 

Predicted 
Yield (%) 

Micropore 
Surface Area 
(DR CO2) 
(m2/g) 

Predicted 
Micropore 
Surface Area 
(DR CO2) 
(m2/g) 

Carbon 
Content 
(%) 

Predicted 
Carbon 
Content 
(%) 

OPH Yield 
Orange 

11.94 9.68 - - - - 

OPH Yield 
Mandarin 

11.34 9.36 - - - - 

OPH 
Micropore 
Orange 

11.46 - 351 363 - - 

OPH 
Micropore 
Mandarin 

8.64 - 372 381 - - 

OPH 
Carbon 
Orange 

12.32 - - - 65.9 63.3 

OPH 
Carbon 
Mandarin 

9.30 - - - 68.3 65.5 

 

 
Figure 6.35: Contour Plot for Optimisation of Model for Orange Peel Hydrochar Yield (%) with Respect to 

Activation Temperature (°C) and HTC Temperature (°C) 
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The results for these optimisation equations are proven to be quite accurate for all three 

responses. Assessing the yield response, the experimental yield values found for both the 

orange and mandarin hydrochars are higher than the predicted values from the models. It is 

possible that the feedstocks batches that these two hydrochars were derived from were 

more robust than previous batches, meaning less of the materials structure was degraded.  

 
Figure 6.36: Contour Plot for Optimisation of Model for Mandarin Peel Hydrochar Yield (%) with Respect to 

Activation Temperature (°C) and HTC Temperature (°C) 

 

The contour plots for each of the yield response models are shown in Figure 6.35 and Figure 

6.36. The areas of the plot coloured dark blue represent the conditions that are predicted to 

result in a low yield, and the areas in dark green describe those conditions predicted to give 

a high yield result. The change in colour gradient through the plots indicates the change in 

predicted results. The subsequent contour plots presented display model predictions in the 

same manner. 
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Figure 6.37: Contour Plot for Optimisation of Model for Orange Peel Hydrochar Micropore Area (m2/g) with 

Respect to Activation Temperature (°C) and HTC Temperature (°C) 

 

For the micropore area samples, there is approximately a 5 % reduction in the experimentally 

measured values compared to the predicted values. This is presumed to be due to chance, 

as the models used have an R2-pred of 0 %, thus, cannot be validated in reality. The chosen 

temperature range for this optimisation study ranged from 740 – 810 °C, which lies entirely 

within the active window for the Boudouard reaction. Therefore, it is most likely that, as 

described in Section 6.3.5 and 6.5.6, this window is too narrow to accurately identify a 

relationship between the factors and response (due to the small differences in microporosity 

in the samples), and subsequently the two models are not reliable. The contour plots for both 

orange and mandarin micropore area models are shown in Figure 6.37 and Figure 6.38. 
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Figure 6.38: Contour Plot for Optimisation of Model for Mandarin Peel Hydrochar Micropore Area (m2/g) with 

Respect to Activation Temperature (°C) and HTC Temperature (°C) 

 

Finally, for the carbon content response, as with the yield response, the experimental testing 

provided superior results to the predictions given by the model: both were found to give 5 % 

more elemental carbon than expected, validating the model in reality. The choice of 740 °C 

for activation temperature no doubt ensured that a high level of carbonisation was achieved, 

but did not result in excess degradation of the hydrochar structure. The contour plots for 

both orange and mandarin carbon content models are shown in Figure 6.39 and Figure 6.40. 
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Figure 6.39: Contour Plot for Optimisation of Model for Orange Peel Hydrochar Elemental Carbon Content 

(wt%) with Respect to Activation Temperature (°C) and HTC Temperature (°C) 

 
Figure 6.40: Contour Plot for Optimisation of Model for Mandarin Peel Hydrochar Elemental Carbon Content 

(wt%) with Respect to Activation Temperature (°C) and HTC Temperature (°C) 

 

Overall, all three models have had reasonable success towards the goal of producing optimal 

hydrochars for each response. The two yield-optimised hydrochars have the second and third 

highest yields in the study; ironically the OPH Carbon Orange sample had the highest 

(12.32 %). The optimal micropore area hydrochars do not possess the highest DR CO2 
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micropore surface area from all the hydrochars produced, but they are within the top range 

of samples for their respective peel types when compared to the optimisation design set of 

samples. Similar can be said for the carbon content response results: the large carbon 

content in both samples proves high quality hydrochars have been produced, and while they 

are not the highest recorded in this study, there are in the overall top range.  

6.7 Hydrochar Results Summary 

This chapter has discussed the production and characterisation of hydrochars using a Design 

of Experiment methodology. The hydrochars were produced through a two-step process of 

HTC followed by activation with CO2 gas. In the initial screening stage, textural and elemental 

characterisation was used to determine the influence of the tested process parameters on 

responses from the produced activated hydrochars. The three chosen responses were overall 

hydrochar yield, microporous surface area (determined via DR method from CO2 adsorption 

isotherms) and elemental carbon content. Of the four parameters tested, HTC temperature, 

activation temperature and peel type were found to be significant.   

The optimisation stage of process was used to test these three aforementioned parameters 

at wider conditions, allowing the creation of prediction models to determine the optimal 

conditions for each response. Further in-depth characterisation was carried out on the 

optimisation hydrochar samples; volumetric CO2 adsorption experiments showed the 

activated hydrochars contained high levels of microporosity that were not accessible through 

volumetric N2 adsorption experiments.  SEM showed the presence of microspheres on the 

surface of the activated hydrochars, while XPS and elemental analysis confirmed an increase 

in nitrogen content of the samples due to urea doping during the activation process. The 

optimisation models were tested experimentally, and the majority of the collected results 
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concurred with the predicted results, validating the process for the yield and the carbon 

content models, but not for the micropore area model. 
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7 Results III – CO2 Adsorption 

This chapter will describe the CO2 adsorption experiments (volumetric, gravimetric and 

cyclic) and subsequent results that have been collected during the project, and compare 

performance to similar competitors in literature. 

The novelty aspect of this chapter arises from the testing of physically activated, nitrogen-

doped biochars and hydrochars for their CO2 adsorption potential. As highlighted in 

Chapter 5 and 6, these are innovative materials that have been produced through a Design 

of Experiments (DoE) methodology in order to optimise and tailor their characteristics 

towards those typically required for CO2 adsorbents. The use of orange and mandarin peels 

feedstocks to produce different types of char allows for a variety of comparisons between 

the two feedstocks, and two production methods, by measuring the CO2 adsorption capacity 

of these chars, which has not been documented in previous studies. Finally, CO2 adsorption 

of these materials will be tested under temperatures analogous to flue gas conditions, which 

is often found missing from related literature surrounding solid adsorbents designed for post-

combustion carbon capture.   

7.1 Volumetric CO2 Adsorption  

The ability to carry out volumetric CO2 adsorption tests was only available in the final year of 

the project, and due to time and budget constraints, it was not possible for all of the biochar 

samples to be tested using this method. As a result, selected biochars from the optimisation 

design (Chapter 5) were tested to assess the smaller pores in their network. The biochars 

with the highest surface area measured using N2 isotherms were chosen, along with three 

random samples that had been deemed to have low or no porosity. All the hydrochars in the 

study (Chapter 6) were tested using this method.  
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The uptake of CO2 by the screening hydrochars is shown in Table 7.1, by the optimisation and 

optimal hydrochars in Table 7.2 and by the select range of the biochars in Table 7.3.  

Table 7.1: CO2 Adsorption Uptake (0 °C, 1 bar) of Screening Activated Hydrochars and Control Activated 
Hydrochars Measured Using Volumetric Adsorption Method 

Hydrochar Sample CO2 Uptake at 0 °C, 1 bar (mmol/g) 

HC 180-2.5-O-750 2.01 

HC 220-2.5-O-750 1.98 

HC 180-12-O-750 2.02 

HC 220-12-O-750 1.97 

HC 180-2.5-M-750 2.08 

HC 220-2.5-M-750 2.29 

HC 180-12-M-750 2.26 

HC 220-12-M-750 2.23 

HC 180-2.5-O-800 2.15 

HC 220-2.5-O-800 2.31 

HC 180-12-O-800 2.01 

HC 220-12-O-800 1.79 

HC 180-2.5-M-800 2.17 

HC 220-2.5-M-800 2.19 

HC 180-12-M-800 2.46 

HC 220-12-M-800 2.05 

HC Control Orange 2.91 

HC Control Mandarin 2.80 

 

The range of results seen from the screening samples are positive in the sense they confirm 

that the hydrochars are microporous, with the highest doped activated screening hydrochar 

providing an uptake of 2.46 mmol/g at 0 °C, 1 bar, while the two hydrochar control samples 

were slightly higher than this, at 2.91 mmol/g for the orange sample and 2.80 mmol/g for the 

mandarin sample. This indicates that the inclusion of urea in the hydrochar production 

process has had a limiting effect on the adsorption of CO2. It is clear the doping process has 

increased the nitrogen content of the samples, implying there are more available nitrogen-

containing functional sites available to aid in adsorption. However, despite literature 

suggesting these sites assist in adsorption of CO2 [1], [2], the CO2 capacity of the doped 

hydrochars in this work is lower, which could be indicative of a form of pore blocking, or 
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general inhibition of pore development during the activation process. It is possible that 

activation using CO2 has been successful in developing an abundance of micropores [3], as 

discussed in Chapter 6, yet has resulted in an underdeveloped overall pore network. This may 

be limiting the ability of CO2 molecules to diffuse and contact with the available adsorption 

sites, in microporous regions or otherwise. 

Table 7.2: CO2 Adsorption Uptake (0 °C, 1 bar) of Optimisation Activated Hydrochars Measured Using Volumetric 
Adsorption Method 

Hydrochar Sample CO2 Uptake at 0 °C, 1 bar (mmol/g) 

OHC 180-O-750 2.21 

OHC 220-O-750 2.20 

OHC 180-O-800 2.31 

OHC 220-O-800 2.31 

OHC 172-O-775 1.93 

OHC 228-O-775 2.07 

OHC 200-O-740 2.00 

OHC 200-O-810 2.16 

OHC 200-O-775 2.11 

OHC 180-M-750 2.13 

OHC 220-M-750 2.18 

OHC 180-M-800 2.55 

OHC 220-M-800 2.14 

OHC 172-M-775 1.94 

OHC 228-M-775 2.25 

OHC 200-M-740 2.29 

OHC 200-M-810 2.28 

OHC 200-M-775 2.33 

OPH Micropore Orange 2.14 

OPH Micropore Mandarin 2.21 

 

The results obtained from the activated optimisation hydrochars are not markedly different 

from the screening samples. The lie within the same approximate range, however, the 

highest performing doped hydrochar produced in the project is found in this subset, with 

OHC 180-M-800 adsorbing 2.55 mmol/g of CO2 at 0 °C, 1 bar. Those samples which were 

produced with a HTC residence time of 2.5 h in the screening design can be compared with 

their ‘repeat’ samples in the optimisation design; as the optimisation design set HTC 
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residence time at a constant value of 2.5 h, there are eight repeats with identical conditions 

between the two studies. All but one of the repeats present results within ±0.22 mmol/g of 

the corresponding original screening sample, indicating a high degree of repeatability 

between the samples. The only sample exhibiting significantly higher uptake was the 

aforementioned OHC 180-M-800. Considering the variation in the natural composition of the 

peel precursors, these results are positive and indicate an acceptable level of repeatability in 

the hydrochar production process. 

HTC temperature appears to have limited effect on the CO2 adsorption capacity, as although 

the samples synthesised at 172 °C do show the poorest level of CO2 uptake of the 18 

optimisation hydrochars, for the HTC temperatures above this there is no identifiable trend. 

Equally, within the range of activation temperatures tested, there is no strong correlation 

with CO2 capacity; comparing some sample pairs shows an increase in uptake, but other pairs 

display a decrease or no change in uptake. Finally, in terms of peel type, there is a slight 

increase in CO2 uptake on the mandarin peel-based samples compared to the orange peel 

derived samples, which matches with porosity data gathered previously. This could signal, 

unsurprisingly, that the physical makeup of the two types of peel plays an important role in 

the porosity development and functionalities present on the final char material. However, a 

basic DoE model was created for the response of CO2 uptake using the results in Table 7.2; 

the results of this suggested that no parameter was significant. Further experiments and 

repeatability studies would be required to investigate this, along with detailed 

characterisation of the peels used in this study.  

The two optimal hydrochar samples, OPH Micropore Orange and OPH Micropore Mandarin, 

have lower CO2 capacity than the best performing hydrochar samples produced in the 

project; this is thought to be due to the inability of the micropore optimisation model from 
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Chapter 6 to successfully optimise the Dubinin-Radushkevich (DR) micropore surface area 

response, thus, impacting on the subsequent CO2 uptake capacity. Despite this, the results 

are acceptable in the scope of the study and show that CO2 does have adsorption affinity for 

the microporous activated hydrochars. Note that the OPH Micropore Mandarin has a higher 

CO2 uptake that OPH Micropore Orange, matching the difference between peel types that 

was observed in the optimisation design.   

Table 7.3: CO2 Adsorption Uptake (0 °C, 1 bar) of Optimisation Biochars and Control Biochars Measured Using 
Volumetric Adsorption Method 

Biochar Sample CO2 Uptake at 0 °C, 1 bar (mmol/g) 

OBC 800-0.5-O 2.74 

OBC 650-3-O 2.00 

OBC 800-3-O 1.59 

OBC 725-1.75-O 2.51 

OBC 800-0.5-M 2.58 

OBC 800-3-M 2.20 

OBC 831-1.75-M 1.13 

OBC 725-1.75-M 2.56 

BC Control Orange 2.07 

BC Control Mandarin 2.76 

OPB Micropore Orange 2.41 

 

The results obtained from the CO2 isotherms collected from the biochar samples, Table 7.3, 

highlight an unexpected finding: the three samples OBC 650-3-O, OBC 725-1.75-O and 

OBC 725-1.75-M, previously thought to contain low porosity or be entirely non-porous, in 

fact display high levels of CO2 uptake, even relative to the other biochars produced in the 

project. This is evidence of the successful nature of using CO2 as an activating gas, as it has 

resulted in highly microporous samples; it also raises the point that in order to provide 

detailed characterisation of porosity, CO2 isotherms are an important tool to be used 

alongside N2 isotherms. An example of this situation was seen in a study using Populus nigra 

wood to produce biochars which resulted in the production of material that appeared non-

porous based on surface area informed by N2 isotherm analysis, but then displayed 
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microporosity through the presence of ultramicropores which were discovered after surface 

area analysis with CO2 isotherm data [4]. This was also observed for nitrogen-doped biochars 

produced at 600 °C from pomelo peels [5]. From the samples tested, the highest CO2 

adsorption result is seen from BC Control Mandarin of 2.76 mmol/g, slightly higher than 

OBC 800-0.5-O which displayed uptake of 2.74 mmol/g. Overall, most of the biochar samples 

displayed CO2 uptake in the range 2 – 2.76 mmol/g. The higher-performing samples are those 

produced at predominantly higher pyrolysis temperatures and lower residence times. These 

conditions were demonstrated in Chapter 5 to result in well-developed microporosity, thus 

it would be expected that these samples display the highest performance. The OPB 

Micropore Orange sample produced from the optimisation model for micropore area does 

not give the highest CO2 adsorption capacity, but nonetheless sits in the higher end of the 

results range.  

Comparing the CO2 uptake between the biochar and hydrochar samples highlights a degree 

of similarity, with the majority of both materials providing a CO2 adsorption capacity in the 

range of 2 – 3 mmol/g. Likewise, the spread of results within each suite of samples is 

analogous, and with no clear stand outs.  Both hydrochar control samples and BC Control 

Mandarin have the highest CO2 uptake of samples produced in the overall project, which 

suggests that while urea doping has been successful and has increased the nitrogen content 

of the samples, it is not key to enhancing CO2 adsorption with these materials. Instead, the 

more pressing focus should be on maximising the microporosity of the samples to give high 

CO2 uptake at low pressures of 0 – 1 bar.  

To evidence this, it has been reported in literature that for pressures of 0 – 1 bar, it is the 

quantity of narrow micropores (ultramicropores, <0.7 nm) that is the most important factor 

for CO2 adsorption [6]. This can validate a number of observations from this study. Firstly, 
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the high uptake at 0 °C and 1 bar, relative to the low BET calculated surface area of many of 

the chars. Thus, this impressive CO2 adsorption performance can be attributed to the high 

levels of microporosity the samples in question contain. Secondly, the fact that biochars and 

hydrochars that were thought to be non-porous are capable of adsorbing CO2; this is due to 

them possessing narrow micropores in their structure that cannot be detected using N2 

adsorption techniques, and, therefore, they are only found when tested directly with CO2 

adsorption techniques.  

 
Figure 7.1: A Selection of the Best CO2 Volumetric Adsorption Uptake Results at 0 °C, 1 bar in This Project 

 

A selection of the best and notable adsorption results are shown in Figure 7.1. Figures 

showing all of the volumetric results can be found in Appendix I. To assess the performance 

of these materials with literature, these values are compared with those reported in other 

studies in Table 7.5, found in Section 7.2.3. Across the range of literature presented, the 

orange and mandarin derived chars from this study lie in the middle to lower range of CO2 

adsorption values. One specific orange peel study presented a biochar with uptake of 
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1.02 mmol/g at 0 °C [7], while another reported orange peel derived hydrochars delivering 

CO2 adsorption of 2.23 – 6.67 mmol/g at 0 °C. In a similar vein, a group of pomelo peel derived 

biochars were shown to have a CO2 capacity in the range 0.86 – 5.74 mmol/g at 0 °C [5]. Both 

the orange peel hydrochar and pomelo peel biochar studies reference the importance of 

microporosity in delivering their respective best CO2 adsorbing chars. Despite nitrogen 

content appearing to have little effect on CO2 adsorption in this project, another study using 

urea-doped bamboo shoots to produce biochars reported that when assessing materials for 

carbon capture, attention should be given to the optimisation processes of both producing 

narrow micropores, and increasing nitrogen content, as the two factors are interlinked in 

their influence on CO2 adsorption capacity [8].  

7.2 Gravimetric CO2 Adsorption 

7.2.1 Biochar Samples Selected for CO2 Adsorption  

To assess the CO2 adsorption capacity of the biochars produced in this project, the four 

biochars from the optimisation sample set with the highest specific surface area (SSA) were 

chosen to be tested using gravimetric adsorption analysis at three temperatures (0, 30 and 

60 °C) from 0 – 19.5 bar. These samples were selected over the high performing alternatives 

from the screening set on the basis that the optimisation samples had undergone a more 

complete characterisation process. The two control biochars were also tested using this 

method due to their high SSAs. Finally, the optimal biochar, OPB Micropore Orange, was 

tested at 60 °C. The single temperature was used for this sample as there was not enough 

time to test its performance at all three.  

Gravimetric adsorption was utilised after the volumetric adsorption experiments, as the 

gravimetric method offers the opportunity to collect more detailed data on the adsorption 

performance of the chars, such as adsorption kinetics. It was also possible to measure 
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adsorption at a wider variety of temperatures using this method, as the laboratory setup for 

volumetric CO2 adsorption only allowed for measurements at 0 °C. Therefore, volumetric 

adsorption experiments served as a screening process for the hydrochar materials, but not 

for the biochars, as the ability to carry out this technique only became available towards the 

end of the project. The gravimetric adsorption experiments carried out in this study were 

performed using an IGA in static mode. This allowed the maximum thermodynamic 

equilibrium uptake of the selected chars to be measured, which, in turn, allowed the best 

performing samples to be identified, with a view to taking them forward for further testing, 

if the possibility to do so arose. Additionally, the volumetric CO2 adsorption measurements 

presented in Section 7.1 were collected in static mode on the ASAP 2460 system, so the 

choice of static mode for IGA experiments allowed a comparison between the volumetric and 

gravimetric adsorption results.   

7.2.2 Hydrochar Samples Selected for CO2 Adsorption 

For the hydrochar samples produced in this study, the doped sample from the optimisation 

set which displayed the highest DR micropore surface area (OHC 180-M-800) was selected to 

be tested in the same manner, along with the HC Control Orange sample. These were again 

preferred to the screening samples due to their enhanced characterisation profile. Finally, 

the optimal hydrochar, OPH Micropore Mandarin, was tested at 60 °C; again, this was only 

carried out at one temperature due to time restrictions within the project. 

7.2.3 Gravimetric CO2 Adsorption Results 

The 0, 30 and 60 °C isotherms for the four urea-doped biochar samples can be seen in Figure 

7.2, while Figure 7.3 shows the isotherms of the two control biochars, the highest performing 

urea-doped activated hydrochar and the best control hydrochar, and Figure 7.4 shows the 

isotherms of the two tested ‘optimal’ char samples.  
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The four doped biochar samples, as shown in Figure 7.2, present comparable isotherm 

shapes and CO2 uptake capacities. Each isotherm takes the form of Type I (a) as per IUPAC 

classification, indicating that the materials are primarily microporous, with many pores in the 

range of < 1 nm [9], which agrees with previous results obtained via DR analysis. The highest 

uptake for each sample can be seen at the lowest isotherm temperature, 0 °C, and a decrease 

in uptake is observe as temperature increases. This indicates that the predominant 

adsorption mechanism is physisorption [10], as the increase in temperature provides the CO2 

molecules with more kinetic energy, which in turn makes it more thermodynamically difficult 

for the molecules to adsorb onto the surface of the chars [11].  

 
Figure 7.2: 0 °C, 30 °C and 60 °C Isotherms Measured Using Gravimetric Analysis for Samples OBC 800-0.5-O, OBC 

800-3-O, OBC 800-0.5-M and OBC 800-3-M, Respectively 
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The high level of uptake at low pressure (0 – 1 bar) can be attributed in the main to the highly 

microporous nature of the char samples. Adsorption of CO2 in this range has been proven to 

have a large dependence on the presence of ultramicropores, which these samples are 

known to contain; these narrow micropores have a diameter of 0.7 nm or smaller, and CO2 

molecules have a kinetic diameter of 0.33 nm. Thus, the combination of overlapping electric 

potential fields from the pore walls [12], and the wall-to-wall Van der Waals interactions with 

CO2 molecules leads to enhanced adsorption, causing rapid micropore filling [2]. Due to this, 

it is widely agreed that for adsorption at lower pressures, the microporous surface area and 

volume is a much more important factor than the overall total surface area of a material [13], 

[14], [15].  

Likewise, the presence of different functionalities such as nitrogen- and oxygen-containing 

groups, which can occur throughout the material, has been seen in literature to aid 

adsorption through Lewis acid-base interactions or hydrogen bonding [1], [16]. Oxygen-

containing groups can also increase hydrophilicity of the char samples, heightening the local 

polarity of the sample surfaces and further assisting CO2 adsorption. Note that these 

functionalities should be expected to promote adsorption at any pressure, not just the low 

range. The results presented here do not concur with expectations from literature, and 

instead show that the nitrogen-doped samples have no enhanced level of CO2 adsorption, 

and instead the best performing sample is seen to be a non-doped control sample, BC Control 

Mandarin. The reasoning behind the poor performance of the doped samples could be 

attributed to a number of reasons; the doping process may have led to pore blocking, 

meaning the accessible micropore volume within the chars is limited. Alternatively, the 

inclusion of urea in the process may have inhibited pore development in both the micro- and 

mesoporous range, in turn reducing the adsorption capacity. The XPS analysis of both types 

of chars in Chapter 5 and 6 respectively, showed that N-6 nitrogen was prominent in most of 
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the samples, but N-Q was also seen to be present in modest quantities in most chars; this 

species of nitrogen is not as influential in the adsorption mechanisms of CO2 in chars as N-5 

and N-6. Therefore, while the nitrogen content of the materials has been increased by 

doping, not all of the nitrogen species present are necessarily deemed useful towards the 

overall goal of increasing the CO2 capacity of the chars. 

Similarly, there is little to no correlation seen with regards to the CO2 uptake and the ratio of 

XPS determined nitrogen to elemental analysis determined nitrogen presented in Chapters 

5 and 6 for each type of char. The doped biochars generally showed higher levels of nitrogen 

and oxygen functionalisation on the external surfaces of the materials, while the hydrochars 

showed enhanced functionalisation within the internal bulk structure of the materials. 

Despite this, these doped samples all exhibited gravimetrically measured CO2 capacities 

within the range of 0.76 – 1.30 mmol/g (at 60 °C, 1 bar). Note that in order to facilitate a full 

analysis, and comparison of the effect of surface-to-bulk enrichment, each of the 

optimisation chars from both the hydrochar and biochar stage would have to be tested for 

their gravimetric CO2 adsorption capacity, but this was not possible due to time and financial 

restraints.  However, from this small sample size it not possible to draw major conclusions 

on the effect that functionalisation of different areas of the material has on their CO2 

adsorption ability. Ultimately however, it is clear that nitrogen doping has not been 

successful in improving the CO2 capacity of the chars, when compared to the non-doped 

chars produced in this study.  
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Figure 7.3: 0 °C, 30 °C and 60 °C Isotherms Measured Using Gravimetric Analysis for Samples BC Control Orange, 

BC Control Mandarin, HC Control Orange and OHC 180-M-800 Respectively 

 

Of the four samples shown in Figure 7.3, OHC 180-M-800, HC Control Orange and BC Control 

Orange all match with the doped biochars in that they present Type I (a) isotherm behaviour. 

BC Control Mandarin is the outlier, as it closer resembles a Type I (b) isotherm, which is 

indicative of a wider pore size distribution than Type I (a) and may include small mesopores 

[9]. Interestingly, this sample also displays the highest CO2 capacity at both 1 bar and 19.5 bar 

for all three temperatures tested, and was not part of the nitrogen doping experiment aspect 

of the project. In fact, at 19.5 bar, 0 °C the uptake of 7.04 mmol/g is 65 % higher than the 

second-best char (OBC 800-3-M, 4.26 mmol/g). Therefore, to have such significantly higher 

CO2 uptake capacity, the BC Control Mandarin sample must contain a more developed and 
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balanced pore structure than the other nine chars tested. This type of structure would allow 

for ease of diffusion for CO2 molecules through the pore network and to the important 

micropores; compare this to the other chars, which are predominantly microporous, which 

may raise challenges in the overall diffusion process. This aforementioned pore network is 

likely to have been responsible for the superior adsorption at low pressure; in contrast, at 

high pressures the existence of larger pores, such as mesopores, will then have provided the 

opportunity for pore filling to occur after all the micropores have been filled. Whether it is 

due to this, or simply easier access to favourable adsorption sites such as those with oxygen-

containing functionalities, the BC Control Mandarin sample displays the highest adsorption 

results of the whole project.  

Two of the samples produced from the optimisation models in Chapter 5 and 6, OPB 

Micropore Orange and OPH Micropore Mandarin, are shown in Figure 7.4. The isotherm for 

each sample presents Type I(a) isotherm behaviour, agreeing with the DR analysis data which 

showed both materials were highly microporous. The performance of both optimal chars in 

the range of 0 – 1 bar is similar to the rest of samples discussed in this section, with no clear 

improvement in CO2 capacity. They also present similar results in the range 1 – 19.5 bar, 

where the lack of large mesopores and a fully developed pore network appears to limit their 

adsorption capacity.  
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Figure 7.4: 60 °C Isotherms Measured Using Gravimetric Analysis for Samples OPB Micropore Orange and 

OPH Micropore Mandarin 

 

When assessing adsorption in the higher-pressure range, in the case of this study up to 

19.5 bar, it is notable that above 5 bar most of the isotherms plateau, although it can be said 

for BC Control Mandarin that there is a still a steady increase in the amount adsorbed. At 

these elevated pressures, adsorption in ultramicropores is no longer dominant as they have 

likely been filled, and larger micropores and mesopores become important as previously 

mentioned. This marks the point where total Brunauer-Emmett-Teller (BET) surface area and 

overall pore volume is considered more relevant, as materials which report high values for 

these two properties are commonly found to have well developed pore networks that 

combine both micro- and mesopores [6]. As a result of these networks, filling of the larger 

pores occurs freely, and individual interactions CO2 molecules have between ultramicropores 

and functional group sites have less of an influence on adsorption [17].  

Tabulated results for the gravimetric adsorption isotherms can be seen in Table 7.4. As 

discussed, apart from the BC Control Mandarin sample, the other nine chars present very 

similar results. For these samples, the 0 °C, 1 bar results all lie between 1.53 – 2.91 mmol/g, 

and for the same temperature and 19.5 bar, the results lie between 2.50 – 4.26 mmol/g. It 
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can be concluded from this that despite adequate adsorption at low pressure, there is no 

significant increase in capacity at higher pressure, which is likely due to saturation of 

micropores and an inadequate pore network for pore filling to deliver increased uptake. 

Sample BC Control Mandarin does demonstrate improved adsorption in comparison, but the 

uptake at 0 °C, 19.5 bar is only around double the uptake at 0 °C, 1 bar; in comparison other 

studies have reported the increase in uptake at 20 bar to be three or four time larger than 

the uptake at 1 bar [6], [18]. 

Table 7.4: Gravimetric CO2 Uptake Capacity at 1 and 19.5 bar for Selected Chars Produced in This Study at 0, 30 
and 60 °C 

Sample Pressure Temperature 

0 °C 30 °C 60 °C 

OBC 800-0.5-O 1 bar 2.75 1.55 1.21 

19.5 bar 4.08 3.46 3.03 

OBC 800-3-O 1 bar 1.59 1.19 0.76 

19.5 bar 2.67 2.53 2.11 

OBC 800-0.5-M 1 bar 1.86 1.26 0.76 

19.5 bar 3.02 2.55 1.96 

OBC 800-3-M 1 bar 2.39 1.65 1.30 

19.5 bar 4.26 3.86 3.60 

OHC 180-M-800 1 bar 2.26 1.72 1.18 

19.5 bar 2.88 2.63 2.27 

BC Control Orange 1 bar 1.53 1.06 0.66 

19.5 bar 2.50 2.20 1.94 

BC Control Mandarin 1 bar 3.34 2.40 1.47 

19.5 bar 7.04 5.76 4.69 

HC Control Orange 1 bar 2.91 2.05 1.36 

19.5 bar 3.84 3.45 2.97 

OPB Micropore 
Orange 

1 bar - - 1.31 

19.5 bar - - 2.61 

OPH Micropore 
Mandarin 

1 bar - - 1.16 

19.5 bar - - 2.24 

 

The adsorption results obtained gravimetrically can be compared to other carbon-based 

materials found in literature, which are shown in Table 7.5 (note the samples from this study 

included in the table present only the gravimetric CO2 adsorption capacity and not the 

volumetric results). The adsorption results obtained at 1 bar from this study lie within the 
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range observed from literature; this does imply a sufficient level of microporosity exists in 

the samples, and can concur with the findings that pores in this size range are vital for low 

pressure adsorption. For other studies which utilise orange peel in the synthesis of chars [2], 

[7], [12], [19], the results of this study lie in the lower range of those observed. At higher 

pressures, the results are poor, even compared to other studies which have only tested to 

10 bar.  

BET surface area data has been included in Table 7.5, despite the argument made above that 

this is not the most important property for chars being used in CO2 adsorption. However, BET 

calculated surface area is the only characteristic that is consistently reported across all the 

studies, due to its ease of experimental measurement. Thus, instead of reporting various 

different types of microporous data, it was deemed more fitting to provide one common 

value for each sample that allows for easy comparison. Information on the microporous data 

of each individual study can be found via their reference.    
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Table 7.5: Table of CO2 Uptake Capacities Reported in Literature for Different Biochar and Hydrochar Materials, at a Range of Temperatures and in a Pressure Range of 1 - 20 bar 

Material Biochar or 
Hydrochar 

BET Surface Area 
(m2/g) 

Temperature (°C) CO2 Capacity (mmol/g) Ref. 

1 bar 20 bar 

Orange Peels26 Biochar 0 – 391  0 1.59 – 2.74  2.50 – 4.08 This 
Study 30 1.06 – 1.55 2.20 – 3.46 

60 0.66 – 1.31 1.94 – 3.03 

Mandarin Peels26 Biochar 0 – 436  0 1.13 – 2.76  3.02 – 7.04 This 
Study 30 1.26 – 2.40 2.55 – 5.76 

60 0.76 – 1.47 1.96 – 4.69   

Orange Peels26 Hydrochar 0 – 394  0 1.79 – 2.91  3.84 This 
Study 30 2.05 3.45 

60 1.36 2.97 

Mandarin Peels26 Hydrochar 0 – 390  0  1.94 – 2.80  2.88 This 
Study 30 1.72 2.63 

60 1.16 –1.18 2.24 – 2.27 

Orange Peel Biochar 40 0 1.02  [7] 

Orange Peel Hydrochar 457 25 2.46 – 3.05   [19] 

Orange Peel  Biochar 309 – 1768 25  2.60 – 4.31   [12] 

50 1.64 – 2.59   

Orange Peel Hydrochar 87 – 2130  0 2.23 – 6.67  [2] 

10 2.12 – 5.41  

25 1.72 – 3.97   

Banana and Orange Peel Hydrochar 154 – 222  25 2.46 – 3.81  [20] 

Garlic Peel Hydrochar 306 – 1262  0 2.49 – 6.25   [14] 

25 1.65 – 4.22   

Pine Sawdust Hydrochar 522 – 2171  25 1.78 – 3.30  [13] 

50 1.01 – 1.96  

                                                           
26 The CO2 Capacity data presented in the ‘20 bar’ column is the data which was measured at 19.5 bar and presented in this thesis. 
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Material Biochar or 
Hydrochar 

BET Surface Area 
(m2/g) 

Temperature (°C) CO2 Capacity (mmol/g) Ref. 

1 bar 20 bar 

Delonix regia Seeds Hydrochar 300 – 1299  35 2.60  [21] 

Corncob Hydrochar 42 – 1222  15 2.95 – 4.50  [22] 

30 2.25 – 3.39   

Lemon Peels Hydrochar 1113 – 2143  0 3.2 – 4  [10] 

25 2 – 2.8  

40 1.4 – 2  

Pomelo Peel Biochar 252 – 1088  0 0.86 – 5.74   [5] 

25 1.96 – 3.41   

Jujun Grass and Camellia 
japonica 

Hydrochar 1048 – 3537  25 2.8 – 5 8.7 – 21.1  [6] 

Bamboo Shoots Biochar 387 – 1985 0  2.39 – 7.52   [8] 

25 1.76 – 3.60   

Cotton Stalk Biochar 95 – 627  20 2.26  [23] 

Coconut Shells Biochar 563 – 1495  0 5.16 – 7.85  [24] 

Banana Peels Hydrochar 72 – 243  25 3.18 – 3.80  [25] 

Vine Shoots Biochar 405 – 536   25  2.35 – 2.67   [26] 

50 1.65 – 1.90   

Wheat Straw Biochar 459 – 514  25  2.44 – 2.63  [26] 

50 1.78 – 1.91   

Camphor leaves Biochar 721 – 1736  0 4.50 – 5.86  [27] 

25 2.42 – 3.74  

50 1.45 – 2.28  

Bacterial Cellulose Biochar 329 – 916  0 4.89  [28] 

P. nigra Wood and 
Cellulose Fibres 

Biochar 6 – 593  25 1.12 – 2.33  [4] 

Lignin – Eucalyptus and 
Spruce 

Hydrochar 1380 – 2875  0 2.1 – 6  [15] 
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Material Biochar or 
Hydrochar 

BET Surface Area 
(m2/g) 

Temperature (°C) CO2 Capacity (mmol/g) Ref. 

1 bar 20 bar 

Glucose with Acrylic Acid Hydrochar 659 – 1192  0 2.73 – 5.86  [29] 
 25 1.05 – 3.82  

Cashew Nutshell Biochar 1693 25 4 10 bar: 11 [30] 

Coffee Grounds Biochar 1624 – 2785 0 5.09 – 7.55 10 bar: 13.34 – 
23.27 

[31] 

25 2.81 – 4.42  10 bar: 11.59 – 
16.81  

50 1.52 – 2.86  

Lignin Waste Hydrochar 1157 – 1924 25 4.6 17.3  [18] 

Arundo donax Biochar 1122 0 6.3 30 bar: 15.4  [32] 

Grape Marc Biomass Biochar 1640 – 2473  0 4.9 – 6.7 30 bar: 17.2 – 
26.8  

[33] 

25 2.7 – 3.9  30 bar: 10.4 – 
19.9  

Lotus Seed Biochar 1614 – 2230  0 4.6 – 6.9 30 bar: 20.1 – 
26.4  

[34] 
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Four isotherm models were tested against the collective gravimetric isotherm adsorption 

data: Langmuir, Freundlich, Temkin and Dual Site Langmuir. The Dual Site Langmuir model 

was found to consistently be the best model fit for the data, which matches with the type of 

adsorption mechanisms expected to be seen from the samples. This model assumes that 

there are two types of adsorption sites available to the CO2 molecules, with one type of site 

having a higher energy than the other. This can apply to sites in terms of their functionalities, 

i.e., sites with nitrogen- and oxygen-containing moieties would be more favourable for CO2 

adsorption than non-functionalised sites, due to stronger intermolecular interactions. 

Conversely, it can also apply to pores of different sizes, for example narrow micropores 

potentially present more favourable sites for CO2 molecules to adsorb than larger 

mesopores. As this model assumes there are two types of adsorption sites, this suggests that 

the surface of the materials are heterogenous, and this in turn concurs with the double 

exponential kinetic model, which is discussed further in Section 7.4.  

The Dual Site Langmuir model has been successfully used to describe adsorption of CO2 onto 

nitrogen-doped microporous activated carbons produced from pitch [35]. In this study, the 

types of sites were split into type one and two, with type one representing adsorption sites 

in narrow micropores, and type two attributed to other adsorption sites available throughout 

the material. The equilibrium constants for the type one sites were consistently higher than 

for type two; this indicates that there is a higher affinity for CO2 at the type one sites. 

Adsorption on the type one sites also dominated the process from pressure of 0 to 0.3 bar, 

and from 0.3 to 1 bar the type two sites took over. This is further evidence of ultramicropores 

providing the driving force for adsorption at low pressure ranges, with pore filling becoming 

more relevant once those sites have been occupied. It is possible that the type of mechanism 

proposed by this study can be applied to the adsorption data of the orange and mandarin 

derived chars of this project. 
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Figure 7.5: Dual Site Langmuir Fit for 60 °C Isotherm of OBC 

800-0.5-M 

 
Figure 7.6: Langmuir, Freundlich and Temkin Fits for 60 °C 

Isotherm of OBC 800-0.5-M 

 

The Dual Site Langmuir fit for the 60 °C isotherm of OBC 800-0.5-M is shown in Figure 7.5 

(Dual Site is shortened to DS in the legend), and for comparison the other three tested fits 

for the same isotherm are shown in Figure 7.6. 

Table 7.6: Model R2 Values for Fits Applied to 60 °C Isotherm of OBC 800-0.5-M 

Isotherm 
Model Fits 

Dual Site 
Langmuir 

Langmuir Freundlich Temkin 

Model R2 
(unitless) 

0.99911 0.98616 0.97345 0.96835 

 

The R2 for each of the four fits are shown in Table 7.6. All four models were tested for each 

gravimetric isotherm collected, and the Dual Site Langmuir model was found to be the best 

fit for 25 of the 26 isotherms. All Dual Site Langmuir fittings can be found in Appendix J, along 

with the associated fittings parameters for each fit, and the R2 for each of the fits is displayed 

in Table 7.7. In every case, R2 > 0.996, indicating a good fit to the model. 
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Table 7.7: Model R2 Values for Dual Site Langmuir Fits for Each Gravimetric Isotherm in This Study 

Sample Dual Site Langmuir Model R2 (Unitless) 

0 °C Isotherm 30 °C Isotherm 60 °C Isotherm 

OBC 800-0.5-O 0.99870 0.99986 0.99965 

OBC 800-3-O 0.99932 0.99936 0.99951 

OBC 800-0.5-M 0.99890 0.99893 0.99911 

OBC 800-3-M 0.99810 0.99932 0.99956 

OHC 180-M-800 0.99929 0.99951 0.99978 

BC Control Orange 0.99684 0.99759 0.99955 

BC Control Mandarin 0.99911 0.99826 0.99966 

HC Control Orange 0.99963 0.99972 0.99989 

OPB Micropore 
Orange 

- - 0.99918 

OPH Micropore 
Mandarin 

- - 0.99978 

 

In industrial settings, flue gas streams are commonly found to contain CO2 on a volumetric 

basis of between 5 – 15 %, although it can be as high as 33 % in some cases [36], [37], and 

they are released at temperatures of 50 – 150 °C [38]. For amine post combustion systems, 

it is desirable for the flue gas stream temperature to be in the range of 50 – 60 °C [39], [40].  

As the aim of this study is to produce adsorbent materials for use in carbon capture 

technology, it is important to test them under relevant conditions and benchmark them 

against other materials reported in literature and used in industry. To give a broad view of 

char materials’ performance, the CO2 uptake at 60 °C at two pressures is shown in Table 7.8. 

The 0.1 bar pressure was chosen to represent a lean CO2 flue mixture, and the 0.2 bar 

pressure to represent a rich CO2 flue mixture. As is expected, CO2 uptake is higher at 0.2 bar 

than 0.1 bar, with the level of uptake increasing by 28 – 54 % in the range of samples tested. 

BC Control Mandarin again is the best performing sample in this pressure range, indicating 

good levels of ultramicroporosity, and OPB Micropore Orange is the best of the doped char 

samples tested.  
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Table 7.8: CO2 Adsorption Capacity of Selected Chars at 60 °C and Pressures of 0.1 and 0.2 bar, Respectively 

Sample CO2 Uptake at 60 °C 

0.1 bar (lean flue gas 
composition comparison) 

0.2 bar (rich flue gas 
composition comparison) 

OBC 800-0.5-O 0.38 0.55 

OBC 800-3-O 0.25 0.35 

OBC 800-0.5-M 0.26 0.37 

OBC 800-3-M 0.45 0.64 

OBC 180-M-800 0.38 0.55 

BC Control Orange 0.22 0.31 

BC Control Mandarin 0.61 0.78 

HC Control Orange 0.37 0.57 

OPB Micropore Orange 0.48 0.70 

OPH Micropore Mandarin 0.37 0.57 

 

Table 7.9 shows a range of post-combustion CO2 style adsorption tests found in literature. 

While these offer opportunity for comparison with this study, flue gas is commonly found to 

exit process streams at temperatures of 50 °C or higher, thus, the experiments carried out in 

this project are closer to real life conditions than other literature studies.  

Few examples could be found in literature that reported CO2 uptake at both low pressure 

(0.1 – 0.3 bar) and high temperature (> 50 °) which is characteristic of flue gas conditions. 

Despite this, a general comparison can still be made between this study and other work. For 

the vine shoots and wheat straw biochars [26], the values of 0.6 – 0.74 mmol/g of CO2 

adsorbed at 0.14 bar, 50 °C is very similar to the uptake of BC Control Mandarin in this study, 

and a comparable range of 0.58 – 0.68 mmol/g is reported at 0.15 bar, 50 °C for almond shell 

and olive stone biochars [41]. It is commonly known that high ultramicroporosity is key to 

high uptake of CO2 at low pressures such as this [26], [42], [43], which again concurs with the 

results obtained for samples in this work. Overall, it can be suggested that while not achieving 

the highest CO2 uptake at atmospheric conditions in literature, BC Control Mandarin and OPB 

Micropore Orange provide impressive performance at conditions representing a flue gas 

stream. It should also be noted that many of the samples in Table 7.5 report relatively large 
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capacities at 0 or 25 °C; if they were to be tested at 60 °C as has been done in this project, it 

is likely they would report smaller CO2 capacities, and importantly, more similar capacities to 

the orange and mandarin derived chars produced here. 

Table 7.9: CO2 Adsorption Capacity of Chars from Literature at Pressure Range Commonly Found in Flue Gas 
Streams 

Material Biochar or 
Hydrochar 

Pressure 
(bar) 

Temp. (°C) CO2 Capacity 
(mmol/g) 27 

Ref. 

Jujun Grass and 
Camellia japonica 

Hydrochar 0.15 25 0.6 – 1.5  [6] 

Bamboo Shoots Biochar 0.15 0 1.06 – 2.23  [8] 

25 0.55 – 1.02  

P. nigra Wood and 
Cellulose Fibres 

Biochar 0.15 and 
0.3 

25 0.5 – 0.9 
(0.15 bar) 
0.75 – 1.4 
(0.3 bar) 

[4] 

Lignin – Eucalyptus 
and Spruce 

Hydrochar 0.15 0 0.5 – 1.8 [15] 

Glucose with 
Acrylic Acid 

Hydrochar 0.15 25 0.72 – 1.33 [29] 
 

Two Phase Olive 
Mill Waste 

Hydrochar 0.15 0 0.76 – 1.55 [44] 

Rice Husks Hydrochar 0.15 25 1.90 [45] 

Sawdust and Lignin Hydrochar 0.15 0  1.3 – 2.3  [46] 

25 0.5 – 2.0  

Sawdust  Hydrochar 0.15 25 0.7 – 1.4  [47] 

Olive Stones Biochar 0.15 25 1.02 [41] 

50 0.58 

Almond Shells Biochar 0.15 25 1.08 [41] 

50 0.68 

Banana Peels Hydrochar 0.15 25  1.40 [25] 

Vine Shoots Biochar 0.14 25  1.02 – 1.16  [26] 

50 0.60 – 0.70  

Wheat Straw Biochar 0.14 25  1 – 1.3 [26] 

50 0.63 – 0.74  

 

7.3 Isosteric Heat of Adsorption and Heat of Entropy 

The isosteric heat of adsorption was calculated using the 0, 30 and 60 °C isotherms for all 

eight char samples that were tested in this range using gravimetric adsorption. To perform 

                                                           
27 Accuracy is reported to the level in the original literature. 
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this calculation, the heat of adsorption is assumed constant across the utilised temperature 

range. Note, 0 – 60 °C is a relatively large range for this assumption, and therefore precise 

values should be treated with caution, however trends between samples are expected to be 

representative. Figure 7.7 presents the calculated isosteric heat of adsorption against CO2 

uptake for the eight samples, with a version including error bars found in Appendix K. Note 

that the real values for the isosteric heat of adsorption in this study are negative, thus, the 

processes described here are exothermic; but for ease of understanding and by general 

convention, they are presented as positive values in the relevant figure.  

 
Figure 7.7: Isosteric Heat of Adsorption of Selected Biochar and Hydrochar Samples (Across Temperature Range of 

0 – 60 °C) 

 

High initial values of heat of adsorption for most of the samples, approximately 25 – 

52 kJ/mol, is a sign of strong affinity from the CO2 molecules for the surface of the chars, and 
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it would be expected that the narrow ultramicropores they possess have aided in the initial 

adsorption of CO2
 [2], [12]. As previously discussed, narrow micropores will enhance 

adsorption through Van der Waal’s forces and electrostatic forces due to the proximity of the 

pore walls, and potential for bridging interactions across pores [29]. When the capacity 

increases, these more favourable sites reach saturation, which leads to the less favourable 

sites then being used for adsorption, and the heat of adsorption subsequently decreases, and 

reaches a plateau [5]. This decrease in enthalpy is indicative of heterogeneity on the surface 

of the chars, thus, confirming that the ultramicropores and elemental functionalities are 

present and active during the adsorption process [8], [45].  

The adsorption processes here are exothermic, thus, follow Le Chatelier’s principles in that 

an increase in temperature will cause adsorption capacity to decrease, which agrees with the 

experimental data presented in Section 7.2.3. As the range of values found are < 60 kJ/mol, 

this confirms that physisorption is dominant in the adsorption of CO2 onto the samples [14]. 

This can be linked to the lifecycle of the chars: the relatively low heat of adsorption values 

indicate that they may possess good regenerative abilities, as desorption should be readily 

achievable with mild temperatures, compared to if chemisorption bonds were required to 

be broken. Finally, most values lie within the range of 30 – 55 kJ/mol, which is the 

recommended range for post-combustion carbon capture applications [4].  

Considering other values reported in literature, the samples here are consistent with 

expectations. Other chars with narrow micropores and nitrogen-containing functionalities 

have reported initial high heats of adsorption values which follow the trend of decreasing as 

CO2 uptake increases [8], [28], [48], [49]. In terms of physical values, orange peel hydrochars 

showed initial heats of adsorption of 27.8 – 38.9 kJ/mol before decreasing to ~15 – 20 kJ/mol, 

and garlic peel hydrochars reported initial values of approximately 40 kJ/mol before 
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decreasing to 20 kJ/mol as coverage increased [2], [14]. A study using nitrogen-doped 

cucumber peel biochars reported higher values of 43.9 – 57.3 kJ/mol for the initial heats of 

adsorption, but these decreased to 30 kJ/mol range as adsorption sites became saturated 

[49].  

 
Figure 7.8: Isosteric Entropy of Adsorption of Selected Biochar and Hydrochar Samples (Across Temperature Range of 

0 – 60 °C) 

 

The isosteric entropy of adsorption for the same eight samples discussed above can be seen 

in Figure 7.8, and a version including error bars in Appendix K. There is no clear trend for the 

dataset as a whole, as the change in entropy is seen to vary between samples. The entropy 

values of the biochar control samples are seen to decrease as CO2 uptake increases, while 

the opposite is observed for the two hydrochar samples. Meanwhile for the urea-doped 
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biochar chars, entropy appears to be generally constant within a narrow window for each 

sample.  

In principle, a decrease in entropy with increasing uptake can suggest an ordering effect of 

the CO2 molecules as they adsorb onto the available active sites on the material. Conversely, 

an increase in entropy with increasing uptake can indicate more disorder occurring on a 

molecular level, potentially signalling that disordered multilayer adsorption is taking place.   

7.4 CO2 Adsorption Kinetics 

As described in Chapter 3, the stretched exponential and double exponential models were 

applied to the CO2 adsorption kinetic data, collected via gravimetric adsorption experiments, 

to describe the adsorption processes occurring on the char samples. Through the course of 

fitting the models to the adsorption data, the double exponential model was consistently 

found to give better model fits over the range of individual samples tested. This implies there 

are two distinct mechanisms that are governing the adsorption kinetics.  

The k1 values for the 60 °C isotherms are displayed in Figure 7.9, and the k2 values for the 

same isotherms in Figure 7.10 (note that y-axis scales are not consistent between graphs in 

these figures, due to differences in magnitudes of kn values). The k1 and k2 plots vs pressure 

for the 0 °C and 30 °C isotherms can be found in Appendix L.  
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Figure 7.9: k1 Values for 60 °C CO2 Adsorption Isotherms of Selected Chars Produced in this Study 

 
Figure 7.10: k2 Values for 60 °C CO2 Adsorption Isotherms of Selected Chars Produced in this Study 

 

The double exponential model is used to describe scenarios where there are two processes 

occurring simultaneously, with each process have their own unique rate constant. In terms 

of adsorption, this has been interpreted in various ways for different adsorbate-adsorbents. 
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The main theory around this model describes the steps as follows: (1) the fast step can 

represent diffusion of molecules through internal and external means, and (2) the slow step 

represents intraparticle diffusion, which has been observed in adsorption of metals in 

solution previously [50]. Regarding the adsorption kinetics within this study with gas 

adsorption, the fast and slow barriers may be due to diffusion at pore entrances. It has been 

reported that the rate-limiting step can be the process of molecules adsorbing into the pores, 

with the faster step being linked to diffusion through the pores [51]. Alternatively, the fast 

and slow steps can be used to describe scenarios when an adsorbent presents two distinct 

types of adsorption sites, where one type of site is more favourable than the other [52], [53]. 

It is also possible that the two different mechanisms discussed above can occur concurrently. 

The profiles presented and the values of k1 and k2 suggest the adsorption of CO2 by the chars 

in this project is controlled by two distinct kinetic processes, with one consistently faster than 

the other up to pressures of 3 bar. No data is presented beyond this pressure point, as the 

mass change at each subsequently measured pressure point is too small to fit a kinetic curve 

too. It should also be noted that for the first few low-pressure points where the kinetics are 

faster, it is hard to capture the event entirely as the initial adsorption could not be measured 

while the pressure was still ramping.  

Focusing on the 60 °C experimental data, the fast process in the case of the biochars show k1 

values of 0.0067 – 0.0791 s-1, while the slow process ranges from 0.00008 – 0.0056 s-1. A 

general trend of the highest rate of adsorption occurring at low pressure, 0.1 – 0.3 bar, before 

decreasing and plateauing around 1 bar is witnessed for both the fast and slow process 

descriptors. The hydrochar samples also exhibit a similar trend, however with higher k1 

values, with peak values of 0.226 s-1 at 0.1 bar for OHC 180-M-800 and 0.094 s-1 at 0.2 bar for 

HC Control Orange. The control biochars do not exhibit values as high as this. The high rate 

observed around 0.1 – 0.3 bar is likely associated with enhanced uptake of CO2 in this range, 
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attributed to the high proportion of ultramicropores in all the samples tested. The nitrogen 

doping is also thought to contribute to this increased uptake in this pressure range, by 

providing favourable adsorption sites for the CO2 molecules [2]. The same general trend is 

observed for the k1 and k2 values calculated from the 30 °C and 0 °C isotherms, indicating 

consistency of behaviour across the temperature range tested.  

Very generally, the value of k1 was found to be a factor of 10 larger than k2, indicating that 

the mechanism associated with k2 was the rate limiting step. As the chars in this study have 

been demonstrated to contain high quantities of ultramicropores, possessing a diameter 

around double the size of CO2 molecules, it is likely that the slow step here relates to the 

diffusion of CO2 into the pores. A certain molecular orientation may be required for 

molecules to gain access to the pores. High concentration of molecules at the pore entrance 

could cause clustering which would similarly limit the diffusion of CO2 into the pores. 

However, once they successfully enter, they are likely to adsorb onto sites quickly due to the 

high electrostatic potential originating from the pore walls and associated Van der Waals 

interactions, both discussed in Section 7.2.3. A similar mechanism has been reported where 

the double exponential model has related the slow process to diffusion through pores with 

high activation energy requirements, while the fast process is linked to diffusion along pore 

cavities which present low activation energies [54]. 

Equally, the double exponential model is capable of describing adsorption in a two-site 

mechanism, where there is heterogeneity on a material’s surface [52], [53]. The materials in 

this study are expected to have a heterogenous surface, as shown by the high levels of 

nitrogen and oxygen in them which suggests the presence of chemical functionalities, and 

the relatively high heats of adsorption presented in Section 7.3 substantiates this. Therefore, 

this could also be used to interpret the rate constants calculated, where carboxyl oxygen 
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groups or pyrrolic nitrogen groups provide more favourable sites for CO2 molecules 

compared to non-functionalised sites on the carbon structure of the char. Oxygen-containing 

groups have been demonstrated to increase the surface basicity which attracts acidic CO2 

molecules [16], with nitrogen-containing functional groups also acting in the same way, as 

well as promoting intermolecular hydrogen bonding [49].  CO2 may be more likely to interact 

with these sites, and adsorb on them ahead of non-functionalised sites.  

In reality, it is highly likely that CO2 molecular diffusion and adsorption onto heterogenous 

sites (whether that be due to different functionalities present or pores of differing activation 

energies) is happen simultaneously and collectively impacting the adsorption kinetics of the 

system. More detailed experiments would be required to isolate and identify each of the 

mechanisms in the process. Little was found in literature around separating the effects of 

these phenomena, thus, it could provide an interesting study in future work. Two-step CO2 

adsorption has been identified in clays, where the fast step was associated with adsorption 

on outer layer sites, and the slow step with adsorption on sites in the interlayer which were 

harder to access [55]. Adsorption of CO2 on copper materials reports similar, fitting the 

double exponential mode to describe fast diffusion seen in larger pores, and subsequent 

slower diffusion in the smaller pores [56]. It has also been reported in simpler terms from a 

copper-carbon catalyst study, with fast CO2 adsorption reported on the external surface sites 

which are more freely accessible, and the slow rate of adsorption taking place due to 

diffusion of CO2 through pores and the pore network [57]. The kinetics of CO2 adsorption on 

fly-ash derived adsorbent, a material similar to biochar, was seen to follow the double 

exponential model, highlighting a difference between chemisorption and diffusion of CO2 in 

this case. Apart from this example, the only other evidence of fitting the double exponential 

model to CO2 adsorption data was from the thesis of a previous research group member. In 

that project, data from the testing of CO2 adsorption on torrefied carbons produced from 
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wood was seen to fit the aforementioned model and reported values of 0.005 – 0.05 s-1 for 

k1, and 0 – 0.007 s-1 for k2 (approximately) [58], which are of a similar magnitude to those 

reported in Figure 7.9 and Figure 7.10.  

The pre-exponential factors A1 and A2 represent the proportion of adsorption uptake 

associated with each adsorption event, for a given pressure point. The pre-exponential 

factors from this kinetic model were calculated but no clear trend was seen between samples 

or temperatures; as such the data has not been included here, but is available on request. It 

should be noted that the pre-exponential factor for the fast event, k1, was likely to be an 

underrepresentation of its ‘true’ value, due to the fact the early stages of adsorption for each 

pressure point could not be measured due to it occurring during the pressure ramping stage 

between points. 

During the collection of the gravimetric isotherms, the biochar samples were observed to 

contain a large hysteresis upon desorption. In order to ascertain if this hysteresis was a 

thermodynamic effect or simply a result of slow kinetics, an isotherm was repeated with 

longer equilibration timeout periods. The 60 °C isotherm for OBC 800-0.5-M was re-

measured using timeout periods of 48 h for each point. Note that less points were used than 

in the original isotherm, as it would not be time-effective to re-run a 42-point isotherm using 

these conditions. The resulting isotherm is shown alongside the original isotherm, which was 

collected using a 6 h equilibration timeout for each point, in Figure 7.11. It can be seen that 

increasing the timeout period led to an increase in adsorption, bringing the adsorption 

branch of the isotherm closer to the desorption branch. This implies that the adsorption 

kinetics are extremely slow; the mass increase on the sample was still slowly increasing at 

each pressure point when 48 h equilibration was used. This suggests that a fully equilibrated 

isotherm would display adsorption and desorption branches that are even closer together. It 
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is possible that there is some degree of chemisorption of CO2 on to the samples, but the 

isosteric heats of adsorption calculated in Section 7.3 suggest that physisorption is the 

dominant mechanism. If there is indeed chemisorbed CO2 on the biochar materials, then 

increasing the equilibration time for any given pressure point would not be sufficient to 

completely remove it from the samples and an increase in temperature (such as a degas 

process) would be required. 

 
Figure 7.11: 60 °C CO2 Adsorption Isotherms Showing the Difference in Adsorption for Different Equilibration 

Periods for OBC 800-0.5-M 

 

7.5 Cyclic CO2 Adsorption  

7.5.1 Sample Selection 

Due to time restraints, it was not possible to test all samples for their cyclic adsorption 

capabilities. A selection of the produced samples which presented the highest CO2 capacities 

in this work at 1 bar and 60 °C were chosen to be analysed. BC Control Mandarin was chosen 

due to its excellent performance compared to the other chars in the study. OBC 800-0.5-O 
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and OBC 800-3-M were chosen as the best doped biochars to be tested, and HC Control 

Orange and OHC 180-M-800 chosen to allow for comparison between biochars and 

hydrochars. The two optimal char samples, OPB Micropore Orange and OPH Micropore 

Mandarin, were also tested to assess the validity of the optimisation models.  

7.5.2 Cyclic CO2 Adsorption Results 

Cyclic CO2 sorption, and thus regeneration, of the selected char samples was carried out at 

60 °C and between pressures of 0.05 bar and 1 bar, with 15 min equilibration times used for 

each adsorption and desorption point, and 30 full adsorption-desorption cycles carried out. 

The cyclic adsorption tests can be seen in Figure 7.12 to Figure 7.18. The calculated working 

CO2 adsorption capacity for each sample is presented in Table 7.10. The working capacity was 

calculated for two scenarios: (1) the capacities were taken at the end of the equilibration 

time for each pressure point, and (2) capacities taken immediately after the pressure had 

reached the set-point, i.e. with no equilibration time. This second scenario models what is 

known as vacuum swing adsorption (VSA). The VSA test figures can be found in Appendix M. 
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Figure 7.12: Cyclic Adsorption Results for OBC 800-0.5-O 

(0.05 - 1 bar cycling, 60 °C, 15 min Equilibration) 

 
Figure 7.13: Cyclic Adsorption Results for OBC 800-3-M (0.05 

- 1 bar cycling, 60 °C, 15 min Equilibration) 

 

Figure 7.14: Cyclic Adsorption Results for OHC 180-M-800 
(0.05 - 1 bar cycling, 60 °C, 15 min Equilibration) 

 

Figure 7.15: Cyclic Adsorption Results for BC Control 
Mandarin (0.05 - 1 bar cycling, 60 °C, 15 min Equilibration) 

 

Figure 7.16: Cyclic Adsorption Results for HC Control Orange 
(0.05 - 1 bar cycling, 60 °C, 15 min Equilibration) 

 

Figure 7.17: Cyclic Adsorption Results for OPB Micropore 
Orange (0.05 - 1 bar cycling, 60 °C, 15 min Equilibration) 
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Figure 7.18: Cyclic Adsorption Results for OPH Micropore Mandarin (0.05 - 1 bar cycling, 60 °C, 15 min 
Equilibration) 

 

From the figures above, it can be seen that it takes approximately 15 cycles for the capacity 

of the biochar samples to stabilise at a high and low level, but after this the working capacity 

is sustained for the remainder of the cycles. In contrast, the hydrochar samples do not appear 

to require this initial stabilisation period, instead reaching a steady working capacity almost 

instantly. Nonetheless, once each of the chars have stabilised they show excellent 

regenerative ability, with negligible loss of capacity over the period of 30 cycles. The best 

performing sample was HC Control Orange, achieving a working capacity of 1.06 mmol/g. 

Notably, this sample also showed stable capacities from the first adsorption cycle. Despite 

BC Control Mandarin’s high CO2 uptake at 1 bar, 60 °C, discussed in Section 7.2.3, it in fact 

has the lowest working capacity of the tested chars. This demonstrates the fine balance of 

uptake capacity, kinetics, and ease of desorption that must be found for optimal sorbent 

materials. The two optimal samples, OPB Micropore Orange and OPH Micropore Mandarin, 

show the lowest capacities of the seven chars tested. Interestingly however, both these 

samples see the largest increase in capacity when changing from VSA to 15 min equilibration 

times; there is no obvious explanation behind this, and further characterisation of these 

optimal chars would be required to give definitive conclusions.  
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In the biochar samples, there is a visible lag in reaching the maximum uptake observed in this 

cyclic testing, which is likely due to the slow kinetics of the biochar samples, as discussed in 

Section 7.4. The same principle explains why the capacity at low pressure cycles for these 

samples is around 0.7 – 1.11 mmol/g instead of desorbing down to ~0 mmol/g. If subject to 

0.05 bar for a sustained period after adsorbing CO2 at 1 bar, it would be expected that a larger 

quantity of CO2 would desorb from these samples than that already removed in the 15 min, 

however this would likely take many hours or even days, which would not be viable for the 

desired application of the chars.  

Table 7.10: Cyclic CO2 Adsorption Working Capacities for Chars Produced in this Study 

Sample VSA Working 
Capacity 
(mmol/g) 

15 min Equilibration 
Working Capacity 
(mmol/g) 

Increase from VSA 
Capacity to 15 min 
Equilibration Capacity 

OBC 800-0.5-M 0.68 0.81 19 % 

OBC 800-3-M 0.73 0.79 8 % 

OHC 180-M-800 0.65 0.77 18 % 

BC Control 
Mandarin 

0.63 0.72 13 % 

HC Control Orange 1.03 1.06 3 % 

OPB Micropore 
Orange 

0.49 0.66 35 % 

OPH Micropore 
Mandarin 

0.56 0.70 25 % 

 

Due to the relatively slow adsorption kinetics, there was a concern that the cyclic 

experiments would require a longer equilibration period to produce acceptable results. The 

first sample tested, BC Control Mandarin, was therefore tested through 30 cycles with two 

separate equilibration times: 15 min and 45 min, with the results of this shown in Figure 7.19. 

These values were chosen to test the rapid adsorption capacity of the materials and allow for 

a high number of cycles to be tested. In the same vein, it was expected that in industrial 

scenarios that short equilibration timescales would be implemented. From Figure 7.19, it is 

clear to see that equilibrium is reached within 15 min, therefore, there is no need for a longer 
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equilibration time to be used; the working capacity for the 45 min equilibration time 

experiment is the same as the working capacity for the 15 min equilibration time experiment. 

Therefore, all further experiments utilised a 15 min equilibration time. 

 
Figure 7.19: Comparison of 15- and 45-min Equilibration Times During Cyclic CO2 Adsorption Testing for BC Control 

Mandarin Sample 

 

Examples of cyclic CO2 adsorption testing from literature is displayed in Table 7.11. Again, it 

is difficult to compare data from this study to these examples as many are reported at 25 °C, 

thus the temperature effect of adsorption must be considered. In addition to this, the 

experimental conditions between each cyclic experiment from literature vary, thus adding 

more uncertainty in the comparisons. It can be seen that the working capacities of other char 

materials are higher than those found in the orange and mandarin chars, but many of these 

are measured at 25 °C. If this was factored into the results, it could be suggested that the 

results from this project would be closer to the capacities found in literature. For example, in 

this work when the temperature was reduced from 60 °C to 30 °C, the CO2 uptake for sample 

HC Control Orange increased from 1.36 mmol/g to 2.05 mmol/g, which is a not-insignificant 

change. It is positive to see that the ~100 % retention of capacity observed in the chars here 

matches with other studies, but also that this is maintained over a period of 30 cycles, 
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whereas some examples such pomelo peel and coffee ground chars begin to degrade after 

10 cycles [5], [59].  

Table 7.11: Comparison of Cyclic CO2 Adsorption Capacity of Chars from Literature 

Sample Temp. 
(°C) 

Cycling 
Conditions 

Working 
CO2 
Capacity 
(mmol/g) 28 

Cycles Retained 
Capacity 

Ref. 

Bamboo Shoot 
BC 

25  0 – 1 bar 3.5 * 5 90 % [8] 

Bamboo Sawdust 
BC 

25 Temp. swing 
(25 – 70 °C) 

1.7 * 10 100 % [60] 

Orange Peel BC 25 0 – 1 bar  4.3 * 5 97.3 % [12] 

Pine Sawdust HC  25 0 – 1 bar 3.0 * 5 100 % [13] 

Delonix regia 
seeds HC 

25 Temp. swing 
(25 – 200 °C) 

2.60 10 95 % [21] 

Pomelo Peel BC 10  0 – 1 bar 3.74 10 90.7 % [5] 

Bacterial 
Cellulose BC 

25 Temp. swing 
(25 – 120 °C) 

- 10 95 % [28] 

Andiroba Shells 
HC 

25  0 – 1 bar 3.25 * 15 100 % [61] 

Citrus aurantium 
HC 

25 0 – 1 bar 4 – 6.51 7 95 and 93 
% 

[1] 

Pinewood and 
Sewage Sludge 
BC 

25 0 – 1 bar  3.9 * 6 98 % [62] 

Coffee Grounds 
BC 

35 Temp. swing 
(35 – 75 °C) 

2.7 * 10 94 % [59] 

 

7.6 Chapter Summary 

The volumetric CO2 adsorption capacity was measured for all of the activated hydrochars 

produced in this study, and a selection of the produced biochars. The vast majority of these 

samples showed adsorption in the range of 2 – 3 mmol/g at 0°C, 1 bar, which is comparable 

to other carbon materials presented in literature, albeit lying in the lower range. 

                                                           
28 * represent values that were approximated from figures as no definitive value was stated in 
research papers. 
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Gravimetric CO2 adsorption across the range of 0 – 19.5 bar was carried out for the biochar 

and hydrochar samples presenting the highest micropore areas. Of the samples tested, 

BC Control Mandarin was the best performing, showing a CO2 capacity at 0 °C of 3.4 mmol/g 

(1 bar) and 7.04 mmol/g (19.5 bar) respectively. The gravimetric adsorption results agree 

with literature findings that microporosity is the most important characteristics that 

influences CO2 adsorption at low pressures (0 – 1 bar); similarly, the subsequent poorer level 

of adsorption at higher pressure for most samples concurs with suggestions that overall 

surface area, pore volume, and developed pore networks are key to aiding pore filling after 

the micropores become saturated.  

The gravimetric isotherms were found to best fit the Dual Site Langmuir model, suggesting 

that there is a heterogenous array of adsorption sites on the surface of the chars; this is likely 

attributable to adsorption sites in ultramicropores and then adsorption sites in other areas 

of the material. The decrease in isosteric heat of adsorption of the samples with increasing 

CO2 uptake concurred with this, and indicated surface heterogeneity. The calculated values 

of the isosteric heat of adsorption were < 60 kJ/mol, indicating that the main adsorption 

mechanism was physisorption. The double exponential model was used to fit the kinetic data 

of each sample as two simultaneous events were seen to occur, one fast and one slow for 

each relaxation time period. The use of this model provides further evidence to support the 

claims of surface heterogeneity, however, it can also be used to describe the process of 

molecular diffusion into and through the material’s pores.  

Finally, for a selection of chars with the highest CO2 uptake, cyclic CO2 adsorption was carried 

out between 0.05 – 1 bar at 60 °C to simulate industrial conditions. HC Control Orange was 

found to be the best performing char in this part of the study, displaying a working capacity 
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of 1.06 mmol/g. All the samples tested in this section showed negligible capacity loss over 

the period of 30 cycles, which shows their viability as reusable CO2 adsorbents.  

7.7 References 

[1] S. Balou, S. E. Babak, and A. Priye, “Synergistic Effect of Nitrogen Doping and Ultra-
Microporosity on the Performance of Biomass and Microalgae-Derived Activated Carbons 
for CO2 Capture,” ACS Appl. Mater. Interfaces, vol. 12, no. 38, pp. 42711–42722, Sep. 2020, 
doi: 10.1021/acsami.0c10218. 

[2] A. Rehman, G. Nazir, K. Y. Rhee, and S.-J. Park, “Valorization of orange peel waste to 
tunable heteroatom-doped hydrochar-derived microporous carbons for selective CO2 
adsorption and separation,” Sci. Total Environ., vol. 849, p. 157805, Nov. 2022, doi: 
10.1016/j.scitotenv.2022.157805. 

[3] B. Sajjadi, W.-Y. Chen, and N. O. Egiebor, “A comprehensive review on physical 
activation of biochar for energy and environmental applications,” Rev. Chem. Eng., vol. 35, 
no. 6, pp. 735–776, Aug. 2019, doi: 10.1515/revce-2017-0113. 

[4] V. Gargiulo, A. Gomis-Berenguer, P. Giudicianni, C. O. Ania, R. Ragucci, and M. Alfè, 
“Assessing the Potential of Biochars Prepared by Steam-Assisted Slow Pyrolysis for CO2 
Adsorption and Separation,” Energy Fuels, vol. 32, no. 10, pp. 10218–10227, Oct. 2018, doi: 
10.1021/acs.energyfuels.8b01058. 

[5] Q. Xu, Y. Jin, F. Zheng, and J. Lu, “Exploitation of pomelo peel developing porous 
biochar by N, P co-doping and KOH activation for efficient CO2 adsorption,” Sep. Purif. 
Technol., vol. 324, p. 124595, Nov. 2023, doi: 10.1016/j.seppur.2023.124595. 

[6] H. M. Coromina, D. A. Walsh, and R. Mokaya, “Biomass-derived activated carbon 
with simultaneously enhanced CO2 uptake for both pre and post combustion capture 
applications,” J. Mater. Chem. A, vol. 4, no. 1, pp. 280–289, Dec. 2015, doi: 
10.1039/C5TA09202G. 

[7] C. W. Kwon, S. Tae, and S. Mandal, “Comparative Analysis of CO2 Adsorption 
Performance of Bamboo and Orange Peel Biochars,” Molecules, vol. 30, no. 7, p. 1607, Jan. 
2025, doi: 10.3390/molecules30071607. 

[8] W. Wu et al., “Nitrogen-doped porous carbon through K2CO3-activated bamboo 
shoot shell for an efficient CO2 adsorption,” Fuel, vol. 363, May 2024, doi: 
10.1016/j.fuel.2024.130937. 

[9] M. Thommes et al., “Physisorption of gases, with special reference to the 
evaluation of surface area and pore size distribution (IUPAC Technical Report),” Pure Appl. 
Chem., vol. 87, no. 9–10, pp. 1051–1069, Oct. 2015, doi: 10.1515/pac-2014-1117. 

[10] H. Weldekidan, H. Patel, A. Mohanty, and M. Misra, “Synthesis of porous and 
activated carbon from lemon peel waste for CO2 adsorption,” Carbon Capture Sci. Technol., 
vol. 10, p. 100149, Mar. 2024, doi: 10.1016/j.ccst.2023.100149. 

[11] Z. Tang, W. Xiong, W. Guo, H. Yuan, and Y. Li, “Experimental study on isothermal 
adsorption and desorption characteristics and influencing factors of transitional facies shale 
gas,” Sci. Rep., vol. 15, no. 1, p. 14233, Apr. 2025, doi: 10.1038/s41598-025-98450-w. 



370 
 

[12] M. Wang et al., “Mechanism of CO2 Adsorption on the Green Oxygen-Doped 
Hierarchical Biochar Activated by Dual Organic Salts,” Langmuir, vol. 42, no. 3, pp. 3050–
3062, Jan. 2026, doi: 10.1021/acs.langmuir.5c06122. 

[13] M. F. Vega, E. Díaz-Faes, and C. Barriocanal, “Kinetic and mechanistic study of CO2 
adsorption on activated hydrochars,” J. CO2 Util., vol. 81, p. 102716, Mar. 2024, doi: 
10.1016/j.jcou.2024.102716. 

[14] G. Huang, Y. Liu, X. Wu, and J. Cai, “Activated carbons prepared by the KOH 
activation of a hydrochar from garlic peel and their CO2 adsorption performance,” New 
Carbon Mater., vol. 34, no. 3, pp. 247–257, Jun. 2019, doi: 10.1016/S1872-5805(19)60014-
4. 

[15] W. Hao et al., “High-Performance Magnetic Activated Carbon from Solid Waste 
from Lignin Conversion Processes. 1. Their Use As Adsorbents for CO2,” ACS Sustain. Chem. 
Eng., vol. 5, no. 4, pp. 3087–3095, Apr. 2017, doi: 10.1021/acssuschemeng.6b02795. 

[16] A. I. Sultana, R. W. Cheatham, and M. T. Reza, “Deep eutectic solvent pretreatment 
alters surface morphology and functionality of activated hydrochar resulting in enhanced 
carbon dioxide capture,” J. CO2 Util., vol. 68, p. 102350, Feb. 2023, doi: 
10.1016/j.jcou.2022.102350. 

[17] M. Sevilla, W. Sangchoom, N. Balahmar, A. B. Fuertes, and R. Mokaya, “Highly 
Porous Renewable Carbons for Enhanced Storage of Energy-Related Gases (H2 and CO2) at 
High Pressures,” ACS Sustain. Chem. Eng., vol. 4, no. 9, p. 4710−4716, Sep. 2016, doi: 
10.1021/acssuschemeng.6b00809. 

[18] W. Sangchoom and R. Mokaya, “Valorization of Lignin Waste: Carbons from 
Hydrothermal Carbonization of Renewable Lignin as Superior Sorbents for CO2 and 
Hydrogen Storage,” ACS Sustain. Chem. Eng., vol. 3, no. 7, pp. 1658–1667, Jul. 2015, doi: 
10.1021/acssuschemeng.5b00351. 

[19] K. R. Deepak, S. Mohan, P. Dinesha, and R. Balasubramanian, “CO2 uptake by 
activated hydrochar derived from orange peel (Citrus reticulata): Influence of carbonization 
temperature,” J. Environ. Manage., vol. 342, p. 118350, Sep. 2023, doi: 
10.1016/j.jenvman.2023.118350. 

[20] S. Mohan, K. Ashwini, and P. Dinesha, “CO2 uptake on fruit wastes-derived 
activated hydrochars: systematic modeling of adsorption kinetics and isotherms,” Sci. Rep., 
vol. 16, no. 1, p. 205, Dec. 2025, doi: 10.1038/s41598-025-30726-7. 

[21] L. K. G. Bhatta, K. Venkatesh, K. N, S. K. Gundanna, and U. M. Bhatta, “Synthesis and 
characterization of activated carbon from Delonix regia seeds for CO2 adsorption,” Energy 
Clim. Change, vol. 2, p. 100064, Dec. 2021, doi: 10.1016/j.egycc.2021.100064. 

[22] A. Sarwar et al., “Synthesis and characterization of biomass-derived surface-
modified activated carbon for enhanced CO2 adsorption,” J. CO2 Util., vol. 46, p. 101476, 
Apr. 2021, doi: 10.1016/j.jcou.2021.101476. 

[23] X. Zhang et al., “Nitrogen enriched biochar modified by high temperature CO2–
ammonia treatment: Characterization and adsorption of CO2,” Chem. Eng. J., vol. 257, pp. 
20–27, Dec. 2014, doi: 10.1016/j.cej.2014.07.024. 



371 
 

[24] T. Guo et al., “Surface oxidation modification of nitrogen doping biochar for 
enhancing CO2 adsorption,” Ind. Crops Prod., vol. 206, p. 117582, Dec. 2023, doi: 
10.1016/j.indcrop.2023.117582. 

[25] C. Goel, S. Mohan, P. Dinesha, and M. A. Rosen, “CO2 adsorption by KOH-activated 
hydrochar derived from banana peel waste,” Chem. Pap., vol. 78, no. 6, pp. 3845–3856, 
Apr. 2024, doi: 10.1007/s11696-024-03355-z. 

[26] J. J. Manyà, D. García-Morcate, and B. González, “Adsorption Performance of 
Physically Activated Biochars for Postcombustion CO2 Capture from Dry and Humid Flue 
Gas,” Appl. Sci., vol. 10, no. 1, Jan. 2020, doi: 10.3390/app10010376. 

[27] J. Xu, J. Shi, H. Cui, N. Yan, and Y. Liu, “Preparation of nitrogen doped carbon from 
tree leaves as efficient CO2 adsorbent,” Chem. Phys. Lett., vol. 711, pp. 107–112, Nov. 2018, 
doi: 10.1016/j.cplett.2018.09.038. 

[28] S. Bao et al., “In situ growth of Ni/N co-doped carbon nanotubes in biochar to 
improve CO2 capture capacity,” Sep. Purif. Technol., vol. 379, p. 135030, Dec. 2025, doi: 
10.1016/j.seppur.2025.135030. 

[29] Z. Liu et al., “New strategy to prepare ultramicroporous carbon by ionic activation 
for superior CO2 capture,” Chem. Eng. J., vol. 337, pp. 290–299, Apr. 2018, doi: 
10.1016/j.cej.2017.11.184. 

[30] Ó. J. Fonseca-Bermúdez et al., “Cashew nut shell biomass: A source for high-
performance CO2/CH4 adsorption in activated carbon,” J. CO2 Util., vol. 83, p. 102799, May 
2024, doi: 10.1016/j.jcou.2024.102799. 

[31] W. Travis, S. Gadipelli, and Z. Guo, “Superior CO2 adsorption from waste coffee 
ground derived carbons,” RSC Adv., vol. 5, no. 37, pp. 29558–29562, Mar. 2015, doi: 
10.1039/C4RA13026J. 

[32] G. Singh, I. Y. Kim, K. S. Lakhi, P. Srivastava, R. Naidu, and A. Vinu, “Single step 
synthesis of activated bio-carbons with a high surface area and their excellent CO2 
adsorption capacity,” Carbon, vol. 116, pp. 448–455, May 2017, doi: 
10.1016/j.carbon.2017.02.015. 

[33] I. S. Ismail et al., “Oxygen functionalized porous activated biocarbons with high 
surface area derived from grape marc for enhanced capture of CO2 at elevated-pressure,” 
Carbon, vol. 160, pp. 113–124, Apr. 2020, doi: 10.1016/j.carbon.2020.01.008. 

[34] G. Singh, K. S. Lakhi, K. Ramadass, C. Sathish, and A. Vinu, “High-Performance 
Biomass-Derived Activated Porous Biocarbons for Combined Pre- and Post-Combustion CO2 
Capture,” ACS Sustain. Chem. Eng., vol. 7, no. 7, p. 7412−7420, Apr. 2019, doi: 
10.1021/acssuschemeng.9b00921. 

[35] M.-S. Lee, M. Park, H. Y. Kim, and S.-J. Park, “Effects of Microporosity and Surface 
Chemistry on Separation Performances of N-Containing Pitch-Based Activated Carbons for 
CO2/N2 Binary Mixture,” Sci. Rep., vol. 6, no. 1, p. 23224, Mar. 2016, doi: 
10.1038/srep23224. 

[36] A. Szczęśniak et al., “Analysis of Industrial Flue Gas Compositions and Their Impact 
on Molten Carbonate Fuel Cell Performance for CO2 Separation,” Sustainability, vol. 17, no. 
24, p. 11234, Dec. 2025, doi: 10.3390/su172411234. 



372 
 

[37] “Tri-reforming of Methane over Ni Catalysts for CO2 Conversion to Syngas With 
Desired H2/CO Ratios Using Flue Gas of Power Plants Without CO2 Separation,” in Studies 
in Surface Science and Catalysis, vol. 153, Elsevier, 2004, pp. 315–322. doi: 10.1016/S0167-
2991(04)80270-2. 

[38] Z. Chen, S. Deng, H. Wei, B. Wang, J. Huang, and G. Yu, “Activated carbons and 
amine-modified materials for carbon dioxide capture — a review,” Front. Environ. Sci. Eng., 
vol. 7, no. 3, pp. 326–340, Jun. 2013, doi: 10.1007/s11783-013-0510-7. 

[39] IECM, “Amine-based Post-Combustion CO2 Capture,” IECM, IECM Technical 
Documentation. 

[40] O. Akeeb, L. Wang, W. Xie, R. Davis, M. Alkasrawi, and S. Toan, “Post-combustion 
CO2 capture via a variety of temperature ranges and material adsorption process: A 
review,” J. Environ. Manage., vol. 313, p. 115026, Jul. 2022, doi: 
10.1016/j.jenvman.2022.115026. 

[41] A. S. González, M. G. Plaza, F. Rubiera, and C. Pevida, “Sustainable biomass-based 
carbon adsorbents for post-combustion CO2 capture,” Chem. Eng. J., vol. 230, pp. 456–465, 
Aug. 2013, doi: 10.1016/j.cej.2013.06.118. 

[42] W. Hao, E. Björkman, M. Lilliestråle, and N. Hedin, “Activated carbons prepared 
from hydrothermally carbonized waste biomass used as adsorbents for CO2,” Appl. Energy, 
vol. 112, pp. 526–532, Dec. 2013, doi: 10.1016/j.apenergy.2013.02.028. 

[43] J. J. Manyà, B. González, M. Azuara, and G. Arner, “Ultra-microporous adsorbents 
prepared from vine shoots-derived biochar with high CO2 uptake and CO2/N2 selectivity,” 
Chem. Eng. J., vol. 345, pp. 631–639, Aug. 2018, doi: 10.1016/j.cej.2018.01.092. 

[44] B. González and J. J. Manyà, “Activated olive mill waste-based hydrochars as 
selective adsorbents for CO2 capture under postcombustion conditions,” Chem. Eng. 
Process. - Process Intensif., vol. 149, p. 107830, Mar. 2020, doi: 10.1016/j.cep.2020.107830. 

[45] X. Liu, C. Sun, H. Liu, W. H. Tan, W. Wang, and C. Snape, “Developing hierarchically 
ultra-micro/mesoporous biocarbons for highly selective carbon dioxide adsorption,” Chem. 
Eng. J., vol. 361, pp. 199–208, Apr. 2019, doi: 10.1016/j.cej.2018.11.062. 

[46] N. Balahmar, A. C. Mitchell, and R. Mokaya, “Generalized Mechanochemical 
Synthesis of Biomass-Derived Sustainable Carbons for High Performance CO2 Storage,” Adv. 
Energy Mater., vol. 5, no. 22, p. 1500867, 2015, doi: 10.1002/aenm.201500867. 

[47] A. M. Aljumialy and R. Mokaya, “Porous carbons from sustainable sources and mild 
activation for targeted high-performance CO2 capture and storage,” Mater. Adv., vol. 1, no. 
9, p. 3267, Dec. 2020, doi: 10.1039/D0MA00449A. 

[48] J. Chen et al., “Enhanced CO2 Capture Capacity of Nitrogen-Doped Biomass-Derived 
Porous Carbons,” ACS Sustain. Chem. Eng., vol. 4, no. 3, pp. 1439–1445, Mar. 2016, doi: 
10.1021/acssuschemeng.5b01425. 

[49] U. Kamran, K. Y. Rhee, S.-Y. Lee, and S.-J. Park, “Solvent-free conversion of 
cucumber peels to N-doped microporous carbons for efficient CO2 capture performance,” 
J. Clean. Prod., vol. 369, p. 133367, Oct. 2022, doi: 10.1016/j.jclepro.2022.133367. 

[50] A. Wilczak and T. M. Keinath, “Kinetics of Sorption and Desorption of Copper(II) and 
Lead(II) on Activated Carbon,” Water Environ. Res., vol. 65, no. 3, pp. 238–244, 1993. 



373 
 

[51] H. J. Choi, M. Dincă, and J. R. Long, “Broadly Hysteretic H2 Adsorption in the 
Microporous Metal−Organic Framework Co(1,4-benzenedipyrazolate),” J. Am. Chem. Soc., 
vol. 130, no. 25, pp. 7848–7850, Jun. 2008, doi: 10.1021/ja8024092. 

[52] H. Qiu, L. Lv, B. Pan, Q. Zhang, W. Zhang, and Q. Zhang, “Critical review in 
adsorption kinetic models,” J. Zhejiang Univ.-Sci. A, vol. 10, no. 5, pp. 716–724, May 2009, 
doi: 10.1631/jzus.A0820524. 

[53] N. Chiron, R. Guilet, and E. Deydier, “Adsorption of Cu(II) and Pb(II) onto a grafted 
silica: isotherms and kinetic models,” Water Res., vol. 37, no. 13, pp. 3079–3086, Jul. 2003, 
doi: 10.1016/S0043-1354(03)00156-8. 

[54] A. J. Fletcher, Y. Uygur, and K. M. Thomas, “Role of Surface Functional Groups in the 
Adsorption Kinetics of Water Vapor on Microporous Activated Carbons,” J. Phys. Chem. C, 
vol. 111, no. 23, pp. 8349–8359, Jun. 2007, doi: 10.1021/jp070815v. 

[55] K. J. Shah and T. Imae, “Analytical investigation of specific adsorption kinetics of 
CO2 gas on dendrimer loaded in organoclays,” Chem. Eng. J., vol. 283, pp. 1366–1373, Jan. 
2016, doi: 10.1016/j.cej.2015.08.113. 

[56] D. O. Ojwang, J. Grins, and G. Svensson, “The adsorption kinetics of CO2 on copper 
hexacyanoferrate studied by thermogravimetric analysis,” Microporous Mesoporous 
Mater., vol. 272, pp. 70–78, Dec. 2018, doi: 10.1016/j.micromeso.2018.06.019. 

[57] N. Subedi et al., “Aerosol processing technique for the synthesis of mixed-phase 
copper on carbon catalyst: insights into CO2 adsorption and photocatalytic activity,” 
Nanotechnology, vol. 33, no. 49, p. 495601, Sep. 2022, doi: 10.1088/1361-6528/ac8d9a. 

[58] ODIRA VANATIUS ATUEYI, “CHARACTERISATION OF TORREFIED  CARBON FOR 
CARBON DIOXIDE CAPTURE AND COFIRING APPLICATION,” Doctoral Thesis, University of 
Strathclyde, Glasgow, 2020. doi: 10.48730/pgn5-sf52. 

[59] S.-H. Liu and Y.-Y. Huang, “Valorization of coffee grounds to biochar-derived 
adsorbents for CO2 adsorption,” J. Clean. Prod., vol. 175, pp. 354–360, Feb. 2018, doi: 
10.1016/j.jclepro.2017.12.076. 

[60] Y. Ji, C. Zhang, X. J. Zhang, P. F. Xie, C. Wu, and L. Jiang, “A high adsorption capacity 
bamboo biochar for CO2 capture for low temperature heat utilization,” Sep. Purif. Technol., 
vol. 293, p. 121131, Jul. 2022, doi: 10.1016/j.seppur.2022.121131. 

[61] J. Serafin, M. Ouzzine, C. Xing, H. El Ouahabi, A. Kamińska, and J. Sreńscek-Nazzal, 
“Activated carbons from the Amazonian biomass andiroba shells applied as a CO2 
adsorbent and a cheap semiconductor material,” J. CO2 Util., vol. 62, p. 102071, Aug. 2022, 
doi: 10.1016/j.jcou.2022.102071. 

[62] K. Li et al., “Renewable biochar derived from mixed sewage sludge and pine 
sawdust for carbon dioxide capture,” Environ. Pollut., vol. 306, p. 119399, Aug. 2022, doi: 
10.1016/j.envpol.2022.119399. 

 

 



374 
 

8 Conclusions and Future Work  

This chapter provides a summary of the research work carried out in this thesis, aiming to 

contextualise it within the current research landscape. It highlights the main achievements 

of the study, from the production of nitrogen-doped biochar and hydrochar using waste 

streams, addresses their capabilities in the field of CO2 adsorption, and emphasises the 

circular economy credentials of these materials. Areas that could be investigated in more 

depth through future studies are proposed, and experiments that could have further 

complemented the body of work are highlighted.  

8.1 Conclusions 

The persistent, high volumes of industrial CO2 emissions are the primary driver of climate 

change worldwide and, as such, it is key that research is carried out into technologies that 

can be utilised to curtail, and ultimately reduce, these emissions. A potential solution to this 

problem is the use of solid adsorbents in post-combustion carbon capture systems; it is, 

however, vital that these adsorbent materials perform effectively under typical flue gas 

conditions, and that they can be scaled to industrial levels. Additionally, the synthesis process 

for these materials should aim to be as sustainable and low cost as possible, and meet with 

circular economy principles.  

This work focussed on a comparison of biochar and hydrochar sorbent materials produced 

from orange and mandarin peels, with and without the incorporation of nitrogen doping, 

using urea. These materials were synthesised and activated using CO2, before undergoing 

chemical and textural characterisation, and subsequent testing for their CO2 adsorption 

capabilities under conditions analogous to industrial flue gas streams. A Design of 

Experiments (DoE) process, including surface response methodology, was utilised to optimise 

the development of these materials and tailor them towards capture of CO2 molecules. 
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Specific attention was given to porosity development and nitrogen doping, as these factors 

have been highlighted in the literature as vital to enhancing CO2 adsorption.  

Focusing on the biochar synthesis route, which was a one-step processing route, combining 

pyrolysis and activation; a screening design was carried out to assess the impact of four 

process parameters on three chosen responses: yield, microporous surface area (informed 

via N2 sorption isotherms), and carbon content. Pyrolysis temperature, pyrolysis residence 

time, and peel type were all found to be influential in at least one of the responses, while 

CO2 activating gas flow rate was not a significant factor. A subsequent optimisation design 

tested these three influential factors at a wider range and at multiple levels, allowing the 

development of optimisation models, which were used to produce six optimal biochars 

(three for each peel type) in order to maximise each response. The models for yield and 

carbon content were experimentally validated with acceptable predictions. However, the 

model for micropore area was not successfully validated, and consequently produced 

materials with lower microporosity than predicted. This was possibly due to the range of 

tested pyrolysis temperature and pyrolysis residence time values being too wide to 

accurately define an optimal point.  

Nitrogen doping of the biochars was confirmed to be successful through elemental and 

surface chemical analysis (Fourier transform infrared spectroscopy and X-ray photoelectron 

spectroscopy). Textural porosity analysis evidenced the development of structured pore 

networks in samples produced at high temperatures, and confirmed the creation of 

micropores through CO2 activation. Scanning electron microscopy was also helpful in 

identifying the development of larger mesopores. The doped sample with highest surface 

area produced during the optimisation phase, i.e. OBC 800-3-M, was found to have a N2 

calculated surface area of 355 m2/g, of which 86 % was attributable to micropores. 
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Nonetheless, the sample with the largest surface area was BC Control Mandarin, which had 

been produced as a control sample that was not subject to nitrogen doping; this sample 

displayed a N2 calculated surface area of 436 m2/g, with 82 % of this attributable to 

micropores. The samples produced to obtain optimal micropore areas displayed low N2 

surface areas of only 61 m2/g (OPB Micropore Orange) and 0 m2/g (OPB Micropore 

Mandarin). In terms of peel types, neither orange or mandarin peels were seen to be 

consistently superior in the production of porous biochars. However, it is key to acknowledge 

the limitations of N2 as a probe gas for the determination of microporosity. Fortunately, 

within the timeframe of the study, equipment became latterly accessible that allowed for 

volumetric CO2 sorption experiments to be carried out. Initial testing of the high surface area 

biochar samples via this method indicated increased microporosity compared to the results 

from N2 adsorption, therefore, CO2 sorption was used for future characterisation of 

hydrochars.  

The production of hydrochars was carried out using a two-step process of hydrothermal 

carbonisation (HTC) followed by CO2 activation. A similar screening design was utilised to 

investigate four hydrochar synthesis parameters, and their effect on the same three 

responses of yield, microporous surface area (now informed via CO2 sorption isotherms), and 

carbon content. HTC temperature, activation temperature, and peel type were all 

ascertained to be influential with respect to at least one of the responses, while HTC 

residence time was not deemed to be statistically significant. Once again, an optimisation 

design tested the three influential parameters at a wider range and optimisation models 

were created in the same manner as previously undertaken for the biochar samples. These 

models were then tested experimentally, resulting in the synthesis of six optimal hydrochars. 

The results for optimal micropore area samples were very close to the predicted values: 

351 m2/g actual vs 363 m2/g as predicted for OPH Micropore Orange, and 372 m2/g actual vs 
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381 m2/g as predicted for OPH Micropore Mandarin. However, this was likely due to the 

narrow range of activation temperatures tested, as the models had an R2-pred of 0 %, which 

meant they had no prediction power; thus, the micropore area models could not be 

experimentally validated. The carbon content models resulted in both OPH Carbon Orange 

and OPH Carbon Mandarin displaying elemental carbon content’s that were approximately 

5 % higher than model predictions. The yield models were less accurate, as the two samples 

produced experimentally, OPH Yield Orange and OPH Yield Mandarin, also outperformed the 

model, reporting yields approximately 22 % higher than the predicted values.   

Hydrochar characterisation verified successful nitrogen doping, based on elemental and 

surface chemical analysis, although the elemental nitrogen content was lower for the 

hydrochars than it had been for the biochars. This was possibly due to different pre-

treatment methods between the biochar and hydrochar synthesis routes, or different 

reaction pathways occurring in the pyrolysis and HTC steps in each process. In a similar 

contrast to the biochars, the majority of hydrochars were found to be non-porous, when 

analysed using N2 adsorption techniques; the subsequent use of CO2 adsorption techniques 

revealed an abundance of ultramicropores, which were not accessible to N2 molecules 

at -196 °C. Sample OHC 180-M-800 was seen to have the highest CO2 calculated micropore 

surface area of 407 m2/g. Meanwhile, the hydrochar control samples produced with no 

nitrogen doping displayed high porosity accessible via both N2 and CO2 adsorption 

techniques; the HC Control Orange sample was reported to have a N2 calculated surface area 

of 394 m2/g, and CO2 calculated micropore area of 486 m2/g. This raised the possibility that 

urea inclusion caused a change in reaction pathways during the hydrothermal carbonisation 

process, which inhibited the formation of well-developed pore networks, primarily resulting 

in the creation of micropores. Mandarin derived hydrochars were also seen to have slightly 

higher micropore areas on average than their orange derived counterparts; this could be a 
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result of compositional differences between the feedstock materials but further investigation 

is required.  

A selection of the highest surface area biochar and hydrochar samples were tested for their 

CO2 adsorption performance using a gravimetric adsorption system at temperatures of 0, 30 

and 60 °C, in the pressure range 0 – 19.5 bar. Sample BC Control Mandarin was seen to be 

the best performing adsorbent, showing CO2 capacities of 3.34 mmol/g (1 bar) and 

7.04 mmol/g (19.5 bar), at 0 °C. The presence of ultramicropores was seen to be the most 

important characteristic for CO2 adsorption at low pressure (below 1 bar), while total pore 

volume was more imperative for successful adsorption at higher pressures (5 – 19.5 bar). The 

presence of nitrogen-containing functionalities upon the doped samples was not found to 

give any notable increase in CO2 adsorption capacity for either biochars or hydrochars; this 

is notable, as much of the literature in this area of study states that the inclusion of these 

nitrogen-containing functionalities leads to an increase in CO2 adsorption through enhanced 

interactions with nitrogen-containing moieties. It is important to highlight this finding, as it 

is significant to recognise that nitrogen doping should not be seen as a definitive method for 

improving the adsorption capacity of porous chars; instead, its impact can be varied 

depending on the chosen precursor material, and applied synthesis process. The isotherms 

collected for each of the ten samples best fit a Dual Site Langmuir adsorption isotherm model, 

which is indicative of surface heterogeneity within the materials. The samples displayed a 

range of heats of adsorption, in the range 25 – 52 kJ/mol, which suggests physisorption is the 

dominant adsorption mechanism, and a general trend of decreasing heat of adsorption as 

CO2 uptake increases offers further evidence of surface heterogeneity. A double exponential 

kinetic model was used to describe the kinetic data for each sample, indicating that there 

were two rate-determining steps in the adsorption process. These could describe kinetics 

limited by pore diffusion effects (slow rate due to diffusion into pores and fast rate once 
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inside them) or by the heterogenous nature of the surface of the chars (slow rate due to 

adsorption onto less favourable sites and fast rate of adsorption onto more favourable sites). 

Finally, the samples with the highest CO2 capacity were tested for their cyclic adsorption 

properties. The HC Control Orange sample presented the highest CO2 working capacity of 

1.06 mmol/g in the range of 0.05 – 1 bar, at 60 °C. It was notable that the biochars tested in 

this manner required around 10 cycles to reach stability, while the hydrochar materials 

reached steady working capacity almost immediately. Over the course of 30 cycles, all 

samples tested showed negligible capacity loss, which is favourable in terms of their 

suitability for CO2 capture applications.  

In reference to the aims of the thesis, presented in Chapter 2, it can be said that the majority 

of those set out have now been achieved. The production of nitrogen-doped biochars and 

hydrochars was successfully carried out using urea as doping agent and CO2 as an activating 

agent. Material characterisation was then carried out for each of the produced chars, and 

these results were analysed to provide an assessment of the process conditions and 

parameters. These results were also used to inform the DoE methodology which was in turn 

utilised to tailor the synthesis of each char type. Optimisation models were produced from 

each DoE in an attempt to maximise the CO2 adsorption performance of the chars; this gave 

mixed results in terms of response optimisation, but did not ultimately produce the most 

superior materials in the study. Testing CO2 adsorption for a selection of the produced 

materials resulted in a non-doped control sample, BC Control Mandarin, displaying the 

highest CO2 capacity in the study under conditions analogous to industrial flue gas streams, 

and at higher pressures up to 19.5 bar. The optimisation process of peel-derived chars doped 

with urea was carried out, but ultimately the inclusion of nitrogen-containing functionalities 

within the char did not lead to an improvement in CO2 adsorption; this conflicts with previous 

studies in the literature. As a consequence, the results presented in this study should serve 
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to highlight that the use of nitrogen doping does not guarantee an increase in the adsorption 

capacity of the final sorbent material.  

When comparing between the two feedstock materials, and the two synthesis routes, no one 

factor is overall superior. The difference in CO2 adsorption capacity between orange derived 

and mandarin derived chars was not significantly different. Similarly, the CO2 capacities of 

the tested biochars and hydrochars fall within the same approximate range for each set of 

tested conditions. The cumulative characterisation and CO2 adsorption testing of the 

synthesised biochar and hydrochar materials presented here demonstrates the suitability of 

these materials for use in the field of carbon capture, and sets out foundations for the future 

use of these sorbents in industrial applications. This work has successfully valorised a waste 

biomass stream, specifically within carbonaceous char materials for CO2 capture, in line with 

circular economy principles. Collectively, the process has contributed new materials and 

insights to the field of sustainable engineering. 

8.2 Future Work  

This project has presented a detailed study into two carbonaceous char production process 

routes, including characterisation of the materials and proof of their applicability to CO2 

adsorption applications. However, in order to drive innovation and development of 

sustainable materials for use in carbon capture to achieve set environmental goals, research 

into the field of solid adsorbents must continue. Some areas for consideration in related 

future studies are, therefore, proposed below.  

Although the impact of four process parameters were investigated for each synthesis route 

in this study, there remain other factors that could be varied to measure their impact on char 

characteristics. Examples of these include pyrolysis/HTC ramp rate, initial feedstock particle 

size, feedstock variation (different species of orange and mandarin peel), pressurised 
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carbonisation, and ratio of doping agent (urea) to feedstock. For hydrochar synthesis, the 

ratio of feedstock to solution, and autoclave filling ratio are factors that require further 

research. This study does not claim to be exhaustive in regards to its conclusions around all 

synthesis process factors, however, findings presented here are clearly foundational for 

future work with the same feedstock.  

When using biomass as a feedstock for these types of processes, it is common for issues to 

arise surrounding the storage and subsequent aging of both the feedstock and the produced 

materials. In future, it would be interesting to examine the effect of precursor material aging 

on the final char product, and similarly, the effect that aging has on the char over a defined 

time period. A possible experiment could be using the same batch of feedstock to produce 

char samples at identical conditions but a defined period of time apart, and testing the 

produced chars at several time points to monitor the change in characteristics and capacity. 

This is a topic that is important to address for all biological based feedstocks.  

In general, there are many aspects of the experimental design that could be altered to 

examine other aspects of char production or application. The optimisation process followed 

in this study can be applied to different feedstocks, if more suitable precursor materials are 

identified. Alternatively, different nitrogen doping agents could be introduced to the process, 

providing they match with the environmentally-conscious design goals of the project, as 

literature heavily suggests nitrogen doping results in performance enhancement through 

provision of favourable binding sites. The use of nitrogen rich precursors could be 

implemented to avoid the need for a doping agent entirely. In terms of application of the 

chars already mapped in this work, preliminary testing could also be carried out in other 

areas, such as water remediation, to identify other potential uses. Similarly, any changes to 

the synthesis process could lead to modifications in porosity or surface functionalities, which 
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would, in turn, present opportunities to target other pollutant molecules, in either gaseous 

or liquid phase sorption.  

To ensure accuracy in the models produced through DoE statistical analysis, it is important 

to carry out replicate experiments in order to increase precision within the analysis. Due to 

the large numbers of both biochars and hydrochars synthesised in this study, it was not 

possible to produce many replicate samples and fully characterise them. In future it would 

be beneficial to repeat syntheses and characterise the samples, which would reduce the 

standard error in measurements and enable more accurate modelling of the significant 

factors in the process(es). This, in turn, would lead to an increase in the prediction accuracy 

of the optimisation models. Similarly, replication of centre points in the optimisation designs 

would allow for confirmation of process stability and provide an inherent test for curvature 

in the processes being examined. The utilisation of Multi-Response Surface Optimisation 

would allow for the three chosen responses to be optimised in an individual model, 

producing one optimal sample; thus, if successful, this could result in the production of a 

highly microporous char with both high elemental carbon content, and a suitable yield that 

would be more amenable for process scale up studies. The need for high elemental carbon 

contents is especially important, as this maximises the carbon that is stored within the 

carbonaceous char materials, thus, reducing associated emissions from waste degradation.  

As the ability to carry out volumetric CO2 adsorption was not available during the biochar 

DoE study, it would be interesting to assess the significance of process factors in relation to 

the microporous characteristics derived from CO2 data rather than the microporous surface 

area measured via N2 adsorption as has been done. This may result in a more precise and 

appropriate optimisation model for the biochar synthesis process being produced.  
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This study has measured CO2 adsorption capacity at temperatures equivalent to those of flue 

gas emissions streams; however, to achieve more industrially applicable results, it would be 

more appropriate to also test adsorption at this temperature and with a mixed gas stream of 

comparable CO2 concentration. As CO2 is commonly found at approximately 15 vol% in flue 

gas streams, a mixed stream containing CO2 and the balance of N2 would give more realistic 

adsorption predictions and allow for determination of the materials selectivity for CO2 over 

N2. Additionally, the inclusion of water vapour and trace contaminants would bring more 

accurate representation of practical scenarios; note that these are complex experiments to 

undertake and required specialised equipment. Cyclic adsorption could be examined further 

by performing lengthier cycling, allowing determination of long-term stability under relevant 

process conditions, and the subsequent reusability of the samples. Furthermore, packed 

bed/column setups could be utilised for adsorption experiments to simulate the technology 

used in post-combustion carbon capture systems.  

If these tests were successful, the next stage would be to consider scale up of the synthesis 

process. The choice of reactor for production at scale should be examined, and testing of 

different configurations may be required, such as a move towards a vertical reactor, which 

could provide more equal exposure to CO2 activating gas, and thus, enhanced mass transfer. 

This, in turn, may require additional characterisation to ensure consistency in the char 

properties. Choices, such as plant location, would require detailed planning to ensure close 

proximity to a reliable source of raw peel feedstock; this would be essential in order to 

minimise transport emissions. Additionally, the pre-processing of the peels at an industrial 

scale would require important consideration, including issues such as the size of equipment 

required, how to maintain feedstock consistency being fed to the process, and how to avoid 

biological degradation of the raw peels. Testing the chars in breakthrough systems for 

multicomponent gases, including contaminants, would also be an important next step to 



384 
 

carry out in assessing their capability in industrial systems. Similarly, methods for sorbent 

regeneration would require rigorous experimentation and study to ensure that the most 

environmental and energy efficient method was utilised. This would be a vital factor to 

consider, as the level of regeneration that can be achieved will ultimately define the 

maximum capacity that the char materials can provide in the final CO2 capture system. To 

determine the true environmental impact of the production process of these adsorbent 

materials, a Life Cycle Assessment and accompanying Techno-Economic Assessment could 

be carried out. This would examine the energy and economic cost of production of the char 

materials in-depth, the net-environmental impact, and the feasibility of scaling the process 

up to an industrial level. This would also allow for more rigorous comparison with current 

industrial post-combustion carbon capture techniques, and more precise definition of the 

circular economy, and sustainable engineering credentials, of this work. 
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Appendices   

Appendix A: Literature Findings of Biochar and Hydrochar Production 

Parameters 

Appendix Table A.1 and Appendix Table A.2 present an overview of literature studies that 

have produced biochar and hydrochar materials respectively.  
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Note: if data was not provided by study, then it is marked by ‘-‘ in the table.  

Appendix Table A.1: Previous Literature Studies That Have Produced Biochar Materials 

Feedstock Pyrolysis 
Temperature 
(°C) 

Pyrolysis 
Time (h) 

Pyrolysis 
Ramp Rate 
(°C/min) 

Nitrogen Doping 
(With Focus On 
Urea) 

N2 Flowrate 
(mL/min) 

Further Activation Ref. 

Camphor 
Leaves 

500 2 - No - Chemically activated with 
KOH 

[167] 

Celtuce 
Leaves 

600 - - No - Chemically activated with 
KOH 

[168] 

Garlic Skin 600 2 5 No - Chemically activated with 
KOH 

[237] 

P. nigra Wood 
and Cellulose 
Fibres 

480, 600 and 
700 

 5 No - No [165] 

Potassium 
Citrate 

700, 750, 
800 and 900 
(after freeze 
drying) 

2 3 8 g of urea 
dissolved in 60 mL 
water along with 
feed 

- No  [238] 

Medulla 
tetrapanacis 

70 2 - 1:1 and 2:1 mass 
ratios of urea to 
feed 

- No, but NaHCO3 included 
in mixture 

[239] 

Litchi Branch 400, 600 and 
800 

1.5  10 1:1 mass ratio of 
urea to feed 

400 No, but NaHCO3 included 
in mixture 

[240] 

Bamboo 700 2 10 0, 1 and 4:1 ratios 
of urea to feed  

400  No but KHCO3 included in 
the mixture 

[241] 

Corn Stalk 500, 600 and 
700 

2  10 2:1 mass ratio of 
urea to feed  

400  No but NaHCO3 included 
in the mixture 

[242] 
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Cocoa Shell 400 and 700 2  10 3:1:1 mass ratio 
of 
feed:urea:NaHCO3 
was used 

400  No but NaHCO3 included 
in mixture 

[243] 

Coconut 
Shells 

145, 600 and 
700 

6 5 Urea, but quantity 
not specified 

- Partial carbonization, 
followed by activation 
with ionic KOH and finally 
pyrolysis 

[244] 

Rice Straw 700 2  5 6 g of urea with 
5 g of feed, and 
FeCl3.6H2O also 
included 

- No [245] 

Stillage 
(waste from 
winery) 

600 and 900 1  10 Urea phosphate, 
ammonia 
phosphate and 
ammonia 
polyphosphate, 
each tested at 1:1 
mass ratio 

- No [246] 

Sugarcane 
Bagasse 

600 0.5  10 Urea solution, at 
5, 10, 15, 20 and 
25 wt% urea 

- Chemical activation with 
KOH 

[132] 

Sawdust 600 – 900 2  - Urea phosphate, 
at 0.5, 1 and 2:1 
mass ratios of 
UP:feed 

150 No [175] 

Microalgae 
Powders 

800 0.333  - 1:1 mass ratio of 
urea to char after 
intial step 

250  Chemical activation with 
KOH 

[247] 
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Orange Peel 
Wastes after 
Oil Extraction 

550 1  10 No 20  Physical with CO2 – 
800 °C, assumed 
20 mL/min, with mix of 
CO2:N2 of 1:2. 

[184] 

Whitewood 500 1 second - No - Activation with CO2, 
steam and KOH all carried 
out. 
CO2 – heated to 890 °C at 
3 °C/min, CO2 flow of 130 
mL/min, for 1.2 h 

[248] 

Olive Pomace 500 0.25  10 No 100  Chemical activation with 
K2CO3, physical activation 
with steam, and a 
combination of both. 

[249] 

Cherry Stones 750, 790, 
850, 909 and 
950 

Not stated – 
duration was 
based on 
targeted 
yield 

10, 12, 15, 
18 and 20 

No Single stage under 
CO2 – 100 mL/min 
 

No [229] 

Corncob, 
Grape Seeds 
and Birch 

700 1  283 No Argon – 10 mL/min Physical activation with 
steam 

[250] 

Elm, Fir and 
Bamboo 
Forest Waste 

500 0.5 10 No 300 CaO included in pyrolysis 
stage 

[251] 

Eucalyptus 
Woodchip 

400 1  25 No 100 Physical activation with 
CO2 – 100 mL/min 
flowrate, 600-900 °C, and 
between 1-5 h 

[228] 
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Pine Sawdust 550 2  7 No - Some physically activated 
BC were produced using 
steam 

[252] 

Pine Bark 250, 300, 
350, 500, 
600, 700, 
750 and 850 

1  0.1, 0.5, 10 
and 5 

No 100 Physical activation with 
steam and CO2 – for CO2 
flowrate of 100 mL/min 
used, 0.5 h, 500, 700 and 
850 °C with rate of 
20 °C/min. 
Chemical activation also 
carried out with KOH 

[253] 

Orange Peels 700  2  - No - Chemically activated with 
KOH 

[185] 

Orange Peels 450-550  - 10 No 400  Chemically activated with 
ZnCl and H3PO4 

[186] 

Orange and 
Lemon Peels 

600  3  - No - Chemically activated with 
H3PO4 

[187] 

Orange Peels 700  - - No 150  Char mixed with K2CO3 
pellets and activated in a 
microwave method 

[188] 

Passion Fruit 
Peel 

450  0.5  - No - Chemically activated with 
potassium oxalate 
monohydrate and EDA at 
700 °C 

[254] 

Alpha-d-
glucose, 
Defatted Soya 
Flour and 
Microalgae 

750-800  1  3  No - One-pot – mixed with 
potassium oxalate 
monohydrate and 
calcium carbonate 
nanoparticles 

[255] 
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Camphor Seed 
Husks 

600-800  1  5  No - Mixed with 
hydroxylamine 
hydrochloride prior to 
pyrolysis 

[256] 

Alkali Lignin 750 3  - No - Washed with acid.  
 

[257] 

Hairy Crab 
Shell 

500  1  10  No 200 Chemically activated with 
KOH at 600-900 °C 

[258] 

Pine Wood 
Sawdust 

500-700  0.333 - No 60 No  [259] 

Coconut 
Shells 

800 - - No - Chemically activated with 
KOH and NaOH 

[260] 

Cucumber 
Peels 

700 2 - No 200 Chemically activated with 
KOH and melamine 

[68] 

Solid 
Digestate 

600 1 10 No - Chemically activated with 
H3PO4 

[261] 

Pine Nut 
Shells 

500 1.5 5 No 200 Chemically activated with 
KOH 

[169] 

Palm Oil 
Residue 

650 1 10 No - Physically activated with 
CO2 (900 °C, 6.5 – 18.8 h, 
12 mL/min) 
Chemically activated with 
NaOH (700 °C, 1 h)  

[262] 

Soybean 
Straw 

500 - - No 400 Physically activated with 
CO2, NH3 and a mixture of 
both (500 – 900 °C, 0.5 h, 
500 mL/min) 
 
 

[174] 
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Sargassum 
and 
Enteromorpha 
Seaweed 

400, 600 and 
800 

2 - No - Chemically activated with 
KOH 

[263] 
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Appendix Table A.2: Previous Literature Studies That Have Produced Hydrochar Materials 

Feedstock HTC Temp 
(°C) 

HTC 
Time 
(h) 

HTC 
Ramp 
Rate 
(°C/min) 

Ratio of 
Feed:Water 

Dry or 
Wet 
Feed 

Nitrogen Doping (With 
Focus On Urea) 

Further 
Activation 

Ref. 

Jujun Grass and 
Camellia japonica 

250 2  - - Dry No Chemically with 
KOH 

[164] 

Olives Stones 220 16  - 30-50 wt% of dry 
olives, balance 
made up by water 

Dry Doped with ammonium 
sulphate 

Chemically 
activated with 3 
activating agents  

[27] 

Sugar Cane Biomass 220 12, 24, 
36 and 
48  

10 0.5 g of feed and 
20 mL of water 

Dry No Chemical with 
KOH 

[103] 

Acrylic Acid 190 14  - 1, 5 and 10 wt% 
acid added to 60 
mL of 0.1 g/mL 
glucose solution 

- No Chemically 
activated with 
KOH 

[264] 

Silver Fir Sawdust 200 0 and 
2  

- 7:1 ratio of water 
to biomass 

Dry No Chemically 
activated with 
KOH 

[100] 

Sargassum horneri 180 2  - 10 g feed to 40 mL 
water 

Dry Doped with ammonium 
iron (II) sulfate 
hexahydrate 

Chemically 
activated with 
KOH 

[57] 

Orange Peels 240 2  - 6 g feed and 60 mL 
water 

Dry Doped with melamine Chemically 
activated with 
K2C2O4 

[130] 

Cocoa Shell Powder 240 24 - 1 g of feed and 10 
mL of water 

Dry No Doped with 
APTES  

[265] 
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Corncob 230 8  - 12 g feed to 120 
mL water 

Dry No Chemically 
activated with 3 
activating agents 

[162] 

Eucalyptus Sawdust, 
Potato Starch and 
Cellulose 

250 2  -  320 g/L of feed in 
water 

Dry Doped with melamine Chemically 
activated with 
KOH 

[60]  

Orange Peel 210 2  - 15 g feed and 120 
mL of 10 wt% urea 
solution 

Dry Yes – 10 wt% solution 
of urea 

Chemically 
activated using 
KOH 

[214] 

Glucose Solution 190 18  - 10 wt% glucose 
solution 

- No Chemically 
activated using 
KOH 

[266] 

Garlic Peel 200 24  - 1 g of feed and 60 
mL of 1 wt% acid 
solution 

Dry No Carbonised at 
400°C, 2 hours, 
4°C/min ramp 
rate, N2 flow. 
Then chemically 
with KOH 

[31] 

Glucose 200 5  - 5 g feed and 20 mL 
water 

Dry Yes, up to 3 g of urea 
used in activation stage 

Chemically 
activated with 
KHCO3 

[267] 

Loblolly Pine 260 0.5  -  Dry Yes, choline chloride: 
urea (ChCl/urea) 
solution used (mole 
ratio of 1:2) 

Chemically 
activated with 
KOH at 800°C 

[268] 

Algae and glucose mix 200 24  - Microalgae:glucose 
of 1.5 

- No, but N-doped as 
microalgae has high N 
content 

Chemically 
activated with 
KOH at 650-
750 °C 

[269] 
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Lignin 300 – 390 - -  - No Chemically 
activated with 
KOH at 600-
900 °C 

[270] 

Polyacrylonitrile fiber 180 20  - - - Ammonium sulfide 
used to dope 

Chemically 
activated using 
KOH at 550-
650 °C 

[271] 

Lemon peel waste  180 1  - - - No Chemically 
activated using 
KOH, and KOH + 
alum at 800 °C 

[54] 

D-glucose  180 12  - - - Yes, urea mixed with 
HC then carbonised at 
350 °C 

Chemically 
activated with 
K2CO3 at 600-
700 °C 

[131] 

D-glucose 180 12  - - - Yes, 1:1 ratio of 
urea:feed before HTC 

Chemically 
activated with 
KOH at 600-
700 °C 

[272] 

Banana peel 180-220 3  - 4 g of peel to 60 mL 
of water 

- No Chemically 
activated with 
KOH at 600-
700 °C 

[273] 

Microcrystalline 
cellulose 

200 12 - 48  - 2 g of feed and 40 
mL of water 

- No Chemically 
activated using 
NaOH or KOH at 
600 °C 

[177] 
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Banana pseudo-stem 120-280 0.09 - 20 g of feed and 
300 mL of water 

- No Chemically 
activated with 
KOH at 700 °C 

[274] 

Cotton straw 240 4  - - - No Chemically 
activated with 
potassium and 
calcium 
carbonate at 
900 °C 

[275] 

Aqueous glucose 
solution 

195 3  - - - No Freeze dried then 
chemically 
activated with 
potassium 
bicarbonate at 
750-800 °C 

[276] 

Tea waste 200 10  - 10 g feed and 80 
mL water 

- No Physical 
activation at 
700 °C under N2. 
Chemical 
activation with 
potassium 
bicarbonate at 
700°C 

[277] 

Lotus stalks 200 5  - 6 g of feed with 50 
mL of water  

- Yes, 6 g of urea with 6 g 
of feed pre-HTC 

Chemically 
activated with 
potassium 
bicarbonate at 
800 °C.  

[278] 

Alpha-glucose 220 4  - 1g feed to 10 mL 
water 

- No Some samples 
were produced 

[279] 
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with aluminium 
chloride added 
to the mixture 
before HTC. 
Chemically 
activated with 
potassium 
carbonate and 
bicarbonate at 
650 °C.  

Cattail (after anaerobic 
digestion) 

250 4  - 3 g of feed to 50 
mL water 

- No Chemically 
activated with 
sodium 
carbonate, 
bicarbonate and 
chloride at 
900 °C 

[280] 

Bamboo powder 200 24  - 40 g of feed to 160 
mL of HCl 

- No Chemically 
activated with 
sodium 
bicarbonate and 
maleic anhydride 
at 140 °C. 

[281] 

Moso bamboo 180-260 1  - 100 g of feed to 1 L 
of potassium 
permanganate 

- No - [282] 

D-glucose 180 12 - 28 g of feed to 100 
mL water 

- No Some HC’s made 
with acrylic acid 
or vinyl sulfonic 
acid. 

[283] 
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HC’s then mixed 
with solutions of 
potassium/sodiu
m carbonate or 
hydroxide and 
dried (no 
heating) 

Microalgae 222 0.37 - 200 g feed to 1 L of 
water and 
methanol mix 

- No Chemically 
activated with 
KOH at 525-
825 °C 

[284] 

PVC pipes 220-280 1  - 16 g feed and 400 
mL water 

- No Chemically 
activated with 
KOH at 600-
800 °C 

[285] 

Orange peels 150 3  - 5 g feed to 50 mL 
of phosphoric acid 

- No Chemically 
activated with 
potassium 
carbonate at 
100 °C 

[216] 

Sugarcane bagasse 220 12-48  - 0.5 g of feed to 20 
mL water 

Dry No Chemically 
activated with 
KOH at 800 °C 

[103] 

Camphor leaves and 
camellia leaves 

180-300 5  5  3 g feed and 60 mL 
water 

Dry No Chemically 
activated at 
800 °C 

[102] 

Poplar and spruce 
wood 

180-220 1.5  - 10g feed and 40 mL 
of water 

Dry No Chemically 
activated with 
KOH at 800 °C 

[286] 
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Sucrose 180 24  - Diff solution conc.’s Wet No Chemically 
activated with 
KOH at 750 °C 

[287] 

Sawdust and 
Polypyrrole 

250  2  - 6.4 g feed with 20 
mL water 

Dry No Chemically 
activated with 
potassium 
oxalate at 600-
900 °C 

[288] 

Glucosamine 
hydrochloride 

200 6  - 5 g feed in 50 mL 
water 

- No Chemically 
activated with 
caesium 
bicarbonate at 
700-800 °C 

[289], 
[290] 

Loblolly pine 180-260 0.5  5  1:10 of feed to 
water 

Dry No Chemically 
activated with 
KOH at 800 °C 

[291] 

Microalgae 160 0.17-1 - 1 g of feed, 10 mL 
of water and some 
DES 

- No Choline chloride 
and formic acid 
used to make 
DES.  
Chemically 
activated with 
KOH at 500-
800 °C 

[292] 

Sewage sludge 200-210 3  - Mix Wet No Chemically 
activated with 
KOH at 550-
750 °C 

[293] 
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Loblolly pine 200-260 0.5  - 20 g feed and 200 
mL water 

Dry Yes, one had urea with 
choline chloride 

Physically 
activated at 
600 °C. 
Chemically 
activated with 
DES after 
physical 
activation 

[101] 

Orange peel 180-220 3  - 1:15 ratio of 
feed:water 

Dry No Chemically 
activated with 
KOH at 700 °C 

[171] 

Glucose 200 6  - 5 g feed and 50 mL 
of water 

Dry No Oxamic acid 
potassium salt 
used in HTC. 
Chemically 
activated with 
potassium salts 
at 700-800 °C 

[294], 
[295] 

Biogas digestate 190-250 3-6  5 15 wt% solid 
solution 

Wet No Chemically 
activated with 
KOH at 600 °C 

[296] 

Rambutan peel 170 1.5  -  - No Chemically 
activated with 
KOH at 600-
900 °C 

[297] 

Tobacco stem 230 2  - 35 g feed and 350 
mL water 

Dry No Chemically 
activated with 
NaNH2 at 450-
550 °C. 

[298] 
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Grape seeds 180-300 16  - 20 g of feed, and 
solution was 
altered to 10-60 
wt% solids 

- No Chemically 
activated with 
KOH, FeCl3 (both 
at 750 °C) or 
H3PO4 at 500 °C 

[299] 

Orange peels 210 2  - 15 g feed and 120 
mL 10 wt% urea 
solution 

Dry Yes, urea solution Chemically 
activated with 
KOH at 800 °C 

[32] 

Sludge 190-220 2-24  - 60 g total sludge + 
water 

- No Chemically 
activated with 
H3PO4 at 450 °C 

[300] 

Sugarcane bagasse 240 10  - 3 g of feed and 60 
mL of water of 
sulphuric acid  

Dry No  Chemically 
activated with 
KOH at 800 °C 

[301] 

Pomelo peel 210 2  - 30 g feed and 240 
mL water 

- No Chemically 
activated with 
KOH at 700 °C. 
Copper loaded 
onto some 
samples. 

[302] 

Mango seed shells 180-250 5  -  Dry No Chemically 
activated with 
KOH at 600 °C 

[303] 

Jute 200 4  - 7 g of feed and 70 
mL of water 

- No Chemically 
activated with 
KOH at 600-
1000 °C 

[304] 

Glucose 190 10  - 6.75 g of feed and 
50 mL water 

- No Chemically 
activated with 
KMnO4, NaOH + 

[305] 
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KMnO4 and KOH 
+ KMnO4 at 
800 °C 

Sucrose 190 5  - 15 mL feed solution Wet No Chemically 
activated with 
KOH or K2CO3 at 
800 °C 

[306] 

Canola stalks 200-275 0.5-2  - 3 g feed and 15 mL 
water 

Dry No Chemically 
activate with 
KOH at 700 °C 

[307] 

Digestate 250 5.33  - Mix of digestate 
and water, some 
include H2SO4 too 

Wet No Chemically 
activated with 
KOH at 600 °C 

[308] 

Grape seeds 180-250 1  - 6 g feed and 20 mL 
water 

Dry No Chemically 
activated with 
KOH at 600 °C 

[309] 

Chitosan 220 12  - 3 g feed and 18 mL 
water 

- No Chemically 
activated with 
KOH at 600-
800 °C 

[310] 

Onion peels 200 4  - 300 g/L mix of 
peels in water 

Dry No Carbonised at 
500 °C after HTC. 
Chemically 
activated with 
KOH at 600-
800 °C 

[311] 

Alpha-d-glucose 180 5  - Solution – no 
mention of conc 

- Some doped with 
melamine 

Chemically 
activated with 
potassium 

[312] 
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bicarbonate at 
850 °C. 
Comparison 
materials were 
activated using 
potassium 
carbonate and 
KOH 

Sewage sludge and 
algae 

180 1  - Mix of ratios   No activation 
carried out. 
Sodium 
bicarbonate 
included in mix.  

[313] 

Pine sawdust 220 4 -  - Some doped with 
melamine and 
ammonium chloride 

Physical 
activation carried 
out with CO2 at 
875 °C.  
Chemical 
activation carried 
out with 
potassium 
bicarbonate at 
850 °C 

[314] 

Glucosamine 
hydrochloride 

200 6  - 5 g feed with 50 mL 
water 

- No Chemically 
activated with 
KOH at 550-700 
°C initially (first 
paper). 
Second paper – 
activate with 

[290], 
[315] 
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potassium 
acetate, 
bicarbonate, 
carbonate and 
oxalate 
monohydrate. 
Temp 700-
900 °C.  

Glucose 200  6  - 5 g glucose, 5 mg 
CTAB and 50 mL 
water 

- Use thiourea for N and 
S doping 

Chemically 
activated with 
thiourea and 
potassium 
bicarbonate at 
700-800 °C 

[267], 
[316] 

Chitosan 180 12  - 60 mL water with 
10% mass frac 
feed, eutectic salt 
also used as 
catalyst 

Dry No Carbonised at 
300°C for 4 
hours, then 
chemical 
activation with 
KOH 

[317] 

Citrus aurantium Waste 
Leaves 

80 – 250 4 – 24 - 3 g feed and 20 mL 
water 

Dry Doped with N-rich 
microalgae 

Chemically 
activated with 
ZnCl2 and 
physically 
activated with 
CO2 – this was 
800°C for 2 hours 
under CO2 flow 

[163] 
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Citric Acid 800 W 
(microwave
) 

0.09 - 8.75 g feed and 20 
mL water 

- Yes, 7.5 g of urea Carbonised at 
700°C then 
chemically 
activated with 
KOH 

[318] 

Delonix regia seeds 180 16  - 30g feed to 100 mL 
water. Citric acid 
inc. as acid catalyst 

- No Physically 
activated with N2 
at 450-750 °C. 
Then best sample 
was chemically 
activated with 
KOH at 650 °C 

[319] 

Glucosamine 
hydrochloride 

200  6  - 5 g feed and 60 mL 
water 

Dry No Chemically 
activated with 
salt (HAPS) at 
900 °C 

[320] 

Wood sawdust and 
lignin 

250 2  -  Dry No Chemically 
activated with 
KOH – mixed 
together, 
compacted then 
heated to 600-
650 °C 

[321] 

Coconut shells 220 3  - 15 g of feed with 
60 g of water 

Dry No Chemically 
activated with 
KOH at 700 °C. 
Chemical 
activation also 
carried out using 
Chlorella 

[322] 
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microalgae and 
MgO, with 
sonication.  

Glucose, sodium oleate 
and Pluronic P123 

170 24  - 43.5 mg of P123, 
36.5 mg of sodium 
oleate, 3.168 g of 
glucose and 40 mL 
of water 

- Yes, urea added after 
HTC and before 
activation 

Chemically 
activated with 
potassium 
bicarbonate and 
urea at 700 °C 

[323] 

Textile waste 210-240 1  5  10 g of feed and 
150 mL water 

- No Chemically 
activated with 
ZnCl2 at 500, °C, 
KOH at 700 °C 
and physically 
activated with 
CO2 at 850 °C 

[324] 

Wastewater sludge 170-260 1  20  170 g of feed - No Physically 
activated with 
CO2 at 900 °C. 
Chemically 
activated with 
KOH at 700 °C 

[325] 

Hazelnut shells 180 3  - Mix of feed, water 
and HCl 

- No Physically 
activated with N2 
at 600 °C. Then 
chemically 
activated with 
KOH and H3PO4 
at 500 and 400 
°C respectively. 

[326] 
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Hogweed 200  24  - 3 g feed and 65 mL 
water 

- Yes, urea and/or NH4Cl 
used and activated at 
600 °C. 
Urea also used in HTC 
for one sample 

Chemically 
activated with 
KOH at 400-
800 °C. 
Chemically 
activated with 
ZnCl2 at 600 °C. 
Activation by 
Fenton’s reagent 
and UV also 
carried out 

[327] 

Andiroba Shells 180 12  - - Dry No Physically 
activated with 
CO2 – 880°C for 
1, 5 and 10 hours 
under 80 mL/min 
CO2 flow 

[328] 

Starch 190 12 - 15 g feed and 50 
mL water 

Dry No Physically 
activated with 
CO2 – heated 
under 60 mL/min 
N2 flow to 500°C, 
5°C/min, 3 hours. 
Then heated to 
1000°C and held 
for 2.5 hours 
under 100 
mL/min CO2 flow 

[148] 

Pineapple Peel 160, 180, 
200, 220 

2, 4, 6, 
8  

5, 10, 
20, 30 

30 g of feed, 
unknown water 

Dry No Carbonised at 
600°C, 2 hours, 

[113] 
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10°C/min ramp 
rate and 150 
mL/min N2 

Microalgae Mixed with 
Pine Sawdust 

180 and 
220 

1  - 10 g of feed as 
paste, water 
content of this 
paste ranged from 
73-88 wt%. 

Wet No Conformed into 
pellets, then 
physical 
activation with 
CO2 – 700 and 
800°C for 1 hour, 
5°C/min and 50 
mL/min CO2 flow 

[329] 

Spent Coffee Grounds 220 5  5 20 wt% coffee 
grounds, and 
balance water 

Dry Yes, 0.5, 1, 3 and 5 M 
slurries of urea used 

Carbonised at 
600°C 

[330] 

Prickly Pear Seed Waste 180, 200 
and 220 

1, 4, 8, 
16 and 
24  

6 6 g feed and 100 
mL water 

Dry No Physically 
activated with 
CO2 – 1 hour at 
800°C with 100 
mL/min gas flow 

[331] 

Wood N/A 
(carried out 
prior to 
receiving) 

N/A - - - No Some were 
pyrolyzed with 
N2 gas (400-
900°C, 1-2 
hours). 
Others 
underwent 
physical 
activation with 
CO2 – 700-850°C 

[332] 
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for 1, 2 and 3 
hours. 
All heating rates 
were 50°C/min 
and gas flowrates 
were 
0.4 mol/hour 
(150 mL/min). 
Some steam 
activation was 
also carried out 

Pine Cones 220 24  - Mass ratio of 1:2 
for solids:liquids 

Dry No Yes, physically 
activated with 
steam 

[250] 

Cow manure 200  24  - 4 g feed, 112 mL 
water and 38 mL 
NaOH solution 

- No Carbonised after 
at 400 °C for 1 
hour 

[333] 

Glucose, CoSO4·7H2O 
and 
hexamethylenetetrami
ne 

180  6  - 5 g total feed and 
50 mL of water 

Dry Yes, 
hexamethylenetetrami
ne (HMT) 

Physically 
activated at 
500 °C for 2 
hours then 700 
°C for 1-4 hours 
(N2 then 
switched to CO2 
flow) 

 

Olive and date pips 220  10-48  - 10 g feed and 30 
mL water 

Dry No Physically 
activated with 
CO2 at 750 °C 

[334] 
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Microalgae 350  0.5  - 10 wt% algae to 
water 

Wet No Physically 
activated with 
CO2 at 800 °C.  
Also, some type 
of oil extraction 
activation carried 
out.  

[335] 

Sugarcanes 180 24  - No solvent added, 
just natural state 

- No Physically 
activated with N2 
at 400-800 °C 

[336] 

Sucrose 194 20 - 0.85 mol/L solution Wet No Physically 
activated with 
CO2 at 750 °C. 

[337] 

Flax fibers and corn 
husks 

200-220 24  - 0.1 g of feed per 
mL of liquid. Either 
80 or 200 mL of 
water or milk as 
liquid 

Dry No Physically 
activated with 
CO2 at 800 °C 

[338] 

Cellulose 200 24  - 6 g of feed and 30 
mL water 

Dry No Physically 
activated with 
CO2 at 800 °C. 
Doping during 
HTC with either 
silicon or iron. 

[339] 

Corncob 200 20  5 1:3 ratio of feed to 
water 

Dry No Physically 
activated with 
N2at 900 °C 

[340] 

Bagasse fly ash 180-200 0.5  - 1:6 ratio of feed to 
water 

Wet No Physically 
activated with 

[341] 
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steam at 700-
900 °C. 
Biochar was also 
produced here, 
without the 
initial HTC step, 
under same 
conditions 

Cigarette filters 250 5  - 1 g of feed and 10 
mL of water 

Dry No Chemically 
activated with 
KOH at 700 °C. 
Activated HC was 
then used to 
make a MOF 

[342] 

Tingui shells 200 24  10 7.5 g feed and 30 
mL water 

- No Physically 
activated with 
CO2 at 850 °C. 
Biochars also 
produced at 
550 °C, then 
activated in same 
way 

[114] 

Chitosan 190 14  - 6 g of feed and 30 
mL water 

Dry No Physically 
activated with N2 

at 600-900 °C 

[343] 

Garden pruning, citrus 
peels, municipal solid 
wastes 

210-215 2-4  - - - No Physically 
activated with 
CO2 or O2 at 
800 °C 

[344] 
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Apple Pomace 230 5  - 40 g feed and 350 
ml water 

- No Physically 
activated with 
CO2 at 800 °C 

[345] 

Oil palm empty fruit 
bunches 

275 1  - - - Yes, urea mixed with 
HC and then activated 
at 800 °C under CO2 

- [346] 

Waste shrimp shells 
and chitosan 

180 12 - - - No One sample 
mixed with 
calcium 
carbonate to 
achieve etching 

[347] 

Two Phase Olive Mill 
Waste (TPOMW) 

N/A N/A - - - No Some physical 
activation with 
CO2 – 700 and 
850°C, 10°C/min, 
100 mL/min CO2, 
1 and 3 hours 
Chemical 
activation with 
KOH also carried 
out 

[25] 

Palm Date Seeds 200 48 - 5 g feed, 50 mL 
water 

Dry No Physical 
activation with 
CO2, 900°C, 
5°/min, 3 hours 
and 50 cm3/min 
of CO2. 
Chemical 
activation with 
KOH and H3PO4 

[348] 
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was also carried 
out 

Pinewood sawdust 180 2  5 50 kg of feed, 150 L 
of water 

Dry No Underwent 
pelletisation with 
spent mushroom 
substrates 

[115] 

Cocoa shell powder 240 24  - 1 g feed and 10 mL 
water 

- No Chemically 
activated with 
other chemicals, 
ZnO etc, at 100 °C 

[349] 

Canna indica biomass 200 2  - 1:10 of feed:water Dry No - [350] 

Fructose Solutions 180 0, 0.5, 
1 and 
2  

- Different conc.’s of 
fructose solution 

- Yes, at different conc.’s No [351] 

Tobacco stalks 180-260 1-12  - 2 g feed, 15 mL 
water 

Dry No No further 
activation 

[352] 

Deoiled flaxseed 180-220  3-7  - 1:5 ratio of feed to 
water 

- No Some HC’s made 
with just water, 
others made 
with HCl 
replacing water 
(form of 
chemical 
activation) 

[353] 

Residual sludge 100-190 1  - Liquid to solid ratio 
of 5:1 

Wet No Also made 
‘biochar’ at 
250 °C for 
comparison 

[354] 

Chinese medicine 
residue 

200-250 4-12  - 5 g of feed to 25 mL 
water 

Dry No No [355] 
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Cigarette filters 180-220 4-8  - - Dry No One made with 
HCl instead of 
water 

[356] 

Food waste 200 1-2  10 1 kg feed and 1500 
mL water 

- No Underwent 
palletization 
after HTC 

 

Black liquor 190-210 0.67 - Different ratios 
used, see paper 

- No No [357] 

Corn starch and biogas 
slurry 

160-280 3  - Different ratios 
used, see paper 

Wet No No [358] 

Poplar leaves 100-300  - 2 g feed and 50 mL 
water 

 No No [359] 
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Appendix B: Screening Biochar ANOVA Results  

The statistical ANOVA results and associated residual plots for the screening design models 

can be seen in Appendix Figure B.1 to Appendix Figure B.6. The yield model ANOVA results 

are present firstly, followed by the micropore area model ANOVA, and finally the carbon 

content model ANOVA. 

 
Appendix Figure B.1: Screening ANOVA for Biochar Yield as DoE Response 
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Appendix Figure B.2: Screening Residual Plots for Biochar Yield as DoE Response 

 
Appendix Figure B.3: Screening ANOVA for Biochar Micropore Area as DoE Response 
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Appendix Figure B.4: Screening Residual Plots for Biochar Micropore Area as DoE Response 

 
Appendix Figure B.5: Screening ANOVA for Biochar Carbon Content as DoE Response 
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Appendix Figure B.6: Screening Residual Plots for Biochar Carbon Content as DoE Response 
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Appendix C: Optimisation Biochar ANOVA Results 

The statistical ANOVA results and associated residual plots for the optimisation design 

models can be seen in Appendix Figure C.1 to Appendix Figure C.6. The yield model ANOVA 

results are present firstly, followed by the micropore area model ANOVA, and finally the 

carbon content model ANOVA. 

 
Appendix Figure C.1: Optimisation ANOVA for Biochar Yield as DoE Response 
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Appendix Figure C.2: Optimisation Residual Plots for Biochar Yield as DoE Response 

 
Appendix Figure C.3: Optimisation ANOVA for Biochar Micropore Area as DoE Response 
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Appendix Figure C.4: Optimisation Residual Plots for Biochar Micropore Area as DoE Response 

 
Appendix Figure C.5: Optimisation ANOVA for Biochar Carbon Content as DoE Response 
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Appendix Figure C.6: Optimisation Residual Plots for Biochar Carbon Content as DoE Response 
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Appendix D: Biochar Micropore Area Optimisation Model Contour Plots 

The original contour plot (before truncation) for the micropore area optimisation models are 

shown in Appendix Figure D.1 for the orange peel biochars and Appendix Figure D.2 for the 

mandarin peel biochars.  

 
Appendix Figure D.1: Contour Plot for Optimisation of Model for Orange Peel Biochar Micropore Area (m2/g) 

with Respect to Pyrolysis Temperature (°C) and Residence Time (h) 

 
Appendix Figure D.2: Contour Plot for Optimisation of Model for Mandarin Peel Biochar Micropore Area 

(m2/g) with Respect to Pyrolysis Temperature (°C) and Residence Time (h) 
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Appendix E: Screening Hydrochar FTIR Spectra 

FTIR Spectra of pre-activation screening hydrochars are shown in Appendix Figure E.1, and 

spectra of post-activation screening hydrochars are shown in Appendix Figure E.2.  
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Appendix Figure E.1: FTIR Spectra of Hydrochar Samples Produced Through HTC at 180 °C for Activation at 

800 °C (top) and at 220 °C for Activation at 750 °C (bottom) 
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Appendix Figure E.2: FTIR Spectra of Hydrochar Samples Produced Through HTC at 180 °C and Activated at 

800 °C (top) and at 220 °C and Activated at 750 °C (bottom) 
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Appendix F: Screening Hydrochar ANOVA Results 

The statistical ANOVA results and associated residual plots for the screening design models 

can be seen in Appendix Figure F.1 to Appendix Figure F.6. The yield model ANOVA results 

are present firstly, followed by the micropore area model ANOVA, and finally the carbon 

content model ANOVA. 

 
Appendix Figure F.1: Screening ANOVA for Hydrochar Yield as DoE Response 

 
Appendix Figure F.2: Screening Residual Plots for Hydrochar Yield as DoE Response 
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Appendix Figure F.3: Screening ANOVA for Hydrochar Micropore Area as DoE Response 

 
Appendix Figure F.4: Screening Residual Plots for Hydrochar Micropore Area as DoE Response 

 
Appendix Figure F.5: Screening ANOVA for Hydrochar Carbon Content as DoE Response 
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Appendix Figure F.6: Screening Residual Plots for Hydrochar Carbon Content as DoE Response 
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Appendix G: Optimisation Hydrochar FTIR Spectra 

FTIR Spectra of pre-activation screening hydrochars are shown in Appendix Figure G.1 and 

Appendix Figure G.2, and spectra of post-activation screening hydrochars are shown in 

Appendix Figure G.3 and Appendix Figure G.4. 
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Appendix Figure G.1: FTIR Spectra of Hydrochar Samples Produced Through HTC for Activation at 750 °C (top) 

and 800 °C (bottom) 
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Appendix Figure G.2: FTIR Spectra of Hydrochar Samples Produced Through HTC for Activation at 810 °C 
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Appendix Figure G.3: FTIR Spectra of Hydrochar Samples Produced Through HTC and Activated at 750 °C (top) 

and 800 °C (bottom) 
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Appendix Figure G.4: FTIR Spectra of Hydrochar Samples Produced Through HTC and Activated at 810 °C 
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Appendix H: Optimisation Hydrochar ANOVA Results 

The statistical ANOVA results and associated residual plots for the screening design models 

can be seen in Appendix Figure H.1 to Appendix Figure H.6. The yield model ANOVA results 

are present firstly, followed by the micropore area model ANOVA, and finally the carbon 

content model ANOVA. 

 
Appendix Figure H.1: Optimisation ANOVA for Hydrochar Yield as DoE Response 
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Appendix Figure H.2: Optimisation Residual Plots for Hydrochar Yield as DoE Response 

 
Appendix Figure H.3: Optimisation ANOVA for Hydrochar Micropore Area as DoE Response 
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Appendix Figure H.4: Optimisation Residual Plots for Hydrochar Micropore Area as DoE Response 

 
Appendix Figure H.5: Optimisation ANOVA for Hydrochar Carbon Content as DoE Response 
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Appendix Figure H.6: Optimisation Residual Plots for Hydrochar Carbon Content as DoE Response 
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Appendix I: Volumetric Adsorption Results in Graphical Form 

The volumetric CO2 adsorption results for all samples tested can be seen in Appendix Figure 

I.1 to Appendix Figure I.3.  

 
Appendix Figure I.1: CO2 Volumetric Adsorption Uptake Results at 0 °C, 1 bar for Screening Hydrochars Tested 

in This Project 
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Appendix Figure I.2: CO2 Volumetric Adsorption Uptake Results at 0 °C, 1 bar for Optimisation Hydrochars 

Tested in This Project 

 
Appendix Figure I.3: CO2 Volumetric Adsorption Uptake Results at 0 °C, 1 bar for Biochars Tested in This 

Project 
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Appendix J: Gravimetric Adsorption Isotherm Fits and Associated Fittings 

Parameters 

The Dual Site Langmuir fits for each gravimetric adsorption isotherm can be seen in 

Appendix Figure J.1 to Appendix Figure J.10. The associated fitting parameters for each of 

the models can be seen in Appendix Table J.1 to Appendix Table J.10.  

 
Appendix Figure J.1: Dual-Site Langmuir Isotherm 

Fittings for OBC 800-0.5-O 

 
Appendix Figure J.2: Dual-Site Langmuir Isotherm 

Fittings for OBC 800 3-O 

 
Appendix Figure J.3: Dual-Site Langmuir Isotherm 

Fittings for OBC 800-0.5-M 

 
Appendix Figure J.4: Dual-Site Langmuir Isotherm 

Fittings for OBC 800-3-M 
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Appendix Figure J.5: Dual-Site Langmuir Isotherm 

Fittings for BC Control Orange 

 
Appendix Figure J.6: Dual-Site Langmuir Isotherm 

Fittings for BC Control Mandarin 

 
Appendix Figure J.7: Dual-Site Langmuir Isotherm 

Fittings for OHC 180-M-800 

 
Appendix Figure J.8: Dual-Site Langmuir Isotherm 

Fittings for HC Control Orange 

 
Appendix Figure J.9: Dual-Site Langmuir Isotherm 

Fittings for OPB Micropore Orange 

 
Appendix Figure J.10: Dual-Site Langmuir Isotherm 

Fittings for OPH Micropore Mandarin 
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Appendix Table J.1: Dual Site Langmuir Model Fitting Coefficients for OBC 800-0.5-O 

Isotherm Dual Site Langmuir Model Coefficients 

qmax 

(mmol/g) 
Alpha 
(unitless) 

K1 (bar-1) K2 (bar-1) R2 (unitless) 

0 °C 4.26033 0.47023 17.99752 0.37685 0.99870 

30 °C 4.47846 0.57137 2.50531 0.08115 0.99986 

60 °C 3.56621 0.75864 5.70772 0.20072 0.99965 
 

Appendix Table J.2: Dual Site Langmuir Model Fitting Coefficients for OBC 800-3-O 

Isotherm Dual Site Langmuir Model Coefficients 

qmax 

(mmol/g) 
Alpha 
(unitless) 

K1 (bar-1) K2 (bar-1) R2 (unitless) 

0 °C 2.84577 0.58291 13.9221 0.37492 0.99932 

30 °C 2.91106 0.67401 8.51868 0.19739 0.99936 

60 °C 2.62524 0.77522 5.31619 0.14058 0.99951 
 

Appendix Table J.3: Dual Site Langmuir Model Fitting Coefficients for OBC 800-0.5-M 

Isotherm Dual Site Langmuir Model Coefficients 

qmax 

(mmol/g) 
Alpha 
(unitless) 

K1 (bar-1) K2 (bar-1) R2 (unitless) 

0 °C 3.42692 0.52743 24.9267 0.16372 0.99890 

30 °C 2.99503 0.68045 20.34813 0.18522 0.99893 

60 °C 2.25217 0.85018 17.19069 0.29797 0.99911 
 

Appendix Table J.4: Dual Site Langmuir Model Fitting Coefficients for OBC 800-3-M 

Isotherm Dual Site Langmuir Model Coefficients 

qmax 

(mmol/g) 
Alpha 
(unitless) 

K1 (bar-1) K2 (bar-1) R2 (unitless) 

0 °C 4.64222 0.58276 14.97388 0.23560 0.99810 

30 °C 4.68835 0.73663 10.05133 0.16298 0.99932 

60 °C 4.20906 0.83209 11.14648 0.23303 0.99982 
 

Appendix Table J.5: Dual Site Langmuir Model Fitting Coefficients for OHC 180-M-800 

Isotherm Dual Site Langmuir Model Coefficients 

qmax 

(mmol/g) 
Alpha 
(unitless) 

K1 (bar-1) K2 (bar-1) R2 (unitless) 

0 °C 2.98951 0.42379 24.79235 0.86922 0.99929 

30 °C 2.75852 0.51889 11.5972 0.48509 0.99951 

60 °C 2.45866 0.69566 7.26689 0.42452 0.99978 
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Appendix Table J.6: Dual Site Langmuir Model Fitting Coefficients for BC Control Orange 

Isotherm Dual Site Langmuir Model Coefficients 

qmax 

(mmol/g) 
Alpha 
(unitless) 

K1 (bar-1) K2 (bar-1) R2 (unitless) 

0 °C 2.62212 0.57718 68.78936 0.34824 0.99684 

30 °C 2.51903 0.70831 35.21723 0.20508 0.99759 

60 °C 2.52798 0.80112 6.38832 0.12073 0.99955 
 

Appendix Table J.7: Dual Site Langmuir Model Fitting Coefficients for BC Control Mandarin 

Isotherm Dual Site Langmuir Model Coefficients 

qmax 

(mmol/g) 
Alpha 
(unitless) 

K1 (bar-1) K2 (bar-1) R2 (unitless) 

0 °C 8.79914 0.69362 28.96148 0.11792 0.99911 

30 °C 7.33741 0.76578 28.40180 0.23422 0.99826 

60 °C 5.56746 0.88773 45.12470 0.22319 0.99966 
 

Appendix Table J.8: Dual Site Langmuir Model Fitting Coefficients for HC Control Orange 

Isotherm Dual Site Langmuir Model Coefficients 

qmax 

(mmol/g) 
Alpha 
(unitless) 

K1 (bar-1) K2 (bar-1) R2 (unitless) 

0 °C 3.97136 0.48779 20.37256 0.96168 0.99963 

30 °C 3.65428 0.58785 7.83586 0.47673 0.99972 

60 °C 3.25400 0.72829 4.60204 0.35953 0.99989 
 

Appendix Table J.9: Dual Site Langmuir Model Fitting Coefficients for OPB Micropore Orange 

Isotherm Dual Site Langmuir Model Coefficients 

qmax 

(mmol/g) 
Alpha 
(unitless) 

K1 (bar-1) K2 (bar-1) R2 (unitless) 

60 °C 2.88455 0.71107 11.1748 0.35043 0.99918 
 

Appendix Table J.10: Dual Site Langmuir Model Fitting Coefficients for OPH Micropore Mandarin 

Isotherm Dual Site Langmuir Model Coefficients 

qmax 

(mmol/g) 
Alpha 
(unitless) 

K1 (bar-1) K2 (bar-1) R2 (unitless) 

60 °C 2.42295 0.67000 6.57275 0.40025 0.99978 
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Appendix K: Isosteric Heat of Adsorption and Entropy of Adsorption Graphs 

The plots of isosteric heat of adsorption against pressure, and entropy of adsorption against 

pressure can be seen with attached error bars in Appendix Figure K.1 and Appendix Figure 

K.2, respectively.  

 

 
Appendix Figure K.1: Isosteric Heat of Adsorption of Selected Biochar and Hydrochar Samples Including Error 

Bars (Across Temperature Range of 0 – 60 °C) 
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Appendix Figure K.2: Isosteric Entropy of Adsorption of Selected Biochar and Hydrochar Samples Including 

Error Bars (Across Temperature Range of 0 – 60 °C) 
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Appendix L: 0 °C and 30 °C k1 and k2 Plots vs Pressure 

The plots of k1 and k2 against pressure for the 0 °C and 30 °C isotherms can be seen in 

Appendix Figure L.1 to Appendix Figure L.4. 

 
Appendix Figure L.1: k1 Values for 0 °C CO2 Adsorption Isotherms of Selected Chars Produced in this Study 

 
Appendix Figure L.2: k2 Values for 0 °C CO2 Adsorption Isotherms of Selected Chars Produced in this Study 
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Appendix Figure L.3: k1 Values for 30 °C CO2 Adsorption Isotherms of Selected Chars Produced in this Study 

 
Appendix Figure L.4: k2 Values for 30 °C CO2 Adsorption Isotherms of Selected Chars Produced in this Study 
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Appendix M: Vacuum Swing Adsorption Graphs 

The VSA cyclic adsorption tests can be seen in Appendix Figure M.1 to Appendix Figure M.7. 

 
Appendix Figure M.1: Cyclic Adsorption Results for OBC 800-

0.5-O (0.05 - 1 bar cycling, 60 °C, VSA) 

 
Appendix Figure M.2: Cyclic Adsorption Results for OBC 800-3-

M (0.05 - 1 bar cycling, 60 °C, VSA) 

 

Appendix Figure M.3: Cyclic Adsorption Results for OHC 180-M-
800 (0.05 - 1 bar cycling, 60 °C, VSA) 

 

Appendix Figure M.4: Cyclic Adsorption Results for BC Control 
Mandarin (0.05 - 1 bar cycling, 60 °C, VSA) 

 



449 
 

 

Appendix Figure M.5: Cyclic Adsorption Results for HC Control 
Orange (0.05 - 1 bar cycling, 60 °C, VSA) 

 

Appendix Figure M.6: Cyclic Adsorption Results for OPB 
Micropore Orange (0.05 - 1 bar cycling, 60 °C, VSA) 

 

Appendix Figure M.7: Cyclic Adsorption Results for OPH Micropore Mandarin (0.05 - 1 bar cycling, 60 °C, VSA) 

 

 


