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Abstract 

This work focuses on the development of a class of porous materials-biochars-for the 

purpose of water remediation targeting selected persistent organic pollutants. The 

ease of renewability of the raw material involved and the overall carbon footprint of 

the production process are key factors to be considered. Despite extensive research 

into biochar production, the synergistic effects between the operating process 

parameters and their influence on the final biochar characteristics have not always 

been mapped. As a result, this work focusses on the development of biochars using 

native Scottish wood samples and aims to understand the interplay of process 

variables on final biochar performance.  

For investigation, softwood and hardwood samples were procured from a local estate 

for the purpose of biochar production. Initially, screening experiments identified pure 

softwood as the preferable feedstock for a reasonable yield and large surface areas. 

Influence of operational parameters, i.e., activating gas flow rate (CO2), heating ramp 

rate and contact time on final biochar characteristics, was investigated using design 

of experiments. Surface area and biochar yield were selected as response variables. 

Minitab was used to define experimental run conditions and suggested optimal 

output, through maximum responses, was achieved at 60 min contact time and 15 

°C/min ramp rate. The highest surface area (764 m2/g) was achieved at 850 °C from 

softwood, albeit with a low yield of 15 %. Under optimised conditions, the observed 

surface area was 613 m2/g with 18 % yield. Pareto charts suggested no influence of 

gas flow rate on the chosen responses, which correlated well with experimental data. 

Pore structure was a combination of micro- and mesopores, with average pore widths 

of 3-5 nm and an average point of zero charge of 7.40 ± 0.02. Proximate analysis 

showed an increase in fixed carbon content from 20 %, in the feedstock, to 80 %, in 

the optimised biochar, while morphological analysis showed a layered carbon 

structure in the biochars. The results show the significance of the selected feedstock 

as a potential source of biochar material, and the relevance of interplay of operational 
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variables in biochar development and their final characteristics. The characteristics 

also suggest application of the produced biochar in water remediation. 

The optimised biochar sample suggested by Minitab and correlated by experimental 

data, gave a high surface area and a mix of microporous and mesoporous nature with 

an average pore width of 4 nm. Morphological analysis revealed a layered carbon 

structure as expected and spectroscopic analysis showed the presence of oxygen and 

nitrogen-based functionalities. The biochar had an average point of zero charge 

slightly above neutral. The sample was subsequently used for further analysis and 

application against three persistent organic pollutant species. 

Challenge of the biochar sample against 3,4-dichloroaniline, acetaminophen and 

carbamazepine from water, allowed assessment of the removal efficiency and 

performance as an adsorbent material. 3-4, DCA kinetic rates were rapid (<5 min), 

restricting kinetic analysis, while a pseudo second order kinetic model was best suited 

to represent the kinetic data for acetaminophen and carbamazepine, suggesting 

chemical control. The adsorption equilibria were most appropriately described by the 

Sips isotherm model, supplementing the chemical control theory for a multilayer 

system. Maximum adsorption capacity was relatively high for all three chemicals, and 

the biochar demonstrated good removal efficiency against all target species 

compared to similar systems, showing potential as an adsorbent. The investigations 

in this work highlight the importance of the combined effects of initial operating 

parameters on produced biochars, demonstrating the importance of understanding 

the interplay of process variables, as well as the potential of the chosen feedstock to 

act as an adsorbent for vital environmental applications.
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1. Introduction 

1.1 Water Resources 

The demand for freshwater allocation to support growing populations and 

settlements is a key issue, particularly for communities located in water-stressed 

locations [1]. Available freshwater amounts to 2.5% of total water resources; with 

only 1% of that freshwater available for human consumption, making it an extremely 

valuable resource [2]. A region or country is said to be experiencing scarcity of water 

when the freshwater availability is less than 1000 m3 per person per year [3], and 

Figure 1:1 details regions experiencing annual baseline water stress in 2019. The 

baseline stress provides a ratio between total water consumption opposed to possible 

renewable water supply systems. In 2018, an estimated two billion people were living 

in countries experiencing water scarcity [4], where India and China had the highest 

ratio of people affected by water shortages, and roughly, half of the current global 

population is affected by water scarcity for at least a month each year [5]. It is also 

necessary to consider ‘economic’ water shortages; notably, around 1.6 million people 

reside in areas where water is physically available but there is an acute shortage of 

the required infrastructure needed to access those water resources [4].  

Water is also heavily used by within industrial processes, for example, the agriculture 

sector continues to be the primary source of water withdrawals, amounting to almost 

70% of the total consumption [4]. A sharp increase in water demand is also predicted 

for the energy sector, in response to population growth and shifting consumption 

behaviour [2]. As a result of these pressures, the supply of clean and adequate 

amounts of freshwater is a challenge with the demand for water expected to increase 

by 30% by 2050 [5], which would place nearly half of the world’s largest cities in 

water-scarce regions. Demand is also expected to increase as the global population 

rises: India is projected to have the fastest growing population among other 

countries, and the country is predicted to account for almost 27% of the world’s total 

urban water-scarce population [6]. 
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Treatment processes have a role to play in creating water availability. For households, 

potable water is a necessity, which may or may not be the case for certain industrial 

and agricultural ecosystems [2]. There is a big disparity in gathering water quality data 

due to a lack of monitoring and reporting, especially in developing nations. Water 

qualities have been severely affected by pollution via natural and anthropogenic 

factors. On a global scale, approximately 80% of industrial and municipal wastewater 

is discharged into the environment without undergoing any form of treatment 

beforehand. This unprocessed wastewater poses significant risks to both human 

health and ecosystems. Water quality is also adversely affected by hundreds of 

chemicals. The risks associated with emerging pollutants, including micropollutants, 

have been recognized since the early 2000s [7]. Nutrient loading, which is frequently 

linked to the introduction of pathogens, represents one of the most common forms 

of pollution [8]. 

 

Figure 1:1 Annual baseline water stress across the globe in 2019 [4] 

Different pollutants require different treatment methods and hence it is important to 

understand the type of pollutant first, before putting a removal system in place. The 

focus of this work is on the remediation of drinking water, with focus of potential 

deployment within the United Kingdom to target persistent organic pollutants such 

as pharmaceuticals and pesticides.  
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1.2 Water Pollution 

A vast array of pollutants can be found in drinking water systems. The compounds 

can be organic, inorganic, pathogens, suspended solids, and other pollutants such as 

thermal and radioactive materials [9]. Some of the common sources of pollutants and 

their effects are listed in Table 1:1.  

Table 1:1 Possible sources of water pollutants and corresponding effects [10,11] 

Source Pollutant and associated effects 

Mill-waste and agricultural run-off 

• Excess eutrophication from nitrates 

and phosphates used in fertilisers. 

• Pesticides and herbicides have 

bioaccumulation potential that is 

detrimental to human and aquatic life. 

Untreated sewage 

• Suspended solids. 

• Excess amount of DO required for 

breakdown. 

• May contain nitrates and phosphates 

causing eutrophication. 

Domestic waste 
• Hard detergents create foam and 

reduce DO levels. 

Industrial effluents 
• Toxic heavy metal discharge. 

• Carcinogenic and mutagenic. 

Underground pipes 

• Some pipes are made of lead that can 

leach into surroundings. 

• Can be consumed indirectly through 

groundwater contamination. 

• Toxic especially towards young goats. 

Organic pollutants can be either synthetic compounds or oxygen demanding wastes 

produced from household or industrial activities. These organic waste streams 
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contain organic compounds that require dissolved oxygen (DO) to undergo 

decomposition, thereby reducing DO levels that could adversely affect aquatic life 

[12]. The pollutants generally include hydrocarbons, detergents, disinfection by-

products, insecticides and herbicides, lubricants, pharmaceuticals, etc. that can be 

toxic as well as carcinogenic [13,14]. Selected organic pollutants have the potential 

to bioaccumulate and are referred to as ‘persistent organic pollutants (POPs)’ [20]. 

POPs are heterogeneous compounds and can be easily transported from their source 

to different locations. A global treaty known as the ‘Stockholm Convention’ was 

signed in 2001, to tackle the release and contamination arising from POPs based on 

concerns regarding their toxicity and environmental impacts [15].   

Persistent organic pollutants include two types of species known as ‘Endocrine 

Disrupting Chemicals (EDCs)’ and ‘Active Pharmaceutical Ingredients (APIs)’. EDC 

contamination in the environment can occur throughout the manufacturing process 

or with leaching from the final product [16]. Lack of efficient treatment often results 

in the release of engineered and natural EDCs into the environment [17]. These 

chemicals pose a significant threat to human and aquatic life forms. They can mimic 

hormones within the body and interfere with the endocrine system. EDCs have been 

reported to adversely affect bodily functions [18]. With development in analytical 

techniques, many chemicals including certain flame-retardants, plasticisers, 

pesticides, surfactants, personal care products, etc. are being classified as EDCs. 

There is a lack of understanding on the exposure risks and mechanisms of EDC 

behaviour. Even at low concentrations, prolonged exposure to these chemicals can 

result in adverse health effects. It is therefore imperative to focus on EDC removal as 

part of the treatment process and reduce contamination risks. The detection of APIs 

in surface water across various countries has also sparked concerns regarding their 

potential impact on the environment and living organisms [19,20]. The discharge of 

treated wastewater containing pharmaceuticals into rivers or streams is causing 

increasing concern due to their high solubility in water. Pharmaceuticals are vital in 

human health, providing treatment and relief from various ailments. However, 

detecting pharmaceutical residues in surface water has raised concerns about their 
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potential impact on the environment and living organisms. Hundreds of tons of 

nonsteroidal anti-inflammatory (NSAID), analgesic, and antipyretic drugs are 

produced and widely used worldwide every year [21]. Wastewater treatment plants 

are designed to remove harmful substances, but the presence of pharmaceuticals in 

treated wastewaters raises the need for effective removal strategies. 

1.3 Endocrine Disrupting Chemicals  

The U.S. Environmental Protection Agency’s (USEPA) risk assessment forum defined 

an endocrine disrupting compound as ‘an exogenous agent that interferes with the 

synthesis, secretion, transport, binding, action, or elimination of natural hormones in 

the body that are responsible for the maintenance of homeostasis, reproduction, 

development and/or behaviour’ [22]. Although endocrine disrupting chemicals (EDCs) 

are chemical compounds, they are often referred to as hormones due to their ability 

to interfere with hormonal systems and their regulation within human and aquatic 

life forms [23]. Table 1:2 summarises sources of EDC contamination, their 

categorisation, and potential biological effects. 

Table 1:2 Common sources and biological effects of EDCs [24,25] 

Category Substance Source Biological effects 

Polychlorinated 
substances 

Dioxins and 
biphenyls 

Landfill/Incineration 
Carcinogenic and 
mutagenic [25] 

Organochlorine 
pesticides 

DDT, dieldrin, 
lindane, atrazine, 

trifluralin 

Insecticides used in 
agriculture (current 

and banned) 

Effects on 
reproductive 
system [22] 

Phthalates 
Dibutyl 

phthalate, butyl 
benzyl phthalate 

Industrial sewage 

Effects on 
reproductive 

system, uterus, 
mammary gland 

[26] 

Beauty products, 
personal care 

items 

Parabens, glycol 
ethers, bisphenol 

A 
Consumer products 

Effects on 
reproductive 

system, uterus, 
mammary gland 

[27] 

Fungicides Azoles Agricultural use 
Inhibition of 

adrenal steroids 
[28] 



20 
 
Human exposure to EDCs can vary depending on lifestyle and place of work as shown 

in Figure 1:2. Once exposed, these chemicals get absorbed into the bloodstream and 

interfere with the reproductive and neurological systems of vertebrates and 

invertebrates alike [29]. Primary exposure routes to humans remain ingestion 

through food and water. The concentrations of EDCs in young goats were reported 

to be three times than those in adults [30,31], simply because of the hand-to-mouth 

behaviour of young goats [32]. Pesticide and fungicide exposure often result from 

potential inhalation of EDCs during application to crops or at the time of harvest. 

Poorly regulated water monitoring systems adjacent to pharmaceutical companies or 

municipally contaminated waters can also cause EDC exposure [23]. 

 

Figure 1:2 Pathways for EDCs exposure to humans and environment [33] 

EDCs such as bisphenol A or BPA, can mimic oestrogen through different mechanisms 

and interfere with its signalling. Phthalates are known to interfere with testosterone 

production in young males causing abnormalities, affecting sperm count, and causing 

obesity [34]. EDCs also encompass a group of poly- and perfluoroalkyl substances or 

PFAS. They have an array of application in waterproofing, firefighting foams, non-

stick cookware coatings, etc. [35]. Commercial use of these substances arises from 

their extreme resistance to degradation [36]. Additionally, the compounds have been 
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related to thyroid hormone disruption, cholesterol issues and other toxicological 

effects [37,38]. Despite being classified as persistent pollutants, there are no federal 

standards for their limits in drinking water streams. A non-enforceable health 

advisory was issued from the US EPA in 2016, of 70ng/L for perfluorooctanoic acid 

(PFOA) and perfluoro octane sulphonate (PFOS) [39]. An absence of enforceable limit 

has resulted in a non-compliance for the health advisory and increased 

concentrations of these chemicals in the environment that needs to be addressed. 

3,4-DCA is a derivative of aniline and an EDC with high global annual production [40]. 

It is an intermediate in the production of urea herbicides and other industrial 

products and is applied to crops such as rice, beans and potatoes [41]. It is also 

involved in the synthesis of fabric pigments, used as a paint precursor, and is 

frequently detected in aquatic systems across the world [42,43]. Direct exposure risks 

to the compound are low however, indirect exposure via agricultural use and through 

secondary contamination is possible [44,45]. A risk assessment was carried out in the 

Institute for Health and Consumer Protection by The European Chemicals Bureau on 

3,4-DCA. They concluded that the substance was ‘very toxic to aquatic organisms’ 

and ‘may cause long-term adverse effects in the aquatic environment’ [46]. The 

health risks associated with 3,4-DCA remain largely undocumented with limited 

research concluding that the chemical is toxic to aquatic as well as the human species. 

Determining efficient removal techniques for such compounds, therefore, is an 

emerging research opportunity. 

1.3.1 3-4, dichloroaniline 

As mentioned previously, the target compound identified in this work is 3,4-

dichloroaniline (3,4-DCA). It comprises a benzene ring with an amino group and two 

chlorine atoms as shown in Figure 1:3.  

Exposure to the compound is possible through multiple pathways. It can diffuse with 

ease into the natural environment [40,47] and has bioaccumulation potential [48]. In 

water systems, 3,4-DCA residual concentrations could be more than the parent 
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herbicides. In soils, it binds to the organic factions over time by adsorbing and 

desorbing on to soil components [41,49]. 

 

Figure 1:3 Chemical structure of 3,4-dicholoroaniline molecule 

EDCs can affect human reproductive organs, hinder thyroid metabolism, cause 

nephrotoxicity, and affect the cardiovascular system [22,50–52]. Anilines are known 

to interfere with endocrine systems [53], which makes 3,4-DCA highly toxic to aquatic 

life [42,54,55], as well as detrimental to human health [56]. It was reported to 

compete with testosterone acting as an antagonist to bind with the androgen 

receptor [57]. It also has chronic effects on marine and freshwater animals [58]. It 

was identified to be toxic to rare minnow [59] and Daphnia magna [60], reducing their 

survival rates.  

The evidence above suggests that 3,4-DCA is a toxic pollutant that poses a significant 

risk to human and aquatic life. Early development of sustainable and efficient 

removal technologies can prove to be highly beneficial in case hard limits are imposed 

in future [61]. At present, the only legislation against 3,4-DCA is a Predicted No-Effect 

Concentration (PNEC) of 0.2 µg/L, which is defined as the concentration at which a 

compound has no chronic effects [46]. 

1.4 Active Pharmaceutical Ingredients 

Pharmaceuticals in water negatively affect aquatic organisms, including fish and other 

vertebrates, even at low concentrations. They can disrupt marine ecosystems and 

harm aquatic organisms by influencing their behaviour, reproduction, and 

development. Active pharmaceutical ingredients (APIs) can also impair their 

physiological functions, leading to health problems and reduced survival. Certain APIs 
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can accumulate in aquatic organisms' tissues over time, posing risks to higher trophic 

levels in the food chain, including humans through consumption. Recent research has 

revealed that certain pharmaceuticals can have deleterious effects on various bodily 

systems, including the reproductive, gastrointestinal, cardiovascular, and renal 

systems [61]. Different APIs including carbamazepine, antibiotics, fluoxetine, etc. have 

been detected over a range of environmental compartments [62–65]. The persistent 

nature of these compounds adds to their increasing concentration over the years [66]. 

Figure 1:4 shows the major pathways of pharmaceutical contamination into the 

environment. Contamination and exposure limits to APIs are governed by different 

factors: (a) population within a region and the age demographic, (b) access to 

healthcare, (c) influence of the manufacturing sector in terms of its size and nature, 

(d) treatment systems and discharge facilities, (e) ecology of systems receiving 

discharge and (f) regulatory frameworks and their implications [19]. 

 

Figure 1:4 Pathways of human and veterinary pharmaceutical contamination [67] 
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The increasing presence of APIs has been related to adverse health effects. Certain 

chemicals possess a greater joint toxicity than their individual effects. Analgesics can 

cause organ damage and hormone disruptions. Antibiotics and antifungals have 

detrimental effects on algal growth. Antiparasitics such as Ivermectin affect the 

growth and reproductive organs in invertebrates. Anti-convulsants like Phenytoin and 

Carbamazepine cause reproductive toxicity in invertebrates as well [67]. The extent 

and possibilities of environmental and human ill effects of APIs remains largely 

unknown owing to their bioaccumulation potential and inefficient removal during 

treatment processes. Approximately 10% of all pharmaceutical products pose a 

potential environmental risk [68]. In this work, acetaminophen (paracetamol) and 

carbamazepine were two pharmaceutical ingredients identified for investigation. 

Acetaminophen is used globally as an analgesic to mitigate moderate to severe pain 

[69]. Carbamazepine is also extensively used as a multifunctional medication, serving 

both as an anticonvulsant and a pain-reliever [70]. 

1.4.1 Acetaminophen and Carbamazepine 

Acetaminophen's (APAP) molecular composition includes a benzene ring core with a 

hydroxyl group and an amide group's nitrogen atom substituted in the para (1,4) 

pattern (Figure 1:5), that allows it to specifically target enzymes in the body 

responsible for regulating pain and fever [71]. In 2022, over 16 million items of APAP 

were dispensed in England alone [72]. Healthcare facilities, with extensive medication 

usage are significant contributors of pharmaceuticals in the environment. Improper 

household disposal, inadequate treatment and veterinary treatment provided to 

livestock are other pathways for contamination. APAP can accumulate in aquatic 

organisms’ tissues over time, posing risks to higher trophic levels in the food chain. It 

was also the primary cause of acute liver failure and is now the second most frequent 

reason for liver transplantation in the United States [73]. High toxicity levels were also 

reported to affect liver function [74,75]. Under extreme cases, APAP toxicity can be 

fatal [76]. The mechanism involves the metabolization of a fraction of APAP through 

oxidation that causes the fraction to produce a bio-activated intermediate species 
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called N-acetyp-p-benzoquinone imine (NAPQI). The accumulation of NAPQI can lead 

to liver poisoning as well as impairment in the synthesis of adenosine triphosphate 

(ATP) while the intermediate accumulates peroxides interfering with cell function and 

resulting in fatality [77].  

 

Figure 1:5 Chemical structure of acetaminophen/paracetamol molecule 

Carbamazepine (CBZ) belongs to the class of dibenzoazepines and features a 

distinctive tricyclic ring structure as shown in Figure 1:6. CBZ functions by interacting 

with and stabilizing voltage-gated sodium channels, preventing excessive activation 

of brain cells [70,78,79]. It also contributes to the reduction of polysynaptic reflexes 

and the inhibition of post-tetanic potentiation. Furthermore, it is believed to interact 

with voltage-controlled calcium (Ca2+) and potassium (K+) channels, impeding the 

excitatory effects on nerves. Alongside its interactions with various voltage-gated ion 

channels, CBZ is also assumed to engage with the GABAA receptor complex. CBZ 

contamination pathways resemble closely with acetaminophen, and it has also raised 

environmental and human health apprehensions [80,81]. Furthermore, some studies 

have suggested CBZ as a potential anthropogenic marker in water bodies [82]. For 

instance, in a monitoring survey of effluents from 90 European wastewater treatment 

plants, CBZ (~4.6 µg/L) was among the detected emerging organic contaminants with 

highest concentrations [83]. 
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Figure 1:6 Chemical structure of carbamazepine molecule 

These pollutants pose a challenge for microbial degradation or decomposition in the 

environment. Upon release into the environment, their accumulation reaches a 

certain threshold and subsequently contaminates the surrounding ecosystems, 

thereby making their mitigation and removal an important aspect of treatment 

systems. 

1.5 Removal Techniques 

A myriad of technologies exist for the removal of pollutants from water, and a 

classification of removal techniques available for water treatment is shown in Figure 

1:7. These techniques have characteristic advantages and disadvantages depending 

on the type of pollutant, pre-treatment methods, efficiency, operational difficulties, 

and ease of deploy ability. It is becoming common practice to use a combination of 

treatment process to tackle emerging contaminants otherwise ignored due to lack of 

previous knowledge and technological advancement. 

Often the implementation of a successful treatment technique can be hindered by 

limitations of scale and lack of infrastructure, especially in developing regions. It is 

therefore important to develop low-cost and sustainable methods of pollutant 

removal that can be made readily available to the public. Broadly, the techniques can 

be classified as physical, chemical, or biological and are discussed below. 
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Figure 1:7 Classification and examples of techniques available for water treatment 
showing conventional, established, and emerging techniques [84] 

1.5.1 Physical Processes 

Physical processes are simple and relatively easier to implement. They usually work 

to eliminate solid pollutants via some form of filter media [85]. The processes include 

adsorption, membrane filtration (reverse/forward osmosis, microfiltration), and 

coagulation-flocculation.  

Despite their efficiency, membrane systems are often limited by capital inputs and 

complexity of operation. A common problem with membrane operation is fouling. 

Despite their wide range of applications, membrane fouling on the surface or within 

the pores is a common occurrence. Fouling can be a result of microorganism 

contamination, or deposition of hydrocarbons or certain pesticides in the membrane 

pores. High precipitation of salts on the membrane surface causes scaling [86]. 

Membranes also require high operational costs and initial capital investment which 

makes them less economically viable [85]. Coagulation-flocculation systems are 

advantageous to remove lighter particles that do not easily settle in suspension. 

Certain inorganic metal salts are also readily available and cheap to add into these 

systems. Some coagulants however can cause oxidation-reduction reactions in 

suspension. There are also possibilities of corrosion, and the production of toxic 
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sludge and extensive polymer usage has attracted criticism from an environmental 

standpoint [87]. 

Adsorption is a surface phenomenon where a material (usually in the liquid or gas 

phase) referred to as the adsorbate accumulates on the surface of a solid or the 

adsorbent [88]. The process can be physical or chemical. Activation technique and 

cost of the final product could be the potential limiting factors in obtaining a 

commercial product ready for distribution [89]. Extensive research is being done into 

materials that can be used as potential adsorbents. Activated carbons are the most 

common and commercially used forms of adsorbents. However, a range of materials 

such as silica, zeolites, synthetic polymers and naturally occurring substances have 

also been investigated [86]. Over the years, researchers have aimed to produce 

adsorbents from cheap raw materials, using waste produced from certain industries 

or households, to create a ‘circular economy’ and to minimise waste disposal of 

potentially useable elements. 

1.5.2 Chemical Processes 

Chemical processes are essentially advanced oxidation processes (AOPs) that require 

the production of hydroxyl radicals (• OH) that covert the pollutants present in water 

and wastewater systems into harmless substances through redox reactions [86]. 

There are subdivisions of AOPs such as photo-induced, ozonation, Fenton, etc. but 

the generation of the hydroxyl radical comes through chemical, photochemical or 

sonochemical methods [86].  

 

Figure 1:8 Different advanced oxidation processes for water treatment [90] 
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Figure 1:8 shows an example treatment system with different combinations of AOPs 

that could be used for produced water. Despite promising results, several factors 

influence the application of these processes on a commercial scale. AOPs are often 

governed by pH of the system, presence of natural organic matter and carbonates. 

Low pH is inversely proportional to hydroxyl radical generation [91]. Bicarbonates 

and carbonates act as scavengers for the radicals and hinder treatment [92]. Natural 

organic matter influences the reaction in the same as carbonates by acting as a 

competitor for the hydroxyl radicals [93].  

Table 1:3 summarises the advantages and disadvantages of some AOPs. 

Table 1:3 Advantages and disadvantages of some AOPs [94,95] 

Process Advantages Disadvantages 

Photo-induced AOP 

[H2O2/UV] 

H2O2 relatively stable and 

UV offers a disinfectant 

step 

Turbidity affects UV 

penetration, high capital 

and maintenance needed 

Ozonation [O3] 
Strong oxidising agent 

with a short reaction time 

High capital costs, energy 

intensive, toxic and 

potential fire hazard 

Sonolysis 
Effective against waters 

with low light penetration 

Increases turbidity, 

energy intensive, high 

maintenance costs 

Fenton 

Not energy intensive, 

commercialisation 

possible 

Low pH required, high 

operational costs 

Commercial application of AOPs continues to be affected by high initial capital 

investment and maintenance costs. Possible alterations to the operating conditions 

have major consequences on process efficiency making AOPs slightly more limited in 

terms of widespread application. 

1.5.3 Biological Processes 

Biological treatment processes rely on metabolic pathways using a variety of 

microorganisms such bacteria, algae, and fungi for pollutant removal. Generally, 



30 
 
conventional treatment systems struggle to deal with efficiently removing pollutants. 

Some of these processes, fail to achieve complete degradation of emerging 

contaminants, such as EDCs [96]. High capital investments and maintenance costs, 

commercialisation and deploy ability also affect the application of some of the 

advanced systems. It is therefore essential to investigate treatment options, that do 

not require major capital and technological input, are readily available and do not 

produce secondary toxic effluents. Adsorption of pollutants onto solids is a technique 

requiring relatively less capital investment and the raw materials to produce these 

solids are available in abundance and are renewable. It is a highly effective process 

with a range of target pollutants and produces effluent streams that meet enforced 

standards. The technological requirements are also simple and adaptable [84]. 

Adsorbents can be produced from nonconventional renewable sources such as 

industrial and agricultural wastes, natural materials such as wood or from biomass 

making it a system with tremendous potential and economically feasible. The 

following section discusses the theory behind adsorption, different materials that can 

be used to produce adsorbents and potential applications. 

1.5.4 3,4-DCA Remediation 

Few attempts have been made at 3,4-DCA remediation from water systems. An 

attempt at biodegradation of 3,4-DCA showed little to know degradation over a 

period of two weeks from a sample of pond water containing the compound in a 

darkened environment [97]. It is not a readily biodegradable substance and in 

aqueous media, the process is generally slow [98]. Similar observations of no-

biodegradation were reported in an attempt to treat activated sludge for a duration 

of 29 days [41]. Similar results were also reported while attempting 3,4-DCA removal 

from contaminated North Sea water [99]. Humic and fulvic acids can influence the 

rate of bacterial degradation [100]. Addition of buffers, mineral salts and acetate had 

little influence on 3,4-DCA degradation in soil slurries, where prior to addition of 

these substances, 50% degradation had occurred [101]. Pseudomonas diminuta is a 

microbial strain capable of acting as a parasite on 3,4-DCA [102]. Enhanced pollutant 
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mineralisation was reported from enriched soil slurries after 10 days of addition of 

Pseudomonas acidovorans. Some other strains such as Aquaspirillum itersonii, 

Aquasoirikkum sp. And Paracoccus dentrifications can also metabolise 3,4-DCA for 

their growth provided it is the only source for available carbon and nitrogen [103]. 

Microbial consortia are capable of 3,4-DCA removal from wastewater systems under 

controlled conditions. There is potential for chloroaniline removal from sewage 

treatment plants by supporting indigenous bacterial growth. Addition of degradable 

anilines and harmless haloaromatics can further assist in breakdown of chloroanilines 

[104]. Maintaining a steady bacterial population and 3,4-DCA as the only food 

substrate can be a challenge and require strict control measures. 

Adsorption technology is another approach for the removal of organic water 

pollutants. Removal of chloroanilines such as Picloram and Clopyralid was 

investigated using adsorption [105]. Microporous activated carbon was reported to 

achieved 70% 3,4-DCA removal from an aqueous solution. Ozone pre-treatment of 

the same solutions helped to achieve complete removal [103]. Isotherm fittings of 

activated carbon solutions containing 3,4-DCA suggested monolayer formation and 

strong adsorbate-adsorbent interactions [106,107]. Other sustainable materials such 

as sugar beet pulp, corncob char, perlite, vermiculite and sand were also investigated 

for DCA removal [108]. Corncob char was reported to achieve 99% removal from 

water whereas an uptake of 86% was reported for sand and the sorption mechanism 

was described using the Freundlich isotherm model. There is not enough information 

around low-cost adsorbents and their performance against 3,4-DCA. Further 

exploration of sustainable, low-cost, and renewable materials for DCA removal is 

required before application in field conditions. 

Electrochemical methods such as electrohydraulic discharge (EHD) was tested for 3,4-

DCA remediation from wastewaters using submerged electrodes [109]. Chemical 

processes such as AOPs can also be employed. Photocatalysis of 3,4-DCA using Ti-N 

and Ti-S catalysts resulted in full degradation of the pollutant with Ti-N in 2 hours at 

an optimal pH of 6 [44]. Ti-N catalysts presented a higher surface area and lower 
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particle size compared to Ti-S catalysts. The catalyst dosage above 0.1 g/L was 

observed to be inversely proportional to the reaction rate. A dielectric barrier 

discharge (DBD) plasma reactor operates by generating ozone, which acts directly 

against the target species or via hydroxyl radicals [110]. The reaction rate is faster 

with the latter [111]. Two aluminium electrodes are used to create a discharge zone 

to allow the flow of a water film. Degradation of 3,4-DCA was observed to achieve 

higher efficiencies under acidic conditions via pseudo-first order kinetic pathway. In 

the above examples, acidic conditions were noted to be more suited for such systems 

compared to neutral or basic systems.  

The low rate of mineralisation of 3,4-DCA [100] makes it a toxic compound with 

significant potential to cause damage to humans and the environment alike. Some of 

the attempts at remediation of 3,4-DCA or pesticides have proven efficient; however, 

their feasibility and commercial application continues to be challenging. Adsorption 

technologies provide a low-cost alternative to test against different pesticides as 

opposed to biological degradation or electrochemical processes. Further 

investigations into different sustainable materials can test the deploy ability of these 

systems on a larger scale. Testing and development of these materials at an early 

stage, especially from aqueous systems can help with their timely application and 

implementation against further restrictions that could potentially be placed against 

such compounds in future. 

1.5.5 Acetaminophen and Carbamazepine Remediation 

Biological treatment of acetaminophen was investigated by Escapa et al. [112]. 

Testing three microalgae stains for removal; a maximum removal of 67% was 

achieved. Another investigation into tackling APAP using an algae pond reported 

satisfactory results between 4 to 8 days [113]. Aerobic treatment using activated 

sludge process was reported to remove 99% APAP from a wastewater system in 14 

days [114]. Anaerobic systems can also help achieve over 70% removal efficiencies 

[115]. Although these systems can tolerate high APAP concentrations (up to 1000 

mg/L), overloading the systems can inhibit the microbial population in the system and 
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can negatively affect the denitrification and nitrification rates [116]. Biological 

treatment of CBZ using activated sludge process standalone or in combination with a 

membrane bioreactor were investigated and both systems were reported to achieve 

poor performance [117,118]. It was suggested that the presence of an amide group 

combined with moderate hydrophilic nature of CBZ resisted biodegradation [117]. A 

system using activated sludge in combination with gamma irradiation achieved 

almost complete CBZ removal [119]. An anaerobic system with fermentative 

acidogenic bacteria was reported to achieve 46% degradation after 144 hours [120]. 

Investigations have also been made using different microbial species such as white-

rot fungi [117], ligninolytic enzymes [121], and crude lignin peroxidase [122] for CBZ 

removal. The system efficiencies however are dependent on the species involved and 

enzymatic activity to promote sterile operation conditions and avoid contamination 

with other bacterial species [117]. 

APAP removal using advanced oxidation processes has been widely studied over the 

years. Chemical based Fenton processes use the hydroxyl radical to break down the 

APAP molecule and the process is dependent on the concentrations of H2O2 and the 

ferrous ion [123]. pH conditions can aid or inhibit the process. Ferrous ion tends to 

precipitate as Fe(OH)3 at alkaline pH thereby reducing ferrous ion regeneration and 

slowing the process. Acidic conditions were reported to be the most optimum for 

such systems [124]. Removal of APAP in such systems is generally instantaneous with 

efficiencies typically > 75%. The conventional Fenton process can be modified into 

photo-based or electro-based processes. Both processes operate with the generation 

of the hydroxyl radical using UV-radiation and electrodes respectively. An 

investigation into the removal of 5 mM of APAP using UV radiation at 360 nm resulted 

in 99% removal under 40 min [125]. Different electrode materials such as Ti/boron 

doped diamond and Pt sheets or gauzes have been tested for APAP removal and gave 

satisfactory results [126]. Both the processes can target high APAP concentrations; 

however, the operation of these processes requires a high capital due to electricity 

consumption [115]. For CBZ, the presence of electron rich moieties makes it easier to 

react with strong hydroxyl radicals and even ozone [127]. However, presence of other 
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components such as suspended solids and organic matter can compete for ozone, 

reducing the reaction efficiency [127,128]. CBZ removal using Fenton processes were 

reported to achieve a mix of removal efficiencies [129–131]. Boron-doped diamond 

electrodes provide the advantage of avoiding the use of a chemical precursor for the 

generation of hydroxyl radical [132]. The system performance however was still 

dependent on the type of analyte. CBZ reaction rates were reported to decrease when 

the analyte used was switched from NaNO3 to Na2SO4 [133]. A photo-Fenton system 

targeting CBZ removal from wastewater was reported to achieve a rate constant of 

0.84/hour. The process was affected by hydroxyl radical scavengers such as 

carbonates and an increase in toxicity from degradation products were suggested as 

limitations for application in real wastewater systems [131]. 

Adsorption processes provide a low-cost and renewable alternative for APAP removal. 

Adsorption using chitosan activated carbon achieved ~95% APAP removal from an 

aqueous system. The process was aided by a sonification step [134]. Yanyan et al., 

[135] tested coconut shell derived activated carbon for APAP removal. The process 

reached equilibrium between 26-48 hours. Spent tealeaves as a precursor for 

activated carbon were reported to achieve >99% removal efficiencies against 10mg/L 

initial APAP concentrations [136]. A study into APAP removal from drinking water 

using a combination of a sand filter and granular activated carbon filter only managed 

to achieve 20% APAP removal [137]. Generally, adsorption systems are used in 

combination with other processes such as ozonation, wetlands or sonification to 

enhance removal efficiencies [115]. CBZ removal via adsorption can take multiple 

pathways as shown in Figure 1:9.  
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Figure 1:9 Possible Carbamazepine adsorption mechanisms onto activated 
carbon [138] 

Amongst the possible mechanisms, pore-filling was suggested to be the most 

common for smaller organic compounds [139]. The statement was supplemented by 

observations of CBZ adsorption onto peanut shell and rice husk activated carbons 

[139]. In the case of biochars, π-π interactions are more prevalent. The mechanism 

involves a negative correlation between the solid-liquid partition coefficient and 

oxygen and nitrogen surface functionalities on the biochar surface [140]. CBZ removal 

using pine sawdust biochar (pyrolysed at 700 °C) had a maximum adsorption capacity 

of 35 mg/g. The biochar used had a surface area of 25 m2/g. The same biochar was 

modified using a bleaching treatment that had an adverse effect on the removal 

efficiency [141]. Spent coffee grounds modified using sodium hydroxide were tested 

against organic pollutants. The produced biochar had a maximum removal capacity 

of 92 mg/g with a 24-hour operational time. Pore-filling and hydrophobic interactions 

were suggested to be the main removal mechanisms [142]. CBZ removal is highly 

influence by biochar surface area, micropore volume and surface functionalities. High 

micropore volume activated carbons with larger surface areas had high CBZ 

adsorption capacities [138]. 

There are still major concerns regarding incomplete removal of persistent organic 

pollutants from drinking water and wastewater systems. It is therefore essential to 
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investigate the development of novel adsorbents for removal of such pollutants with 

systems that will not be limited to only lab-scale applications. 

1.6 Adsorption 

As discussed in Physical Processes, adsorption refers to the accumulation of a solid or 

liquid (adsorbate) onto the surface of a solid (adsorbent). A porous material offers 

the advantage of higher surface area for the adsorbate to accumulate within the 

porous structure. This process of species transfer typically continues until an 

equilibrium is reached between the concentration of the adsorbed species on the 

adsorbent surface and its residual concentration in the solution [143,144].  

The adsorbed species can also detach from the adsorbent surface and move back to 

the bulk of the solution in a process referred to as desorption [145]. Both processes 

depend on several parameters such as solution pH, temperature, particle size, 

contact time, solubility of the adsorbate and the adsorbent and type of solvent. The 

most important factor for adsorption to happen successfully is the interaction 

between the adsorptive and the adsorbent. Physical parameters can further assist in 

the process. Adsorption and desorption can also co-exist in the solution once 

equilibrium is reached [146,147]. Figure 1:10 shows a simplified adsorption-

desorption system. 

 

Figure 1:10 Schematic representation of adsorption and desorption [145] 

The two primary pathways in which adsorption occurs are classified as physisorption 

and chemisorption. Physisorption or physical adsorption occurs when the 

accumulation of the target species occurs through Van der Waals forces. The process 
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is considered reversible due to weak binding interactions and usually forms 

multilayers on the adsorbent surface. This type of interaction is more likely to occur 

in systems with low temperature and desorption can be achieved by providing little 

energy such as increasing the temperature. Chemisorption or chemical adsorption is 

a more powerful reaction in which the species are bound through strong chemical 

bonds. Chemisorption involves bond sharing between the adsorbate and the 

adsorbent and is typically monolayer. Desorption in this case requires much more 

energy and is considered almost irreversible compared to physisorption [145]. A 

comparison between physisorption and chemisorption is summarised in Table 1:4. 

Table 1:4 Physisorption and chemisorption comparison [148,149] 

Parameter Physisorption Chemisorption 

Forces Weak (Van der Waals) Strong (chemical bonds) 

Selectivity No Yes 

Heat of adsorption 10-40 kJ/mol 40-400 kJ/mol 

Number of layers Multilayer Monolayer 

Adsorption speed High Slow at low T, fast at high T 

Reversibility Easy Difficult/irreversible 

A representation of adsorption mass transfer steps is shown in Figure 1:11 (a). 

External diffusion is the first step characterised by the penetration of the liquid film 

surrounding the adsorbent. This is driven by the difference in concentration between 

the bulk phase and adsorbent surface. The second step is internal diffusion, where 

the adsorbate reaches the porous structure of the adsorbent. Finally, the adsorbate 

gets attached to the active sites on the adsorbent surface, either through Van der 

Waals forces or chemical bonding [150]. An illustration of potential adsorption 

mechanisms for Methylene Blue removal from wastewater is displayed in Figure 

1:11 (b). 
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Figure 1:11 (a) Adsorption mass transfer steps [106] and (b) mechanisms for 
adsorption (example of Methylene Blue removal) [151] 

The internal structure such as the shape and size of pores considerably influences the 

adsorption process. As per the International Journal of Pure and Applied Chemistry 

(IUPAC), adsorbent materials can be classified based on their porous structure as 

follows [152]: 

• Microporous adsorbents, pore widths < 2 nm 

• Mesoporous adsorbents, pore widths between 2-50 nm 

• Macroporous adsorbents, pore widths > 50 nm 

Different sized pores result in different forms of pore filling. Narrow pores require a 

smaller number of molecules to fill up the cavities, whereas macropores can require 

multiple layers of molecules and therefore larger relative pressures. Upon reaching 

critical thickness, even before reaching saturated vapour pressures, the adsorbent 

pores start filling up with liquid, which results in a phenomenon called capillary 

condensation. This theory is often used to explain adsorption hysteresis often 

observed in porous solids [153]. A diagrammatical representation of monolayer 

adsorption at isolated sites and subsequent monolayer cover, followed by multilayer 

formations with increasing pressure and eventual pore filling is depicted in Figure 

1:12. 
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Pore classification can be based on different factors such as their origin, accessibility, 

or their geometrical shape. Based on origin, pores can either be intrinsic or extrinsic 

pores. Structurally intrinsic pores are a property of the parent material. In some 

cases, natural reactions such as leaching can also induce new intrapores in a material. 

These pores are defined as injected intrinsic pores. The intrapores that are induced 

to a material as a consequence of impregnating it with a foreign substance are 

referred to as extrinsic type of intrapores. If the foreign substance is completely 

removed from the parent material, the resulting extrinsic pores are called pure 

type [154].  

 

Figure 1:12 Adsorption process with increasing pressure showing monolayer 
coverage and subsequent monolayer formation [155] 

Based on accessibility to surroundings, pores can be classified as open, closed, and 

dead-end pores. Open pores can be open at either one or both ends and are 

accessible to most molecules or ions in the system. Open pores open at only one end, 

are defined as blind or dead-end pores. Closed pores have no interaction with the 

adsorbate. Albeit these pores have no influence on adsorption or permeability of 

molecules, they still influence the mechanical properties of the parent material 

[154,156]. Figure 1:13 depicts pore classification based on accessibility. 
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Figure 1:13 Pore classification based on accessibility to surroundings. a – closed 
pores, b – dead-end pores, c, d – open pores [156] 

Another classification of pores is based on their geometrical shape as shown in Figure 

1:14. They can be cylindrical, cone-shaped, slit-shaped or inkbottle. For convenience, 

a rough surface is not considered porous, until the surface irregularity has depth 

larger than its width [156].  

 

Figure 1:14 Pore classification based on geometry [157] 

1.6.1 Adsorption Isotherms 

The relationship between the adsorbate and the adsorbent can be illustrated using 

isotherms. The analysis is carried out at a constant temperature, where the material 

is immersed in an inert gas and the relative pressure of the system is increased from 

an approximate vacuum to saturation. This gradual pressure increase results in a 

monolayer formation of the gas molecules on the adsorbent surface, and the process 
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continues until the pores are filled completely. This is followed by desorption, where 

the pressure is gradually decreased, and the gas molecules begin to detach from the 

adsorbent. It should be noted that the following classification is for physisorption 

isotherms. Figure 1:15 shows the IUPAC classification of physisorption isotherms. 

Type I isotherms show steep adsorbate uptake at low relative pressures governed by 

microporous solids. The limiting uptake, when adsorption does not proceed further, 

is reached at low relative pressures due to inaccessible micropore volume as opposed 

to internal surface area. Type I(a) isotherms represent materials that have narrow 

micropores (~ 1 nm) and Type I(b) isotherms are given by materials with a slightly 

wider pore size range (up to 2.5 nm).  

Type II isotherms are typically representative of non-porous materials. Point B is 

indicative of the knee of the isotherm when the monolayer formation is complete. A 

less distinctive knee (or Point B) is a consequence of overlapping of the monolayers 

and onset of multilayer coverage usually at high relative pressures.  

For Type III isotherms, the monolayer formation is non-identifiable. The uptake is 

gradual at high relative pressure, suggesting weak interactions and molecule 

clustering at the most favourable sites. Type III isotherms can be associated with non-

porous or macroporous solids.  

Type IV isotherms are observed with mesoporous materials. The interactions 

between the adsorbate and the adsorbent occur at the pore walls and through 

condensation of the molecules within the structure. The primary step is the 

formation of the monolayer on the pore walls followed by multilayer adsorption as 

the relative pressure increases leading to pore condensation. Type IV isotherms have 

a noticeable plateau of variable length at high relative pressures due to saturation. A 

hysteresis loop differentiates Type IV(a) and (b) isotherms. A hysteresis loop is 

associated with capillary condensation and is discussed in more detail in the next 

section.  
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Type V isotherms resemble Type III isotherms at low relative pressures representing 

weak adsorbate-adsorbent reactions. At higher relative pressures, clustering, and 

pore filling result in a hysteresis loop. Type V isotherms are typically observed for 

water adsorption on hydrophobic materials.  

Finally, Type VI isotherms depict a ‘stepwise’ or layer-by-layer adsorption on uniform 

non-porous surfaces. The step length or the plateau at each step is governed by the 

overlapping of monolayer coverage and multilayer formation while the step height 

represents the adsorption capacity for each layer and varies from system to 

system [158,159].  

 

Figure 1:15 IUPAC physisorption isotherm classification. Type I: Microporous solids 
with high initial uptake; Type II: Typically, non-porous materials; Type III: Non-

wetting adsorbents; Type IV: Mesoporous materials with hysteresis; Type V: Low 
uptake at low pressures, typical for water adsorption; Type VI: Stepwise monolayer 

formation  [158] 
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1.6.2 Isotherm Hysteresis 

The hysteresis loops observed in Type IV and V isotherms shown in Figure 15 are 

generally associated with capillary condensation. IUPAC have also published a 

classification of hysteresis loops. It follows the concept that during desorption, the 

pores with a larger cavity and narrow opening (inkbottle pores) remain filled during 

desorption until low relative pressures, a form of pore blocking. In open ended pores, 

it was reported that due to metastability effects, the adsorption curve in Type IV and 

V isotherms is not in thermodynamic equilibrium [158]. Figure 1:16 represents the six 

main classifications of hysteresis loops reported by IUPAC. 

 

Figure 1:16 Classification of hysteresis loops. H1: Ink bottle pores or mesoporous 
materials; H2: Consequence of pore blocking and cavitation; H3: Incompletely filled 
macropores; H4: Characteristic of mesoporous materials with differences in heat of 

evaporation; H5: Result from open ended or semi-blocked pores. [158] 

Type H1 hysteresis loops are associated with inkbottle pores or mesoporous 

materials and carbons with uniform pores over a narrow range. They can also be 

observed in some forms of templated silicas. The two branches are almost parallel, 

and the loop is narrow and almost vertical. H2(a) hysteresis loops also show a steep 
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desorption branch. This can be a consequence of pore blocking and cavitation 

associated with inkbottle pores. H2(b) loops differ from H2(a) loops in that they are 

attributed to a wider range of pore neck widths. Type H2 hysteresis loops are 

observed within complex structures such as silica gels, silica foams and some porous 

glasses. A representation of hysteresis loops in Type H1 and H2 isotherms and 

associated pore networks is shown in Figure 1:17. 

 

Figure 1:17 Hysteresis loops and their correlation to pore network and adsorption 
mechanisms. (a) Type H1, (b) Type H2 with pore blocking, (c) Type H2(b) (d) Type 

H2(a) indicating cavitation in the desorption branch [160] 

The adsorption branch of a Type H3 hysteresis loop resembles a Type II isotherm. The 

desorption shoulder also has a lower closure point [152]. There pseudo-Type II 
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isotherm behaviour is attributed to incompletely filled macropores and a non-rigid 

aggregate structure and can be observed in certain clays. Type H4 loops are obtained 

from activated carbons or nanoporous adsorbents. The high initial uptake of the 

adsorption branch is associated with the formation of micropores which is followed 

by multilayer physisorption. Type H5 loops have a distinctive shape. This is a result of 

the presence of both open ended as well as semi-blocked mesopores [152,158]. 

The hysteresis loops are an important assessment to understand the geometry and 

the size of pores located in the material structure. Micropores are observed at low 

relative pressures characterised by high uptake. These pores have no contribution to 

hysteresis loops as their adsorption and desorption mechanisms are mostly similar 

[161]. Hysteresis is observed in pores of larger width because of multilayer 

physisorption and capillary condensation. In pores of larger width, multilayer 

physisorption is still insufficient to fill the pore cavity and requires a higher relative 

pressure to reach saturation. Therefore, almost all hysteresis loops are observed at 

relatively higher pressures and pores of mesoporous or macroporous nature [162]. 

1.6.3 Adsorption Isotherm Models 

Adsorption behaviour is typically described using Langmuir, Freundlich and Sips 

isotherm models. The Langmuir model is theoretical as opposed to the empirical 

nature of the Freundlich model and is more restrictive in its assumptions. Sips models 

combines the aspects of Langmuir and Freundlich models to allow for more flexibility 

and application to a wider range of adsorption systems. The mathematical 

relationships and assumptions associated with the discussed isotherm models are 

detailed below. 

The Langmuir model [163] is based on three fundamental assumptions: 

• Adsorption is only monolayer, and the adsorbed molecules do not interact 

with each other thereby preventing multilayer formation. 

• The available sites are limited to adsorbing just one molecule at a given time. 

• The adsorption sites are identical. 
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• Adsorption at one site is independent of adsorption at neighbouring sites. 

Langmuir equation is commonly used in case of microporous adsorbents, where 

differences between monolayer coverage and pore filling is difficult. It is more 

applicable in cases where chemisorbed monolayers are being formed.  

The non-linear form of Langmuir model [163] is given in Equation 1: 

 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

 Equation 1 

Where qm is the maximum adsorption capacity in mg/g, Ce is the equilibrium 

concentration of the solute in mg/L, qe is the amount of solute adsorbed in mg/g and 

KL is the ratio between adsorption and desorption rates in L/mg. The model 

represents a chemical adsorption process with monolayer formation and 

homogenous adsorption [164]. 

Described as an empirical equation, the Freundlich model has no physical meaning. 

The model is often associated to nonlinear adsorption [165] and has been used to 

represent heterogeneous systems showing multilayer adsorption [166,167].  

The Freundlich model [165] is given under Equation 2:  

 
𝑞𝑒 = 𝐾𝐹𝐶𝑒

1/𝑛 Equation 2 

Where KF is the rate constant in L1/nmg1-1/n/g and n is a correction factor. The linearised 

form of the model can be obtained when n=1. All other terms are as defined above. 

[178]. The model can be applied to systems showing chemisorption with 50% 

coverage as well as physisorption and is mostly represented in its non-linearised form. 

The Sips model [168] is often referred to as the Langmuir-Freundlich isotherm model 

and was developed in 1948. The non-linear form is given in Equation 3: 

 

𝑞𝑒 =
𝑞𝑚𝑠𝐾𝑠𝐶𝑒

𝑛𝑠

1 + 𝐾𝑠𝐶𝑒
𝑛𝑠

 Equation 3 
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Where the maximum adsorbed amount is represented by qms in mg/g and KS (Lns.mg-

ns) and nS are the Sips constants. When the value of nS in the Sips model is equal to 1, 

the model simplifies to the Langmuir model. At low initial concentrations (C0), the Sips 

model also resembles the Freundlich model. However, it is important to note that, 

unlike the Sips model, the Langmuir model satisfies Henry's law at low C0. The model 

can be applied to homogeneous as well as heterogeneous systems and describes the 

adsorption process of a monolayer, where one adsorbate molecule is adsorbed onto 

1/nS adsorption sites [164]. 

There can be instances where the fits from Langmuir and Sips isotherm models 

accurately describe the adsorption isotherm data. Since the models differ in their 

interpretation of the nature of adsorption sites, Scatchard plots can be used to 

determine the nature of the material surface. The Scatchard equation is given in 

Equation 4: 

 
𝑞𝑒
𝐶𝑒

= 𝑄𝑏 − 𝑞𝑒 Equation 4 

Where the Scatchard adsorption constant Q is in mg/g and b is in L/mg. The nature of 

the material surface can be interpreted from the plot between qe/Ce vs qe. If the plot 

is linear, the material surface is expected to be homogeneous with a single type of 

binding site available. Contrary, a non-linear plot suggests heterogeneity and multiple 

binding sites [169]. 

1.6.4 Surface Area Analysis 

Surface area is one of the most important properties of adsorbents. There have been 

attempts to establish a mathematical relationship between the adsorption isotherms 

and different isotherm models [170]. Of these, the most common approaches to 

report experimental surface areas are based on the Brunauer-Emmett-Teller (BET) 

model [171]. 
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Brunauer-Emmett-Teller Model 

The Brunauer-Emmett-Teller (BET) theory [172] was published in 1938 but continues 

to be a key approach in surface area calculations using nitrogen adsorption. The 

theory works as an extension of Langmuir theory where it considers the possibility of 

multilayer formation. There are still some assumptions associated with the model: 

• There is a single monolayer. 

• Molecules will adsorb in multilayers infinitely. 

• The monolayer exhibits heat of adsorption and subsequent layers exhibit 

heat of condensation. 

• There is no adsorbate-adsorbate interaction. 

• The final adsorbed layer is in an equilibrium state with the bulk. 

The BET equation is given as Equation 5: 

 
𝑝

𝑉(𝑝𝑜 − 𝑝)
=  

1

𝑉𝑚𝐶
+ 

(𝐶 − 1)𝑝

𝑉𝑚𝐶𝑝𝑜
 

Equation 5 

Where p and po are the equilibrium and saturation pressure respectively, C is a 

dimensionless constant related to adsorption energy, Vm is the volume of gas 

requited to reach monolayer coverage and V is the volume of the adsorbed gas. 

A plot of 
𝑝

𝑉(𝑝𝑜−𝑝)
 against p/po will be linear usually within a range of 0.05 ≤ p/po ≤ 0.35 

[173] and the values of Vm and C can be calculated from the slope and y-intercept.  

Surface areas calculated using BET analysis are highly sensitive to the selected relative 

pressure range [174], particularly for microporous materials. Rouquerol et al. 

published a set of recommendations in their review to avoid subjectivity when 

selecting pressure ranges that would help in the calculation of true surface areas. The 

optimal relative pressure range can be determined using the four consistency criteria 

suggested by Rouquerol et al. [175]: 
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• Only the range where the product of the adsorbate loading rate and 1 minus 

the relative pressure is increasing monotonically with the relative pressure 

should be chosen. 

• The value of BET ‘C constant’ must be positive. C constant quantifies the 

adsorbent and adsorbate interactions and is related to the energetics of 

adsorption in the first adsorbed layer [174]. 

• The selected linear region should encompass monolayer loading 

corresponding to the relative pressure. 

• The relative pressure calculated in Criterion 3. should be equal to the one 

calculated from BET theory consonant with monolayer loading with a 20% 

tolerance. 

Understanding the type of isotherms and hysteresis loops as well as surface area 

determination are important considerations made in the study of adsorption 

systems. One of the most important factors in such systems, however, is the 

precursor used as the adsorbent material. The choice of precursor is an important 

step as it will govern the adsorbate-adsorbent interactions. The precursor should also 

be easy to access, inexpensive and renewable. High carbon abatement potential and 

thermal stability are also added advantages when choosing potential adsorbent 

materials [176]. The next section provides a review on the different materials used 

as adsorbents for environmental remediation with a focus on biochars. 

Barrett-Joyner-Halenda Method 

The Barrett-Joyner-Halenda (BJH) method [177] can be used to determine the pore 

volume and pore size distribution within macro- and mesoporous materials. It 

combines Wheeler theory [178], physisorption fundamentals, and capillary 

condensation to calculate the Kelvin core radius, from desorption data obtained at 

different pressure intervals. The direct calculation of pore size distribution works on 

the following assumptions: (a) pores are of cylindrical shape and the pore passage is 

rigid, (b) there is an absence of micropores and (c) all pores are completely saturated 

at the highest relative pressure [179]. To calculate the pore radius, at a given pressure, 
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the pores are treated as being composed of three sections, as illustrated in Figure 

1:18. The first section is the core of the pore, the region which encompasses the main 

liquid filling. This region evaporates once the critical pressure for that pore radius is 

achieved. The second section is the adsorbed layer, which stays on the pore walls 

when the core is emptied and exhibits gradual evaporation with decreasing pressure. 

The final section is the pore wall, thereby completing the calculation of the empty 

pore width [180]. 

 

Figure 1:18 Labelled pore sections (left) and pore cross-section (right) [180] 

The Kelvin equation (Equation 6) defines the relationship between relative pressure, 

pore meniscus radius (rc), surface tension between the liquid and vapour interface 

(𝛾), the liquid molar volume (Vm), which is specific to the gas being used as adsorptive, 

the universal gas constant (R) and temperature (T). 

 ln (
p

po⁄ ) = 
2γVm

rcRT 
 Equation 6 

The equation can be rearranged to solve for the meniscus radius [181]. The BJH 

method, however, has limitations arising from the assumptions that there are strictly 

no micropores, and other complex pore structures that are not cylindrical. 

t-plot Method 

Since the BJH method is based on the assumption that there are no micropores 

present, the t-plot method was established by Lippens and Boer [182] to specifically 

determine the microporosity present within a material. Using this method, t-curves 
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are obtained by plotting a relationship between adsorbed layer thickness (t) and 

adsorption uptake, taken from isotherm data, as shown in Equation 7. 

 t = 2.98 + 6.45(
𝑝

𝑝𝑜
) + 0.88(

𝑝

𝑝𝑜
)2 Equation 7 

The presence of microporosity in samples is indicated by distinct t-curve sections. In 

the case of a reference sample for a non-porous material, the resulting plot is a 

straight line passing through the origin. A horizontal deviation from this curve 

represents microporous nature, whereas a vertical deviation is an indication of 

mesoporosity [182]. Example plots of materials that are non-porous, solely micro-, or 

mesoporous and a combination of micro- and mesopores are shown in Figure 1:19. 

To determine the extent of any identified microporous nature, the straight line 

obtained when micropores are present is extrapolated to determine the intercept on 

the y-axis. The micropore volume can then be calculated directly using Equation 8: 

 𝑉𝜇 = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 × 𝐶𝜌 Equation 8 

Where, Cp is the density conversion factor specific to the gas being used and is 

determined from the ratio of the gas state and liquid state densities. 
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Figure 1:19 Example t-plots of mesoporous materials (top left), nonporous 
materials (top right), microporous materials (bottom left) and micro- and 

mesoporous materials (bottom right) [182] 

In addition to obtaining information using the intercept, the gradient of the line can 

be used to calculate the external surface area (Sext), as well as micropore surface area 

(Sµ), by making use of the total surface area obtained using BET theory (SBET) and 

Equation 9 and 10: 

 𝑆𝑒𝑥𝑡 = 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 × 𝐶𝜌 Equation 9 

 

The current drinking water treatment systems face several challenges. Recent 

technological advancements have indicated contaminant diversity making it essential 

to develop systems that target a range of family of materials, contrary to being highly 

efficient against a removal of a particular species and inefficient against others or even 

closely related substances. The identification and detection of pharmaceutical and 

pesticide residues that show bioaccumulation potential, presents challenges due to 

 𝑆𝜇 = 𝑆𝐵𝐸𝑇 – 𝑆𝑒𝑥t 
Equation 10 
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their unique characteristics and properties. Although, some advanced removal 

techniques such as AOPs and membrane filtration exist, the deployment of these 

systems requires a large capital investment and infrastructure. Water remediation via 

a sustainable adsorbent offers multiple advantages over other systems.  

This work focusses on the development of a relatively low-cost renewable adsorbent 

material that can target multiple persistent organic pollutant species thereby 

demonstrating efficiency against a family of materials with comparable chemical 

structures and behaviour in water systems. The design of experiments optimisation 

of operating process parameters can replace the need for the traditional one factor 

at a time approach to produce materials catered to a specific target application. The 

adsorbents produced in this work were from a wood-based feedstock as wood has 

the highest carbon abatement potential. Efficient removal of three species with 

structural similarities via adsorption would demonstrate the flexibility of the process 

against a range of pollutants as well as the key influence of the chosen feedstock and 

process optimisation on the quality of the final product.  
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2. Adsorbents for Water Treatment 

Over the years, researchers have aimed to produce adsorbents from cheap raw 

materials, using waste produced from certain industries or households, to create a 

‘circular economy’, and to minimise waste disposal of potentially useable 

components. 

2.1 Types of Adsorbents Materials 

Table 2:1 summarises selected materials used as adsorbents in aqueous systems 

outlining their key features. This section also provides an insight into some of the 

more commonly used materials as adsorbents. 

Table 2:1 Selected materials used as adsorbents, outlining their key features and 
application ranges [183] 

Adsorbent Key feature Ref 

Wood waste Suitable for a wide-pollutant range [184] 

Agricultural waste Widely used for wastewater treatment [185] 

Activated alumina Effective against bacteria & organic matter  [186] 

Silica gel Effective against toluene, xylene, and dyes [187] 

Zeolites High ion exchange capacities [188] 

Biomass More selective than ionic adsorption [189] 

Chitosan derivatives Cost effective biopolymer [190] 

 

Activated carbons (AC) are commonly used adsorbents for the removal of various 

pollutants from water streams [191]. They can be obtained using either physical or 

chemical activation combined with pyrolysis at high temperatures [192]. ACs with 

multiple regenerative cycles are used in commercial applications. The production of 

ACs typically involves pyrolysis of the material in an inert atmosphere in 

temperatures ranging from 450-1200 °C. For physical activation, an activating gas 

such as CO2 is passed through the system during pyrolysis. Chemical activation 
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generally involves the use of strong acids or bases to modify the pyrolysed 

material [89]. Despite the numerous techniques and advancements in AC adsorbents, 

their application tends to be limited to drinking water systems. 

Chitosan makes an effective adsorbent material by itself or infused during synthesis 

of other adsorbents, and its low cost makes it an economically feasible adsorbent 

[193]. Chitosan based adsorbents have proved to be efficient for metal ion removal 

due to properties such as hydrophilicity, biocompatibility, and adhesion 

characteristics [194]. The adsorbents can also be regenerated, which adds to their 

economic feasibility [195]. Without modification however, chitosan-based 

adsorbents demonstrate limited application under acidic conditions [196]. Although 

chitosan offers multiple advantages as an adsorbent material; it is highly 

biodegradable and susceptible to dissolve in acidic conditions which can affect the 

regeneration cycles and limit application to alkaline systems [197]. 

Zeolites are naturally occurring minerals with high cation exchange ability. There is 

an abundance of natural zeolites with a crystalline hydrated framework structure, 

and their low cost makes them an attractive prospect for adsorbent synthesis [198]. 

Zeolite sorbents are cheaper compared to their aluminium and AC counterparts [89]. 

Zeolites have been studied with regards to selectivity to metal ions. Primarily, the 

application of silica gels was targeted at gas phase contaminants. In the liquid phase, 

silica-based adsorbents with high surface areas and polarities showed promising 

results [89]. A common technique to develop silica-based adsorbents is surface 

modification. The process, however, raises the concern of biodegradability and 

disposal of the adsorbents and hence, has limited applications [199,200]. 

Residues from agricultural processes like lignite, peat, mangosteen peels and certain 

waste products like tea leaves, coffee grounds and wood have emerged as an interest 

area to produce adsorbents. The materials are available in abundance and are 

environmentally friendly. Kwikima et al. (2012) reported that chemically modified 

adsorbents had better performance than unmodified biosorbents [201]. Chemical 

modifications, however, raise concerns about excess chemical disposal as well as 
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increase the overall price of the adsorbent. Testing such materials after physical 

activation could lead to a potential solution of the problem.  

A range of materials have been investigated to produce efficient adsorbents, each 

with their set of advantages and disadvantages. Biochars are a form of activated 

carbon, that have also been investigated. They are the black carbonaceous residue of 

thermochemical conversion of biomass in an inert atmosphere [202]. They can be 

ideal adsorbent materials due to their stability, high carbon content and aromatic 

nature [203]. Biochar based adsorbents can be derived from a range of precursors 

and are also versatile in their field of application. The choice of precursor is an 

important step as they exhibit different physiochemical properties in terms of 

functional groups and surface charge relevant to the parent material [204]. The next 

section provides a review on different biochar applications, types of precursors and 

factors influencing adsorbent synthesis. 

2.2 Biochars 

Due to ease of application and versatility, biochars have gained interest across 

various domains. The unique surface chemistry provides an opportunity for biochars 

to be used as catalysts. In the realm of adsorption, highly porous structure and large 

surface areas facilitate the removal of a range of pollutants. Their ability to retain and 

release nutrients is a key factor in soil enrichment applications whereas the carbon-

rich nature presents opportunities in the energy storage sector.   

2.2.1 Potential Biochar Applications 

Catalysts 

Biodiesel as an alternative fuel has recently gained interest. It is non-toxic, 

biodegradable, and capable of competing with the conventional petroleum fuels 

[205–207]. A key concern in biodiesel production, however, is the cost of lipid 

feedstock and the type of catalyst. To reduce this cost, research focus has shifted to 

alternative feedstock such as edible and non-edible oils [208–211]. The free fatty acid 

(FFA) content in the oils determines the type of catalyst to be used [209]. The role of 
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the catalysts is to assist in the conversion of triglycerides into biodiesel through 

transesterification after the esterification process. Acids such as hydrochloric and 

sulphuric are preferred for oils with high FFA content for simultaneous esterification 

and transesterification. The homogenous catalysts boost biodiesel production on an 

industrial scale. However, a lot of effort and resources are required to remove the 

by-products [212,213] and purify the final product [214,215]. The operating expenses 

and resources involved in the final output make the process cumbersome and not 

environmentally friendly. To mitigate this impact, heterogeneous or solid catalysts 

have gained importance. As the catalysts do not dissolve in the reaction mixture and 

are non-toxic and reusable, the overall process has a reduced carbon footprint 

[209,214]. Biochar based acid catalysts derived from rice husk [216], coconut shells 

[217], pyrolysed hard wood [218] have thus found potential application in biodiesel 

production. 

Adsorbent materials 

Biochars have well-developed pore networks, ranging from micropores to 

macropores, and high surface areas that makes them suitable for such applications 

[219]. The pore network extends throughout the material and provides active binding 

sites for heavy metals that readily sorb on the surface and within the pore network. 

The parent feedstock used to produce biochars, and the parameters used for 

activation, determine the chemical properties of the product and the affinity towards 

target metals [220]. Rapid industrialisation has resulted in high volume discharge of 

wastewater into the environment. The heavy metals discharged as by-products are 

very toxic, carcinogenic and have the potential to bioaccumulate. This makes 

prolonged exposure to even minor concentrations of these metals detrimental to 

humans and the environment alike [221]. Biochars made from renewable sources 

gave comparable adsorption capacities to commercial activated carbons, even 

though the surface areas demonstrate a significant difference [222]. 
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Bio-Fertilisers 

Bio-fertilisers, much like other bio-degradable alternatives, are carbon-efficient 

substances than their synthetic counterparts. While synthetic fertilisers are known to 

boost the crop production, there is still significant damage to the environment. 

Consequently, bio-fertiliser utilisation has been on the rise [223]. Biochars, as soil 

enhancement materials, can maintain the natural nutrients within the soil. They also 

control cation exchange, which reduces nutrient leaching from soils [222]. Barrow 

(2012) suggested that biochars can be potential substances to be used for land 

rehabilitation [224]. If the biochar feedstock contains elements such as calcium, 

magnesium and nitrogen, their application can help maintain soil macronutrient 

levels and in turn, soil fertility [225]. The different functional groups present in the 

biochar also help to increase the pH by reacting with the hydrogen ion [226]. 

Energy Storage Materials 

Supercapacitors have widespread application in energy storage alongside lithium-ion 

batteries in cell phones and electric vehicles. One of the components of a 

supercapacitor is a carbon-based material. Activated biochars have found 

implementation in the making of this component [222]. According to Dehkhoda et al., 

(2014) potassium hydroxide activated biochar can be used within supercapacitors 

[227]. Biochars improve the total capacitance of the electrodes, due to the highly 

micropore structure, and chemical activation was reported to be more suitable for 

the properties of the supercapacitor [228,229]. Materials such as maple wood and 

microporous bamboo were also studied as electrode materials [230,231]. 

Over the years, a plethora of materials have been used to produce carbon- based 

materials. Biochar based acid catalysts derived from rice husk [216], coconut shells 

[217] and pyrolysed hard wood [218] have found potential application in biodiesel 

production. Biochars as soil enhancement materials can maintain the natural 

nutrients within the soil. They also control cation exchange, which reduces nutrient 

leaching from soils [222]. Biochars have well-developed pore network, ranging from 

micro- to macropores, and high surface areas that make them suitable for adsorption 
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[219]. The pore network extends throughout the material and provides active binding 

sites for heavy metals that readily sorb on the surface and within the pore network. 

Table 2:2 gives examples of different feedstock used to produce biochars and their 

application in water treatment systems.  

Table 2:2 Selected examples of feedstock for biochar production and target 
compounds in water treatment 

Feedstock for biochar 

production 
Pollutant species Ref 

Grape bagasse Copper [232] 

Modified waste potato 

peels, commercial coffee 

waste 

Cobalt ions, heavy metals [233,234] 

Walnut wood Lead and methylene blue [235] 

Rosid angiosperm Metaldehyde [236] 

Peanut shell Metal ion [237] 

Anaerobically digested 

biomass 
Heavy metal [238] 

Hazelnut shell Chromium (VI) [239] 

Apple wastes Heavy metal [240] 

Biochars made from renewable sources gave comparable adsorption capacities to 

commercial activated carbons, even though the surface areas demonstrate a 

significant difference [222]. The abundance of wastes produced from households and 

agricultural residues, and the feasibility to transform these into carbon materials, has 

attracted researchers to work towards the concept of a circular economy within 

biochars production. Biochars have well-developed pore networks, ranging from 

micro- to macropores, and high surface areas that make them suitable for adsorption 
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[219]. The pore network extends throughout the material and provides active binding 

sites for heavy metals that readily sorb on the surface and within the pore network. 

Biochars made from renewable sources gave comparable adsorption capacities to 

commercial activated carbons, even though the surface areas were significantly 

smaller [222]. As a consequence of these characteristics, many biochars have been 

applied in water treatment processes, extending the circularity of their manufacture. 

Table 2:3 provides comparative data for biochars produced from wood-based 

feedstocks reported in literature, detailing pyrolysis temperatures, surface areas and 

fixed carbon contents.  

Table 2:3 Surface areas and pyrolysis temperatures of biochars produced from 
wood-based feedstocks 

Feedstock 
Pyrolysis Temp. 

(°C) 

Surface area 

(m2/g) 
Carbon (%) Ref 

Oak wood 
350 

650 

450 

642 - [241] 

Mulberry wood 

350 

450 

550 

16.6 

31.5 

58.0 
67.9 [242] 

Hardwood 450 0.43 53.4 [243] 

Grey dogwood 755 422 73.1 

[244] 

Black locust 755 442 72 

Hackberry 755 369 69.9 

Red bud 755 320 71.6 

American linden 755 190 71.2 

Apple tree 
branch 

600 

700 

800 

209 

419 

545 

81.5 

82.3 

84.8 
[245] 

Oak tree 

600 

700 

800 

289 

336 

398 

81.2 

83.2 

82.9 

Fir wood chips 
600 

700 
545 89.3 [246] 
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2.2.2 Influence of Operating Process Parameters 

There are several parameters involved in the production of biochars: operating 

temperature, gas flowrate, residence time, furnace ramp rate, and pressure that can 

influence the yield and quality of the final product. Previous studies have discussed 

the relationship between biochar performance and process parameters [247,248]. 

However, there is a limitation and lack of understanding of the synergistic effects of 

these parameters on produced biochars. Feedstock with different physical and 

chemical compositions, react differently to operational parameters and produce 

biochars with variability in characteristics [249]. Material selection is an important 

step prior to biochar production. Parent material characteristics can be influenced by 

climatic conditions [250]. To ensure profitability, the cost incurred in procuring the 

raw material and transforming it into bespoke materials for chosen applications 

should offer a reasonable benefit. The influence of these key parameters is outlined 

below, allowing for variable selection to obtain optimised biochars materials. 

Effect of Temperature 

Pyrolysis temperature is considered one of the key factors on the properties of 

biochar. The breakdown of heavy hydrocarbons decreases the quantity of the final 

product as more volatiles are removed from the system [251]. Many researchers have 

reported a reduction in biochar yield on increasing the pyrolysis temperature as may 

be expected [236,252,253]. At high temperatures, secondary reactions occur that 

further breakdown the char formed at initial temperatures into liquid and gaseous 

phases. The decrease in yield occurs when the thermal energy increases the bond 

cessation energy in the precursor and subsequently releases more volatile 

components [254]. This activation energy, however, enables the biochar to develop 

micropores and an enhanced pore structure [255]. The disadvantage of extreme 

temperatures is that the formation of ash hinders the growth of the pore network 

and surface area [256]. The surface areas do not continue increasing with increase in 

temperatures. In some cases, at a particular temperature, there is a sharp decline in 

the surface area. This is referred to as the ‘inflexion point’ [257]. There is no fixed 
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trend that identifies the point of inflexion in biochars. The inflexion occurs based on 

the properties of biomass. At extreme temperatures, which is relative to the 

properties of precursor used, thermal deactivation occurs. The deactivation is caused 

by pore fusion and melting of biochar, that reduces the surface area and pore volume 

of the final output [258]. In addition, a very low temperature range does not cause a 

significant change in the pore volume and surface area of biochars. If the pyrolysis 

temperature is unable to completely devolatilise the volatile constituents, the final 

product might be subject to pore blockage and an underdeveloped pore 

network [259]. The above observations suggest a temperature range between 400 

and 800 °C. The definite value for an optimum yield depends on the type and source 

of the biomass being used and interaction with other reaction parameters. 

Effect of Gas Flow Rate 

Carrier gases are used to ensure an inert atmosphere for pyrolysis. Vapours are 

formed during pyrolysis, and these can participate in reactions with the char, and 

modify its characteristics if not purged from the system [254]. Nitrogen is the most 

common carrier gas. Argon has also been used by researchers, but nitrogen is 

cheaper and more readily available than other inert gases. It is harder to disperse 

argon molecules as the gas is denser compared with nitrogen. Moisture and oxygen 

removal would be more effective with argon being a carrier gas, however the capital 

involved with argon usage is significant. This makes nitrogen a feasible and 

satisfactory alternative. An increase in the gas flow rate, marginally decreases the 

biochar yield. The effect is a consequence of the vapours being pushed out of the 

system. A shorter vapour residence time eliminates the volatiles preventing 

repolymerisation [254]. This marginal decrease in yield was observed when the 

biochar yield was reduced from 28.4% to just above 27% on increasing the nitrogen 

supply from 50 to 400 mL/min [260]. Several other studies reported similar 

observations about slight decrease in yield with increasing gas flow rates 

[232,261,262]. The evidence suggests that low to moderate flow rates are sufficient 

to understand their influence on biochar properties. In contrast to the biochar yield 
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being almost constant, the change in gas flow rate has a more pronounced influence 

on surface area and total pore volume of the product. An increment in the nitrogen 

flow rate from 50 to 150 mL/min was reported to cause an increase of over 300 m2/g 

in Algerian date pits derived activated carbon. The total pore volume increased from 

0.012 cm3/g to 0.125 cm3/g [263]. A very high gas flow rate however, results in a 

temperature decrease of the biochar, affecting the release of volatile matter and 

consequently, a reduced biochar yield and pore volume [263,264]. The observations 

reported above, advocate the use of a moderate gas flow rate between 150 and 300 

mL/min for optimum characteristics. 

Effect of Heating Rate 

Heating rate plays an important role in the composition and states of the biomass 

during pyrolysis. A low heating rate mitigates the possibility of thermal cracking of 

biomass and rules out secondary pyrolysis reactions to enhance the biochar yield 

[254]. A very high heating rate would melt the biochar particles and increase the 

gaseous and liquid components, thereby decreasing the quantity of the final 

product [257]. An excessive heating rate also results in accumulation within particles, 

resulting in blocked pore entrances. The result is due to shortage of time for the 

volatile matter to diffuse [265]. Depolymerisation of biomass and prevalence of 

secondary pyrolysis are key concerns to avoid high heating rates during pyrolysis, as 

both result in a reduced biochar yield. A reduction in yield was observed upon 

changing the heating rate from 30 to 50 °C/min by researchers [266,267]. Chen et al., 

(2016) reported an initial increase in surface area when the heating rate was 

increased from 10 °C/min, up until a heating rate of 30 °C/min, followed by a decline 

when it was increased further [268]. High heating rates result in accumulation of 

volatile matter within and on the surface of biochar by reducing the time needed for 

diffusion on those particles [265]. To avoid micropore coalescence or collapse of the 

carbon matrix altogether, a high rate of volatile matter generation must be 

avoided [257]. The above observations rule out the use of high heating rates and 

propose an optimum limit between 10 and 30 °C/min.  
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Effect of Contact Time/Residence Time 

Residence time is a parameter influenced by temperature, gas flow rate and heating 

rate. To promote repolymerisation, and a high biochar yield, sufficient residence time 

is necessary for the reaction constituents [269]. In contrast, investigations reported 

that the yield of biochar was not proportional to the residence time [270,271]. A 

residence time between 30 and 60 minutes was reported to yield the maximum pore 

volume range for chemically activated biochar from corn cob [272]. An increase in 

the surface area was reported on increasing the residence time from 10 to 60 

minutes [273]. However, upon further increment, there was a retardation in the 

surface area value. Although, sufficient residence time is needed for a high yield, and 

well-defined pore structure, prolonged exposure to high temperatures can be 

detrimental to the pore structure [257]. The complications arising from interaction 

between other process conditions and residence time, make it a challenging 

parameter to analyse and, hence, a key component to investigate during biochar 

production. The above observations advocate the use of a residence time ranging 

between 20 and 60 minutes. 

Effect of Pressure 

The influence of pressure on biochar production is relatively straightforward. 

Extreme, high pressures prevent the release of volatile matter from the system and 

result in the formation of spherical cavities [274]. A continuous decrease in surface 

area was reported upon increasing the pressure from 1 to 20 bar. Melligan et al., 

(2011), supported this observation when they reported a decrease in surface area 

value upon increasing the pressure from 1 to 26 bar [275]. However, a pressure 

slightly higher than atmospheric pressure can increase the residence time of reaction 

constituents, which assists char formation [276]. Carbon content in the final product 

was suggested to be pressure dependent [254]. Elevated pressures were reported to 

improve the biochar yield [277]. In combination with a reduced gas flow rate, the 

complex mixture of organic compounds (anhydrous sugars, vapour phase sugars, 

lignin moieties) decomposes on the biochar surface. This occurs due to the mixture 
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being unstable at high temperatures and is supplemented with a gas release 

encompassing mainly water, methane, hydrogen, carbon monoxide and carbon 

dioxide. 

Effect of Type of Pollutant 

Although the type of pollutant does not directly influence the final biochar 

characteristics, it plays a significant role in the application of the biochar material. The 

presence of different functional groups endow the species with characteristic 

properties [278]. These properties can either aid or hinder biochar performance 

based on the conditions present in the system by influencing polarity, dissociation, 

hydrogen bonding or complexation of the pollutant with the material. Size and 

molecular weight are also key factors to consider during pollutant selection. A larger 

sized molecule will face challenges accessing the porosity of highly microporous 

material as opposed to a smaller molecule. Water solubility of the pollutant also 

affects its adsorption behaviour. Generally, a more hydrophobic pollutant will have a 

stronger driving force than a hydrophilic species that is stable in the solution [279]. 

Challenge in Large-Scale Biochar Application for Water Treatment 

Activation technique and cost of the final product could be potential limiting factors 

in obtaining a commercial product ready for distribution [89]; despite compelling 

concepts and innovation, market demand and large-scale application require ample 

supply of feedstock and significant capital input for process application. A 

comprehensive production technique could lead to smaller profit margins providing 

a challenge in gaining capital investments. Companies and manufacturers often tend 

to evaluate these risk factors to ensure the accessibility of the final product that is 

reasonably priced and user-friendly. Porous carbons are efficient materials to be used 

in water remediation. The characteristics of the parent material, availability, and 

feasibility govern the overall efficiency of the produced biochars. Locally procured 

raw material provides a considerable reduction in carbon footprint associated with 

supply and transport, offering the potential for circularity in the formation of biochar 

materials for possible applications. Tailor-made biochars for target pollutant removal 
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can be achieved by synthesis process parameter manipulation and eliminate the 

necessity for a trial-and-error approach. Removal timeframes are also an important 

consideration prior large-scale application. A short contact period with high removal 

efficiency against the selected pollutant are ideal circumstances for scaling up pilot 

systems. 

2.2.3 Aims and Objectives 

As discussed extensively in the literature, biochars have tremendous potential to be 

used as adsorbent materials. The characteristics of the final product, however, can 

potentially be tailored to suit a range of target applications. As the demand for 

environmentally friendly materials increases, biochars, derived from local sources, 

including native woods, can provide an efficient and low-cost solution. 

The main aims of this work are underpinned: 

1- Identification of a suitable feedstock from screening experiments for biochar 

production. 

2- Using a Design of Experiments approach to investigate the synergistic effects 

of operating parameters on biochar characteristics and its advantages over 

the traditional one factor at a time approach. 

3- Application of the chosen optimised biochar sample for water remediation 

targeting selected persistent organic pollutants (3,4-DCA, APAP and CBZ). 
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3. Methodology 

3.1 Materials 

The wood samples used in this study were procured from Sustainable Thinking 

Scotland (STS) C.I.C. (Kinneil Estate, Bo’ness, Scotland), and obtained from a walled 

garden in a 200-acre estate. Wood samples included birch, oak, ash, Scots pine, Sitka 

spruce and Western red cedar. Table 3:1 gives an overview of the sample mix used in 

the study. The samples were delivered as chunks of logs, with equal proportions of 

species and were stored in airtight containers under room temperature. A non-

disclosure agreement with STS was signed to not disclose the compositions and initial 

analysis of the raw feedstock for patenting purposes. Pre-pyrolysis, equal sized 

portions of each species were taken during the weighing process.    

Table 3:1 Feedstock used for biochar production showing species mix in the samples 

Sample Wood type Species 

A 
predominantly 

softwood 

ash, birch, oak, Scots pine, Sitka spruce, 

Western red cedar 

B 
predominantly 

hardwood 

ash, Downey birch, oak, Scots pine, Sitka 

spruce, Western red cedar 

C 100% softwood Scots pine, Sitka spruce, western red cedar 

Samples A and B were developed to give a comparison between biochars produced 

from soft and hardwoods. A design of experiments (DoE) approach was adopted, 

based on a comprehensive literature review. Screening experiments were performed 

on Samples A and B to identify the type of wood to be used for the DoE study. The 

results of the preliminary runs on Samples A and B were refined and DoE was applied 

to Sample C. Parameter scoping helped develop DoE runs to investigate a wider 

parameter space, utilising statistical analysis of variance (ANOVA) using Minitab to 

determine responses arising due to multiple factors changing simultaneously [280]. 
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This provides a deeper understanding of the systematic factors that have statistical 

influence on the chosen responses. 

3.2 Design of Experiments 

DoE is a multipurpose approach that helps in determining a relationship between 

input variables against a chosen response. Based on the situation, different design 

types can be applied to a system. Comparison investigates a single factor between 

different combinations using t-, Z- or F-tests. Variable screening uses factorial designs 

to analyse the significance of input variables on the overall performance of a system 

or process. Transfer function optimisation allows study of the relationship between 

relevant input variables to the specified output. System optimisation uses the 

transfer function to improve the overall performance of the system. Finally, Robust 

design is aimed at mitigating the effects of system variation without root cause 

elimination [281]. 

In this study, a Full Factorial Design (FFD) which falls under variable screening was 

used to assess possible interactions of input variables as opposed to the traditional 

one-factor at a time approach. The statistical approach offers the advantage of 

scoping a wider parameter space and their possible interactions by running fewer 

experiments compared to the traditional approach. A full factorial design 

incorporates all factor combinations in a test and takes into consideration their 

simultaneous manipulation. This helps in the identification of the main and 

interaction effects of the chosen factors on selected responses. The 2k factorial design 

takes into account the main effects, two-factor and even three-factor interactions. 

The design space is orthogonal, suggesting that the model terms do not correlate with 

one another as an initial assumption and are estimated independently. Therefore, the 

FFD offers a balanced symmetric approach in determining which factors have 

conclusive influence on the chosen responses [282].   

The screening runs were based on three variables: contact time with activating agent 

(CO2), flowrate of activating gas, and furnace temperature. Two temperatures (600 
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and 850 °C) were chosen based on a review of the literature, to study the difference 

in the types of produced biochars, as well as yields. Thermal CO2 activation improves 

sorption characteristics of biochar and forms new functional groups, creating a more 

uniform porous structure, and is quicker than chemical activation. Flowrates of 100 

or 250 mL/min were used with residence times of 20 and 60 min.  

Screening identified softwood as a more desirable feedstock, hence, DoE (using FFD) 

was applied to pure softwood samples. A mean temperature of 725 °C was used with 

three variables: contact time (20 and 60 min), gas flowrate (100 and 250 mL/min) and 

the heating ramp up rate (15 and 30 °C/min) for the full factorial design (FFD). Minitab 

was used to generate the FFD, which resulted in a total of 23 = 8 experiments for 3 

factors with a high and low setting each [283]. The runs were randomised to minimise 

effects of factors that cannot be controlled. Centre points were omitted from the 

model to reduce excess material waste and minimise equipment usage and power 

consumption, but the model was allowed to run interactions up to third order. Biochar 

yield and surface area were considered as the two design responses as the economic 

feasibility and performance of the biochars is governed by these properties. 

3.3 Nomenclature 

Sample names were developed as per: the first three digits (e.g., 250 or 100) 

represent the gas flowrate. ‘S’ and ‘H’ denote either softwood or hardwood; the 

middle set of values (600, 850, 725) represent the pyrolysis temperatures; followed 

by residence time and sample category, e.g., 20A or 60C. Thus, the sample 250S725-

60C represents a gas flowrate of 250 mL/min, for a softwood sample pyrolysed at 725 

°C with a residence time of 60 min, from wood batch C. All experiments were 

conducted at a heating rate of 15 °C/min, with the exception of samples marked ‘/30’, 

where the ramp rate was increased to 30 °C/min. 

3.4 Pyrolysis 

Prior to combustion, the wood samples were divided into cubes of sides ~5 cm. These 

smaller cubes were washed with de-ionised water to remove dust and oven dried at 
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100 °C for 24 h. For combustion, a precursor weight of 30 ± 0.1 g was used. The sample 

was equally distributed into four crucibles fitted with lids, all placed inside the 

Thermconcept KLS 10/12/WS muffle furnace. A CO2 flow of 250 mL/min was 

maintained over the sample for 40 min to ensure an inert atmosphere, and the 

furnace set to the corresponding temperature and dwell time. Following this, the gas 

flowrate was adjusted to the values detailed in Table 4:1 and Error! Reference source 

not found. and the heating process initiated. After each run was complete, the flow 

of gas was switched off once the furnace reached room temperature and the sample 

was allowed to cool overnight. Figure 3:1 shows a schematic diagram of the muffle 

furnace used for pyrolysis. 

Biochar weight was calculated once the samples had reached room temperature. The 

yield of the sample was calculated using Equation 11:  

 Biochar yield (%) = 
produced biochar weight (g)

precursor weight (g)
∗ 100  Equation 11 

 

Figure 3:1 Schematic diagram of muffle furnace equipped with a weighing system  

(Licence number - 5501811254585) [284] 

3.5 Analytical Method 

The experimental solutions were passed through Fisherbrand Grade 601 general 

purpose filter papers (125 mm diameter). Two filter papers were used for each 
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filtration step to ensure the removal of all suspended particles from the permeate. 

For the target species in this work, calibration curves were plotted prior kinetic and 

adsorption experiments. The maximum adsorption wavelengths for 3,4-DCA, APAP 

and CBZ are 296, 243 and 285 nm respectively. For calibration, absorbance obtained 

by passing light of monochromatic radiation was plotted against concentration and a 

liner fit provided the required parameters of slope and intercept. The generated 

equation was then used to identify residual concentrations from experimental runs. 

3.6 Adsorption Kinetics 

Kinetic and isotherm studies of the target species were performed on the optimised 

sample suggested by Minitab and correlated from experimental observations. Biochar 

samples (0.1 g) were added to 100 mL glass bottles and mixed with 50 mL of 100 mg/L 

solution of either APAP, CBZ or 3,4-DCA. The bottles were subsequently placed on an 

orbital shaker at 420 rpm for time steps 15, 30, 60, 120, 180, 240, 360 and 1440 min. 

Once completed, the solutions for each time step were double filtered using cellulose 

acetate filter papers to obtain a clear solution free of suspended biochar particles. 

The supernatants were analysed using UV-Vis spectroscopy. The amount of target 

species adsorbed was calculated using calibration curves run prior to kinetic and 

isotherm measurements. It should be noted that there was an exception in the case 

of 3,4-DCA kinetic analysis. The speed of adsorption was observed to be extremely 

fast, not allowing sufficient time to measure and analyse multiple samples. Hence, a 

reduction in temperature was used, using an ice bath (~2-3 °C) to slow the reaction 

process to obtain kinetic parameters. A series of kinetic models were applied to 

determine the most appropriate fit. 

The pseudo first order (PFO) model was first proposed by Lagergren in 1898 [285]. 

The differential form of the model is given in Equation 12: 

 𝑑𝑞𝑡
𝑑𝑡

= 𝑘1(𝑞𝑒 − 𝑞𝑡) Equation 12 

Where k1 is the rate constant for adsorption, and qe and qt are the adsorbate uptake 

amounts at equilibrium and a given time ‘t’, per mass of adsorbent, respectively. 
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Integrating the above equation provides the linearized form (Equation 13) of the 

model [286]: 

 ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡 Equation 13 

Which upon rearranging gives the non-linear PFO model as presented in Equation 14: 

 𝑞𝑡 = 𝑞𝑒(1 − 𝑒 − 𝑘1𝑡) Equation 14 

The physical meaning associated with the model has been suggested to be dependent 

on the initial solute concentration [287,288]. The PFO model is associated with a high 

initial solute concentration, the process being at the initial stage of adsorption, and 

availability of only a few active adsorbent sites [289]. 

Ho et al. [290], proposed the expression for the pseudo second order (PSO) model by 

integrating Equation 15: 

 𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2 Equation 15 

And applying it to the adsorption of lead onto peat, to obtain the non-linear model 
shown in Equation 16: 

 

𝑞𝑡 =  
𝑞𝑒2𝑘2𝑡

1 + 𝑞𝑒𝑘2𝑡
 Equation 16 

Where k2 is the reaction rate constant, and all other terms are as defined for PSO. The 

linearised form of the model is given in Equation 17: 

 𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒2 +
𝑡

𝑞𝑒
 Equation 17 

PSO models are more commonly used to predict adsorption experiments as opposed 

to PFO models. The model signifies a low initial solute concentration, occurring within 

the final stages of the adsorption process, and an abundance of active sites on the 

adsorbent [289]. 



73 
 

3.7 Adsorption Isotherms 

Batch adsorption experiments were carried out using 0.1 g biochar in 50 mL solution 

of the target species. For APAP and 3,4-DCA, the concentrations used were 25, 50, 75, 

100, 150, 200, 250 and 300 mg/L. For CBZ, the maximum solubility is 125 mg/L and, 

hence, the isotherm points were taken between 10-100 mg/L at intervals of 10 mg/L. 

Based on the kinetic data, 3,4-DCA isotherm solutions were filtered after 10 min. 

Experiments for APAP were run for 6 hours and CBZ experiments were allowed to run 

for 24 hours to allow for full equilibration of the samples. The permeate collection 

procedure was similar to that used within the kinetic measurements, where the 

solutions were double filtered using two cellulose acetate filter papers and the 

absorbance measured using UV-vis spectroscopy. The collected isotherm data was 

analysed using three adsorption isotherm models stated in Section 1.6.1. 

UV-Vis spectroscopy in an analytical technique that explores both UV and visible light 

wavelengths. The mechanism is akin to IR spectroscopy and corresponds to the 

absorbance of light resulting from atomic excitations. To obtain calibration curves and 

residual concentrations of the target species post adsorption, Cary 5000 UV-Vis 

Spectrophotometer was used. The wavelength range was selected between 200-800 

nm to obtain the spectrum and a baseline correction using DI water was performed 

for added accuracy.  

A calibration curve is typically plotted prior experimental runs to find the 

concentration of the target species in an unknown solution. Adsorption was 

measured for a set of solutions of known concentrations using wavelengths at which 

maximum adsorption occurs for the target compound. In this work, three sets of 

calibration curves were plotted for 3,4-DCA, APAP and CBZ. The maximum adsorption 

wavelengths for these compounds are 296, 264 and 285 nm, respectively. For 

calibration, absorbance obtained by passing light of monochromatic radiation was 

plotted against concentration and a liner fit provided the required parameters of 

slope and intercept. The generated equation was then be used to identify residual 
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concentrations from experimental runs. Observed calibration curves are reported 

below. 

 

Figure 3:2 Calibration curve for APAP using UV-vis spectroscopy.  
Peak wavelength: 243 nm 

 

 

Figure 3:3 Calibration curve for CBZ using UV-vis spectroscopy.  
Peak wavelength: 285 nm 
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Figure 3:4 Calibration curve for 3,4-DCA using UV-vis spectroscopy. 
Peak wavelength: 296 nm  
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4. Biochar Screening and Characterisation 

Material characterisation and analysis are important for evaluating potential fields of 

application and understanding the influence of initial process conditions. Analysis can 

assist in the identification of potential synergistic effects of operating conditions and 

possible process optimisation. This chapter focuses on the results of parameter and 

feedstock screening and experimental data obtained from screening. A range of 

methods were employed to probe the characteristics of the produced biochars. 

Surface area of the samples was determined using the BET method outlined in Section 

1.6.4. Pore size analysis was performed using Barrett-Joyner-Halenda Method and t-

plot Method. Material morphology was investigated using scanning electron 

microscopy. Fourier transform infrared spectroscopy was used to identify different 

functional groups on the surface of the materials, which was further supplemented 

using results from X-ray photoelectron spectroscopy. The analysis procedures and 

subsequent results are detailed below. 

4.1 Biochar Yield 

Table 4:1 shows the percentage yield of biochars produced from screening wood 

samples A and B, under different pyrolysis temperatures and operating parameters. 

The trend in yield is as expected, with increasing pyrolysis temperatures resulting in 

lower quantities of produced biochars [236]. As the temperature is increased, more 

volatiles are removed from the system, thereby reducing the biomass within the 

system, hence, the final mass of the biochar. It is evident that the final product is 

determined by a direct combination of the operating parameters. For the softwood 

chars (Sample A), a low contact time of 20 min and pyrolysis temperature of 600 °C, 

with a high gas flowrate of 250 mL/min, resulted in the highest biochar yield of 6.5 g. 

Increasing the contact time to 60 min and keeping the other two parameters constant, 

resulted in a minor reduction in yield of less than 1 %. The result suggests that the 

increment of contact time from 20 to 60 min does not have a significant impact on 

the product yield. A similar pattern was observed for the hardwood chars (Sample B). 
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A maximum yield of 7.6 g was obtained using a high gas flowrate, low pyrolysis 

temperature and low contact time. The yield decreased slightly with increased 

contact time (~ 2 %). The lowest yield was obtained at a temperature of 850 °C, with 

a 60 min residence time and low gas flowrate. Under similar conditions, hardwood 

samples gave higher yields than the softwood samples. For Experiment S1, the 

softwood yield was 22 %, and the hardwood biochar was 25 % under similar 

parameters (S5). The difference in yield was not considerable for the other runs in 

both wood batches. This observation, combined with the specific surface areas 

obtained, indicated that 100 % softwood samples were worthy of further 

investigation.
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Table 4:1 Process conditions, yields and textural properties for biochars produced using wood samples A and B (Ramp rate = 15 °C/min) 

Exp Sample code 

CO2 
flowrate 

(mL/min) 

Temp 

(°C) 

Contact 
time 

(min) 

Biochar 
weight 

(g) 

Yield 
(%) 

Surface 
Area 

(m2/g) 

Micropore 
Volume 

(cm3/g) 

Total pore 
volume 

(cm3/g) 

Average 
pore width 

(nm) 

S1 250S600-20A 250 600 20 6.53 21.8 544 0.18 0.26 3 

S2 250S600-60A 250 600 60 6.20 20.7 538 0.18 0.25 3 

S3 250S850-20A 250 850 20 5.30 17.7 597 0.20 0.29 3 

S4 100S850-60A 100 850 60 4.41 14.7 764 0.22 0.42 5 

S5 250H600-20B 250 600 20 7.59 25.3 525 0.17 0.25 3 

S6 250H600-60B 250 600 60 6.96 23.2 544 0.18 0.27 3 

S7 250H850-20B 250 850 20 5.16 17.2 573 0.19 0.26 3 

S8 100H850-60B 100 850 60 4.54 15.1 714 0.23 0.34 4 
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4.2 Porous Structure Characterisation 

Adsorption analysis can be used in the characterisation of porous materials, where it 

is commonly employed to determine specific surface area, pore volume and pore size 

distribution. Within this study, analysis was performed using a Micromeritics ASAP 

2420 Surface Area and Porosity Analyser (Limit of Detection (LoD) = 0.00001 mmHg). 

Analysis involved two-steps: 

• 1 Degas – The biochar sample was crushed to a powdered form using a pestle 

and a mortar prior to degassing. Degassing of the sample was performed to 

remove any particles that were already adsorbed on the pore walls. 

Approximately 0.5 g of the sample was added to a glass tube, consisting of a 

narrow tube with a bulb at the bottom, such that the sample is completely 

contained within the bulb space. The sample tube was then connected to a 

degas port, and the tube bulb was covered with a heating mantle ensuring 

direct contact between the bulb and the thermocouple. The mantle 

temperature was raised to 200 °C at a rate of 5 °C/min, and held for 240 min, 

under vacuum. After which time, the sample was allowed to cool down to 

room temperature and the tube was backfilled with nitrogen. 

• 2 Analysis – This involved re-weighing of the sample, after degassing, to adjust 

the recorded weight after the loss of any contaminants. A filler rod was 

inserted into the tube, to reduce unnecessary void volume, thereby increasing 

the accuracy of the measurement, and reducing the time required for 

analysis. A thermal jacket was placed on the neck of the tube, to help in 

maintaining isothermal conditions, and the tube was mounted on an analysis 

port. The analysis method, used here, comprised 49 points on the adsorption 

branch and 30 points on the desorption branch, during which time the sample 

tube was immersed in liquid nitrogen (-196 °C) held in an insulated Dewar. 

Isotherm data was extracted using the equipment software and used in 

subsequent analysis, including BET, BJH and t-plot methods. 
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Figure 4:1:a and b shows the adsorption isotherms recorded in the screening study. 

Experiments S1-4 represent a Type II isotherm, governed by adsorption onto 

microporous solids. The hardwood samples in Experiments S5-8 also display an initial 

high uptake followed by a plateau. There is slight evidence of a final uptake at high 

relative pressure, which can be attributed to a Type II isotherm and multilayer 

adsorption [158]. 

Table 4:1 shows the textural data obtained for the screening samples, comprising the 

surface area, micropore and total pore volumes, as well as the average pore widths. 

Similar data on DoE samples is reported in Table 5:1. Total pore volume of samples 

was calculated using Equation 18: 

 𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑇𝑃𝑉)  =  (𝑄𝑆𝑎𝑡  ∗  MW/𝑉𝑚)/𝜌𝑙𝑖𝑞 Equation 18 

Where, Qsat = maximum nitrogen adsorption in cm3/g 

MW = molecular weight of N2 (28 g/mol) 

Vm = volume occupied by 1 mole of gas (22.4 L) 

ρliq = Density of liquid N2 at boiling point (808 g/L) 

 

Figure 4:1 Adsorption isotherms obtained for biochars. Exp. S1-4: Showing results of 
N2 adsorption on Sample A (predominantly softwood species); Exp. S5-8: Showing 

results of N2 adsorption on Sample B (predominantly hardwood species). 

t-plot analysis, developed by Lippens and Boer [182] was used to determine the 

micropore volumes reported in Table 4:1 and Table 5:1. It can be inferred that 
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increasing pyrolysis temperatures caused an increase in microporosity. The ratio of 

micropore volume to TPV is highest in samples with low gas flowrates and higher 

residence times. At high gas flowrates, Vmicropore/Vtotal ratios are similar for 

experiments with 20 min hold time at high temperature. The evidence suggests an 

inverse relationship between microporosity development and residence time. 

Microporosity is suitable for interactions between small adsorbate species and 

adsorbents [236], so can be a useful quantity to optimise. DoE Experiments D5 and 

D6 indicate that a higher ramp rate combined with a longer hold time can enhance 

mesoporous nature in the biochars, which have previously been shown to be useful 

for aqueous phase applications [291]. 

Given the presence of significant microporosity reported in Tables 4:1 and 5:1, 

Rouquerol correction was applied for all samples produced in this study. The criteria 

for Rouquerol correction are mentioned in 1.6.4 and the selected points for the BET 

transform plot for sample D1 are shown in Figure 4:2. For the selected points in the 

graph, the plot of n(Po-P) vs P/Po increases continuously with the chosen relative 

pressure range and the resulting BET plot is linear with a positive ‘C’ value. 

 

Figure 4:2 Plot of Q(1-P/Po) vs P/Po for biochar D1 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 
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The resulting BET plot for D1 with a positive C-constant is shown in Figure 4:3 (See 

Appendix G: Rouquerol Selection Criteria and BET Transform Plots for remaining 

plots). Maximum BET surface area was recorded for a pyrolysis temperature of 850 °C 

with a gas flowrate of 100 mL/min and 60 min residence time with softwood 

precursor (S4) as stated in Table 4:1. For both precursors used in the screening study, 

highest surface areas were determined at highest temperatures and longer residence 

times. Similar observations of improved surface areas with residence time and 

temperatures were reported previously [216,236]. Between the two types of 

precursors investigated, predominantly softwood samples on average had higher 

surface areas compared to the hardwood samples. As stated earlier, these 

observations combined with comparable yields for both precursors, led to the 

decision of using pure softwood samples for the DoE study. 

 

Figure 4:3 BET transform plot for D1 with a positive C-constant resulting from 
Rouquerol correction 

Pore width data obtained from Barrett-Joyner-Halenda (BJH) analysis [177] (Table 4:1 

and Table 5:1) further confirms the predominantly microporous nature of the 

biochars. Average pore widths were greatest for runs performed at 725 °C with high 

ramp rates. As stated above, shorter hold times resulted in greater microporosity, as 

well as smaller pore widths. Predominantly softwood biochars (S1-4) were almost as 
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microporous as hardwood biochars (S5-8), and Sample C (entirely softwood, D1-8) 

demonstrated the highest mesoporosity. The results indicate a possible application 

for Sample A in the adsorption of small adsorptive species, mainly in gas phase 

[240,254]; including in carbon capture [255,256]. 

4.3 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) works on the principle that atomic 

vibrations within molecules interact with specific frequencies and absorb infrared 

radiation. The obtained spectrum is characteristic to the bond frequency of molecules 

present in the sample. The biochars were crushed to a powdered form, and a small 

amount of sample (~ 0.2 g) was placed on the sampling surface. An ABB IR Instrument 

MB 3000 series (LoD = 0.06 cm-1) was used to characterise the functional groups on 

the surface of the biochar samples using Attenuated Total Reflectance (ATR) for 

analysis. A total of 32 scans were taken in transmittance mode. The spectra were 

recorded at 4 cm-1 resolution and wave number range between 500 and 4000 cm-1 

keeping the detector gain at 80% for maximum accuracy. An air reference was taken 

on the day of analysis to minimise any noise present in the system. 

Figure 4:4a presents the FTIR spectrum obtained for pure softwood feedstock 

(Sample C). In the fingerprint region, between 600-1500 cm-1, there is evidence of 

CH=CH2 vinyl terminals [292]. There is also evidence of loss of the peak from C-OH 

vibrations in the feedstock at 1000 cm-1 from pyrolysis treatment [236]. The heat 

treatment plays a crucial role in condensation of the carbonaceous skeleton and 

removes the hydroxyl groups from cellulosic compounds present in the 

precursors [293]. Figure 4:4b and c show the FTIR spectra for DoE biochar samples 

obtained using low and high ramp rates. The observed spectra look identical and not 

influenced by the change in ramp rates of the experimental runs. The peaks observed 

between regions 3800 and 3500 cm-1 indicate the presence of hydrogen bonds. This 

information is further supplemented by peaks between 1600 and 1300 cm-1 as is the 

case with analysed biochar samples [292]. There are sharp peaks from the biochars 

between 3000 and 2600 cm-1 that could be due to C-H stretching bonds [236]. There 
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is also strong evidence of C=C bonds with symmetric and asymmetric vibrations and 

possible conjugation, as well as stretching vibrations with other structures such as 

oxygen and hydrogen (C=O, C-H) from the spectra in the 1600-1800 cm-1 region 

[292,293]. These functional groups can be the result of the presence of ketones, 

aldehydes, and carboxylic acids [294]. The results indicate the development of a 

layered, almost graphene-like carbon arrangement in the aromatic and aliphatic 

structures of the biochars [295]. There is no quantifiable influence of gas flowrate and 

residence time on the functional groups present in the samples. It can therefore be 

noted that temperature and feedstock continue to the be primary influence on 

biochar surface chemistry. 

 

Figure 4:4 FTIR spectrum of (a) raw crushed softwood samples, (b) DoE biochars 
produced at ramp rate 15 °C/min; (c) DoE biochars produced at ramp rate 30 °C/min 
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4.4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) of biochar samples was performed to examine 

surface structure and morphology. Surface imaging of biochars produced in this work 

was performed by clipping a small solid portion from the material and placing it into 

a Tungsten low-vacuum JEOL JSM-IT100 InTouchScope SEM. Images were captured at 

10 µm with x1000 magnification. The beam current was kept constant at 35 with a 

voltage difference of 20 kV. 

Figure 4:5a-d show the SEM images recorded for lower ramp rate biochars and e-g 

display the observations for higher ramp rate biochars. There is evidence of a well-

developed pore network in biochars produced at low and high ramp rates. The images 

at 10 µm and 1000x magnification suggest that the high pyrolysis temperatures 

exposed the carbonaceous skeleton of the parent material encompassing an intricate 

network of pores [265]. A pyrolysis temperature that is sufficiently high is necessary 

for the removal of the outer biochar layer. The open structure of pores could be 

attributed to a lower ash content, which reduces the potential for clogging. There is 

no apparent evidence of influence from different ramp rates on the pore networks 

developed in the biochars. 
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Figure 4:5 SEM images of DoE biochars (T = 725 °C). a-b: 60 min @ 15 °C/min; c-d: 
20 min @ 15 °C/min; e-f: 60 min @ 30 °C/min; g-h: 20 min @ 30 °C/min 
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Figure 4:6 shows the SEM images of biochars produced using a mix of hardwood 
and softwood species at 450 °C at 100 µm magnification. The structures look similar 
to the ones observed in this work, suggesting the observations are related to the 
cell structure of the parent material.  

 
Figure 4:6 Comparative SEM images of softwood biochars pyrolysed at 450 °C for 

36 hours. Species mix contains 80% softwood and 20% hardwood [296] 

4.5 Summary 

Examination of the wide range of results obtained for the chars produced within this 

study suggests significant correlation of biochar properties with parameters used 

within their production. Error! Reference source not found. provides comparative 

data for biochars produced from wood-based feedstocks reported in literature, 

detailing pyrolysis temperatures, surface areas and fixed carbon contents.  

The surface areas of biochars reported in this study are higher than those produced 

at similar temperatures, as shown in the table. The amount of fixed carbon in wood-

based chars appears to be consistent, at around 80%, which was also observed for 

the DoE biochars. Temperatures above 400 °C were reported to produce a recalcitrant 

structure resulting from the loss of volatile matter, as well as alkyl and carboxylic 

groups [297]. The statement further supplements the chemical moiety information 

obtained from FTIR analysis, suggesting a layered carbon structure. The concentric 

arrangement of pores in the carbonaceous skeleton is also visible in the SEM images. 

The following chapter presents the results obtained from the DoE runs and further 

characterisation of the biochar samples.   
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5. Biochar Optimisation and Minitab Outputs 

Minitab was used to analyse the dataset obtained from the DoE runs and predict an 

optimised experimental run. Investigations into biochar wettability as well as point of 

zero charge were conducted to gauge the deployability of the sample in water 

remediation systems. XPS analysis was conducted to further investigate the 

observations from FTIR analysis and determine the atomic fractions on the biochar 

surface. 

The results obtained from the screening experiments informed the choice of 

parameters for the DoE runs as well as the type of feedstock for optimisation. 

Softwood feedstock gave comparatively better results for yield and surface areas as 

opposed to the hardwood samples under similar operational parameters. There was 

no discernible influence noted from gas flow rate variation and hence the variable 

was removed from DoE parameter selection. The remaining criteria for the DoE 

experiments in reported in [3.2].  

5.1 Porous Structure Characterisation 

Table 5:1 shows the yield of produced biochars from DoE runs. In D1-4, temperature 

was fixed at 725 °C as an average between the two screening temperatures, and the 

ramp rate was kept at 15 °C/min. A contact time of 60 min, with both gas flowrates, 

gave an average yield of ~17.5 %. This yield was slightly improved when the contact 

time was reduced to 20 min, giving ~20 %. The ramp rate was increased to 30 °C/min 

for D5-8; combined with a high contact time, the yield was further reduced for runs 

13 and 14 [257]. The high heating rate however did not seem to affect the yield with 

shorter residence times. The data suggests that temperature is the primary factor 

affecting the yield of biochars. There is a noticeable influence of contact time and 

ramp rate on the yield as previously suggested by the Minitab output, with no 

discernible influence from gas flow rate.
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Table 5:1 Process conditions, yields and textural properties for biochars produced wood sample C 

Exp 
Sample 

code 

CO2 

Flowrate 

(mL/min) 

Temp 

(°C) 

Contact 

time 

(min) 

Biochar 
weight 

(g) 

Yield 
(%) 

Surface 

Area 

(m2/g) 

Micropore 
Volume 

(cm3/g) 

Total 
pore 

volume 

(cm3/g) 

Average 
pore 

width 
(nm) 

Fixed 
carbon 

(%) 

Volatile 
matter 

(%) 

 Feedstock          20.3 79.7 

 Ramp rate = 15°C/min 

D1 250S725-60C 250 725 60 5.30 17.7 613 0.19 0.36 3 80.0 20.0 

D2 100S725-60C 100 725 60 5.27 17.6 613 0.19 0.35 3 86.0 14.0 

D3 250S725-20C 250 725 20 6.08 20.3 558 0.18 0.29 4 80.5 19.5 

D4 100S725-20C 100 725 20 6.31 21.0 581 0.19 0.29 5 80.0 20.0 

 Ramp rate = 30°C/min 

D5 250S725-60/30C 250 725 60 4.40 14.7 613 0.19 0.37 5 77.3 22.7 

D6 100S725-60/30C 100 725 60 3.65 12.2 553 0.18 0.43 4 73.4 26.6 

D7 250S725-20/30C 250 725 20 6.08 20.3 544 0.18 0.27 4 85.1 14.9 

D8 100S725-20/30C 100 725 20 6.07 20.2 544 0.17 0.28 4 83.5 16.5 
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Adsorption isotherms obtained for the DoE biochars presented in Figure 5:1 

demonstrate a more prevalent Type II/IVa isotherm behaviour with initial high 

uptakes, followed by a plateau and a slight update at high relative pressure[158]. In 

general, the evidence of mesoporous nature is more prominent in pure softwood 

samples (Sample C) in the latter experiments. 

 

Figure 5:1 Adsorption isotherms obtained for biochars. Exp. D1-4: Showing results 
of N2 adsorption on Sample C biochars at ramp rate 15 °C/min; Exp. D5-8: Showing 

results of N2 adsorption on Sample C biochars at ramp rate 30 °C /min. 

On average, DoE pyrolysis runs performed at 725 °C produced biochars with higher 

surface areas. The intermediate temperatures also offered a reasonable trade-off 

between biochar yield and surface areas. At lower ramp rates, for Experiments D1 

and D2, obtained surface areas were equal, showing no influence of the gas flow rate 

at a 60 min residence time. For a shorter residence time however, a higher gas flow 

rate reduced the surface area of the biochar. The observations were different for DoE 

runs at a ramp rate of 30 °C/min. At higher ramp up rates, high gas flow rates with 

longer hold periods in the furnace (Experiment D5) produced the highest surface area 

biochar. Reducing the gas flow rate or the contact time at this ramp rate resulted in a 

decrease in surface areas if the samples compensated however, with an increase in 

yield. 

For DoE runs, high gas flowrate and residence time can be inferred to be directly 

proportional to surface area. A reduction in Vmicropore/Vtotal ratio of these samples also 
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suggests a more openly porous structure [236]. The highest biochar surface areas 

obtained for 100% softwood chars were higher than other wood based biochars 

reported in the literature [218,251,295]. 

5.2 Regression Analysis 

The regression equations for the two responses, yield (Y1) and surface area (Y2) are 

shown below in Equation 19 and 20, respectively. For analysis of the factorial design, 

a stepwise method was used, which works by combining forward selection and 

backward elimination procedures. The forward selection approach determines the 

variables to retain in a model. In forward selection, the added variable is never 

removed. by contrast, the backward elimination procedure removes terms from the 

initial model that have the smallest adjusted sum of squares. Determining whether a 

variable is added or removed from the model is based on the ‘Alpha to enter’ and 

‘Alpha to remove’ value. If the p-value of a variable is less than the ‘Alpha to enter’ 

value, it is retained in the model and vice versa. In this study, both Alpha values were 

set to 0.15, which is the system default. 

Yield (Y1) = 6.20 + 0.0058 A + 0.0300 C – 0.001900 AC 
Equation 19 

Surface area (Y2) = 577.8 + 1.031 A – 1.85 C Equation 20 

where, A is contact time (min), and C is ramp rate (°C/min). Note that variable B (gas 

flowrate) was not found to be significant. The coefficient of determination (R2) for 

Equations 19 and 20 were equal to 0.95 and 0.70, respectively. The values indicate 

that the model can explain over 95% and 70% of variability in the responses of yield 

and surface area, respectively. The model also suggests that there is no notable 

variation in the obtained responses arising from changes in flow rate of the activating 

gas. 

Equations 19 and 20 are of crucial importance from a scaling up perspective or while 

coordinating with industrial partners as they predict the expected outcome of the 

chosen responses based on the conditions used in the DoE and the type of feedstock. 
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The equations predict the relationship between the input variables and the output, 

taking into account the influence of relevant parameters. They can also assist with 

supply chain management and quality assurance by analysing the relationships 

between the variables and experimental outcomes. 

 

Figure 5:2 Pareto Chart for variable effects on Surface Area showing significant 
influence of contact time and heating ramp rate 

Figure 5:2 and Figure 5:3 show the Pareto Chart of standardised effects of variables 

on the surface and yield respectively. 

 

Figure 5:3 Pareto Chart for variable effects on Yield showing significant influence of 

contact time, ramp rate & interaction effects between contact time and ramp rate 
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5.3 Analysis of Variance 

Statistical analysis of the input variables i.e., contact time, flow rate and ramp rate 

were performed to identify single or interaction effects on chosen responses. One 

way of checking the adequacy of the model uses the p-values and the F-values from 

the analysis of variance (ANOVA) table generated in Minitab. 

Table 5:2 Analysis of variance results for yield and surface area showing F, p-values 
and adjusted mean squares. Note the p-value for surface area shows no significance 

of ramp rate with high p-value which does not correlate with the Pareto charts 

Yield 

Source DF Adj SS Adj MS F-Value p-Value 

Model 3 5.9828 1.99427 25.88 0.004 

Linear 2 5.3330 2.66650 34.61 0.003 

Contact 
time 

1 4.3808 4.38080 56.86 0.002 

Ramp rate 1 0.9522 0.95220 12.36 0.025 

2-Way 
Interactions 

1 0.6498 0.64980 8.43 0.044 

Contact 
time*Ramp 

rate 
1 0.6498 0.64980 8.43 0.044 

Error 4 0.3082 0.07705   

Total 7 6.2910    

Surface Area 

Source DF Adj SS Adj MS F-Value p-Value 

Model 2 4943 2471.6 5.96 0.048 

Linear 2 4943 2471.6 5.96 0.048 

Contact 
time 

1 3403 3403.1 8.20 0.035 

Ramp rate 1 1540 1540.1 3.71 0.112 

Error 5 2075 414.9   

Total 7 7018    
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The data generated for yield and surface area is reported in Table 5:2. For a model to 

be significant, its p-value should be less than the significance level (0.05 for a 95% 

confidence interval in this case) and it should have a high F-value [298]. In both cases, 

the p-value for the model is <0.05, indicating the models are significant, the model 

for yield being considerably more accurate compared to the regression for surface 

area. It can be seen from the table that contact time and ramp rate have determining 

effects on yield, with contact time in the furnace being the primary influencing factor 

with an F-value of 56.7. There is also a noticeable two-way interaction between 

contact time and heating ramp rate on yield. The model also suggests no influence of 

the gas flow rate on biochar yield. For biochar surface area, contact time alone was 

predicted to be the influencing variable. The ramp rate p-value was >0.05 suggesting 

that is not a significant variable in surface area determination. No influence of gas 

flow rate was predicted on surface area. Despite the ANOVA prediction, the Pareto 

chart obtained for surface area, suggests noticeable influence from ramp rate 

manipulation. This discrepancy could be attributed to the reduced accuracy of the 

model (~70%). Additional runs incorporating centre points could possibly improve the 

prediction of the model provided the error originates from the lack of data for a more 

accurate model. The ANOVA could also be influenced by the presence of outliers that 

can have a substantial impact on the model prediction.   

5.4 Response Optimisation 

Based on the consideration of the model being statistically significant for both yield 

and surface area, an optimised response was generated using Minitab with the goal 

of maximising both selected responses. The suggested solution from Minitab included 

a contact time of 60 min and a ramp rate of 15 °C/min, with no specified value for the 

gas flow rate, resulting in a surface area of 612 m2/g and a yield of 5.3 g. The 

generated solution had a desirability of 78%. The suggested solution was already a 

part of Experiments D1 and D2, both run with a contact time of 60 min and ramp rate 

of 15 °C/min, with varying flow rates. The observed experimental values for surface 

area in both cases was 613 m2/g. In addition, the yield for the two runs was 
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approximately 5.3 g for both runs, which correlates closely to the theoretical 

predictions. Despite the close relation between theoretical and experimentally 

obtained data, the low accuracy of the surface area regression presents the need for 

further analysis of parameter influence on biochar characteristics. The model could 

be improved by running centre points, however, there is a need to minimise 

experimental runs to prevent resource utilisation and supplement the idea of 

sustainability. 

The next chapter focusses on the characterisation of biochars obtained from the DoE 

study as well as further characterisation of the optimised biochar sample prior usage 

in the adsorption experiments for water remediation.  
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6. DoE Biochar Characterisation and Adsorption Experiments 

6.1 Proximate Analysis 

To evaluate the thermal stability of biochar samples, thermogravimetric analysis 

(TGA) was performed. TGA calculations can be performed either using thermographs 

or the tabular data generated by the software and using predefined standards. In this 

work, the technique employed [299] for proximate analysis closely follows that 

outlined in British Standard BS1016. Analysis was performed using a NETZSCH STA 

449 F3 Jupiter system (LoD = 0.1 µg). Approximately 5-10 mg of crushed sample was 

placed in a Al2O3 crucible. The crucible was initially tared under a nitrogen gas flow of 

50 mL/min, and the mass allowed to stabilise under the same gas flowrate, before the 

initial mass was recorded. The sample was heated to 120 °C and allowed to stabilise, 

which removes any water within the material. The subsequent crucible mass was 

recorded, before the temperature was increased to 920 °C, and held for 3 min, after 

which time the mass reading was recorded again. Finally, the sample temperature 

was reduced to 820 °C, and the gas flow switched to 50 mL/min of pressurised air. The 

crucible mass was allowed to stabilise, and the value recorded, before the system was 

allowed to cool fully, and a final mass reading was taken at ambient temperature. 

The dry ash compositions of the feedstock and DoE biochars obtained from 

thermogravimetric analysis are reported in Table 5:1. The samples were treated on a 

dry basis to remove variability from moisture content, and on an ash-free basis due 

to variability in inorganic forms from the natural precursor. Temperatures above 

400 °C are needed to eliminate methyl (-CH3) and carbonyl (C-O-C) structures. Higher 

temperatures result in the cracking and elimination of aliphatic structures, which 

reduces the diversification of the present carbon structures. Aromatic structures 

require higher activation energy than aliphatic structures for thermal cracking [300].   

A high gas flowrate in Experiment D1 resulted in a fixed carbon percentage of 80% 

and a volatile matter content of 20%. This was a significant increase from the fixed 

carbon content of 20.3% in the feedstock. Similar observations of increasing fixed 
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carbon content with temperature in biochars derived from Platane wood and water 

oak were reported in literature [300,301]. For Experiment D2, under a much lower 

gas flowrate, the carbon content was increased to 86% and volatiles reduced to 14%. 

The higher gas flowrate appears to have potentially decreased the temperature of the 

sample and affected the release of volatile matter as suggested previously [215,216]. 

For Experiments D3 and D4, with shorter residence time, gas flowrates did not have 

a considerable impact on fixed carbon and volatile fractions. High heating rates 

combined with longer residence times, result in accumulation of volatile matter [217]. 

The results obtained in D5 and D6 support this statement, with carbon percentages 

below 80 and higher volatile content, as opposed to their lower ramp rate 

counterparts. With a shorter hold period (D7 and D8), the percentages of volatiles 

reduced significantly and a positive effect on fixed carbon content was also noted. 

Residence time was observed to be the key driver for fixed carbon and volatiles, with 

the fluctuations arising from variable gas flowrates being almost negligible. The 

results indicate that a higher ramp rate combined with a short residence time has the 

potential to produce biochars with high fixed carbon content and the lowest fraction 

of volatiles, albeit with a significant loss in yield. 

6.2 Contact Angle Measurement 

Sessile drop method [302] was used to determine the contact angle between the 

biochar surface and a water drop. Biochar samples were crushed, and a small amount 

of powder was placed on a microscopic glass slide. The lump was then smoothed by 

placing another slide on top which was removed before taking measurements. 

Analysis was performed on a Krüss Scientific Drop Shape Analyser DSA25B 

(LoD = 0.1°). To measure the contact angle, a small droplet of water (~0.5 mL) was 

dropped onto the sample from a height less than 1 cm, and photographs were taken 

at intervals of 1, 2 and 3 seconds using Krüss Advance software. 

Biochar wettability is a parameter that can be evaluated through contact angle (CA) 

measurement [303]. Figure 6:1(a) shows water droplet on a clear glass slide and 
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Figure 6:1(b) shows a similar water droplet on a biochar film. Both images were taken 

2 seconds after water contact. The absorption of water by prepared biochars was 

seemingly immediate, indicating hydrophilicity and high wettability [303]. Low CA 

(typically <90°) are achieved in cases where water shows greater affinity to the solid 

surface [304]. The mechanism for this interaction could potentially be the formation 

of surface hydrogen bonds and the domination of adhesion forces over repulsive 

ones. This stabilisation of forces allows water to penetrate porous materials and wet 

larger surface areas [303]. This observed wettability in the case of the optimised 

sample (as well as the DoE biochars tested for wettability) suggests a feasible 

application in drinking water treatment systems, allowing larger available surface 

areas for interaction between dissolved target species in water. 

 

Figure 6:1 Contact angle measurement (a) Water droplet on clear glass slide; 
(b) Water droplet on biochar sample. Images taken 2 seconds after water drop 

6.3 Density Analysis 

Density analysis was performed at the National Physics Laboratory (NPL) in Glasgow, 

Scotland using Helium pycnometry. The equipment used was a helium pycnometer 

manufactured by Micrometrics, a fine mass balance manufactured by Sartorius, a 

helium gas cylinder to supply the pycnometer, a capsule with sintered lid provided 

with the pycnometer to house the sample during analysis, a pair of tweezers and a 

small soft brush. The computer software provided for the pycnometer was AccuPyc II 

version 3.00. The pycnometer works by housing and sealing the sample within the 
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capsule of known volume inside the instrument and admitting helium gas into the 

instrument, which is then allowed to expand into another compartment of known 

volume within. The gas pressure is measured before and after the expansion is 

measured, which is in turn used to calculate the sample volume by the amount of gas 

displaced. The sample mass, which is measured prior to insertion of the sample into 

the pycnometer, is then divided by the calculated sample displacement volume to 

work out the sample’s density. 

The capsule within the pycnometer was cleaned inside and outside with the soft 

brush provided, placed on the mass balance, and tared to allow for only the mass of 

the sample to be measured. The capsule was then removed from the balance and the 

sample was removed from the bag and into the capsule with the tweezers provided 

or poured in if the sample was in a granular state. The capsule with the sample inside 

was then weighed on the balance and the mass of the sample was recorded on the 

spreadsheet and software provided. The capsule was then transferred into the 

pycnometer where a bayonet cap on the instrument was closed to seal the capsule 

within so that analysis could begin, using the software to start the analysing process. 

The pycnometer initially purges helium in and out of the system ten times to displace 

any unwanted gas within. After this, the pycnometer begins the calibration process in 

which helium is let into the chamber and the pressure allowed to stabilise. Since the 

density and pressure of the helium is known, this allows for the density of the sample 

to be accurately determined. This cycle repeats itself ten times so an average density, 

volume, temperature and standard deviations on density and volume can be 

calculated with each sample. This can be viewed within the program on request. Once 

a cycle series was complete, the calibration was repeated a second time by setting 

the pycnometer running again via the software, using the same starting parameters. 

Once the whole calibration was complete, the bayonet cap on the pycnometer was 

removed and the capsule taken out to be re-weighed on the balance to determine 

the final mass of the sample that was recorded on the spreadsheet. 
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Table 6:1 shows the results of density analysis of biochars. Density measurements are 

crucial in understanding the behaviour of biochars upon encountering soil or water 

as it can influence its mobility and transport within the system. For example, biochars 

with densities less than 1 g/cm3 will float in water [305]. As skeletal density 

measurements exclude void and pore space, the value is often referred to as true or 

particle density [306]. The measurements are more consistent as sample packing or 

particle size have no theoretical influence on the final result [307]. The lower ramp 

rate biochars in this work had a slightly higher skeletal density than biochars produced 

at a higher ramp rate. Similar skeletal density values were obtained for mesquite 

wood biochars pyrolysed at 700 °C [307]. The skeletal densities observed in this study 

are higher than the skeletal density of glucose (1.54 g/cm3) and can be attributed to 

a more complete pyrolysis and gradual condensation of the carbon structure [307]. 

Table 6:1 Skeletal densities of DoE biochars measured using Helium pycnometry 

Biochar D1 D2 D3 D4 D5 D6 D7 D8 

Skeletal density (g/cm3) 1.76 1.76 1.75 1.70 1.72 1.73 1.72 1.68 

The same principle can be applied to biochars produced from a similar feedstock. For 

instance, skeletal density of D1 biochar was higher than sample D4. Biochar D1 has a 

higher skeletal density due to a longer residence time in the muffle furnace resulting 

in a more complete pyrolysis and better carbonisation. The same principle is 

applicable to D5 with a skeletal density of 1.72 g/cm3 with a 60 min contact time 

compared to 1.68 g/cm3 skeletal density of D8 that had a 20 min contact time with 

the furnace [308]. 

6.4 Point of Zero Charge 

Salt addition method was used to perform point of zero charge (PZC) analysis [309]. 

A 40 mL aliquot of 0.1M NaNO3 was adjusted to five pH values between 3 and 11. 

Solutions of 0.1M NaOH and 0.1M HCl were used to attain the desired pH. Powdered 

biochar (~0.2 g) was added to the beakers and agitated at 450 rpm for 24 h. The final 

solution was filtered and the pH of the permeate was measured. The difference 
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between the initial and final pH values of the samples was calculated and the change 

in pH versus initial value was plotted to identify the PZC. 

The PZC of the optimised sample as well as three other DoE biochars is shown in Table 

6:2. The surface charge of chars produced under different operating conditions 

appears to be more dependent on material origin and surface functional groups, as 

opposed to chosen DoE variables. Pyrolysis temperatures also influence the pH of 

wood-based biochars. High temperatures result in the loss of not only volatile matter 

but also acidic functional groups i.e., phenols and carboxylic, thereby resulting in 

more alkaline surface charges [310]. For example, slow pyrolysis treatment of wood-

based pellets at 200°C produced biochars with pH 4.6. Upon increasing the 

temperature to 600°C, the resulting biochar had a pH of 9.5 [311]. A similar 

observation on wood chip biochars pyrolysed at 500°C was made with biochars having 

a pH (H2O) of 8.58±0.01 [312]. The average PZC of the samples in this study 

was 7.40 ± 0.02, indicating potential application of these biochars to drinking water 

treatment systems without considerable pH alternation to target anionic species from 

effluents and treatment systems, or for cationic species by slightly reducing the 

system pH [310]. 

Table 6:2 Point of zero charge of biochars created as part of a design of experiments 
approach (OS – Optimised sample) 

Sample 100S725-20C (OS) 100S725-60C 250S725-20C 250S725-60C 

PZC 7.47 7.31 7.38 7.44 

   

6.5 X-Ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) analysis provides quantitative measurements 

of the atomic fractions within a material. XPS analysis was performed by the NEXUS 

facility at Newcastle University. The biochar sample was crushed to a powdered form 

and analysed using a K-Alpha Photoelectron Spectrometer (Thermo Fisher) and 

electron detection using a hemispherical analyser. Measurements were taken with 
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the flood gun on to lower charging with the beam energy at 40 eV and a step-size of 

0.05 eV. The generated results were analysed using the Fityk program. 

The XPS plots of the optimised biochar sample used are shown in Figure 6:2. The 

spectra show the presence of oxygen and nitrogen bonds, in addition to carbon with 

peaks at 532.5, 400 and 284.5 eV, respectively [313]. Peak deconvolution was 

achieved using the Fityk program, and the Voigt function assisted in the identification 

of the heteroatoms present in the biochar. The corresponding parameters are 

provided in Appendix B: XPS Peak Convolution Data. C1s peaks were deconvoluted 

into three peaks at 284.5 eV, suggesting a graphene like arrangement (C=C), at 285.6 

eV indicating the presence of carbonyl bonds (C-O), and a third peak at 289.6 eV, 

which is ascribed to either carboxylic or pyridinic N bond functionalities (C=O/C-N) 

[314–317]. The area under the C=C peak is the largest indicating the preservation of 

the graphene-like arrangement in the wood samples post-pyrolysis. Peak convolution 

of O1s showed the presence of both carbonyl, as well as carboxyl groups, with peaks 

at 531.1 and 532.9 eV [317,318]. There were also trace amounts of nitrogen 

functionalities present in the sample and convolution of the N1s spectra suggested 

the presence of pyridinic (398.6 eV) as well as graphene N (400.2 eV) bonds in the 

sample [319]. The incorporation of O and N-based functional groups into the carbon 

framework enhances its wettability [313], which is further correlated with contact 

angle measurement presented in previous work [320]6], where biochar samples 

proved to be extremely hydrophilic. The calculation of the elemental compositions of 

C, N and O were performed as suggested by Alexander G. Shard [321]. Equation 21 

works under the assumption that the sample is homogenous and a single phase 

within the penetration depth; where X represents the atomic fraction (in %), and IP/SP 

is the intensity divided by the sensitivity factor (SP = 1, 1.8 and 2.93 for C, N and O 

respectively).  

 𝑋 =
𝐼𝑃/𝑆𝑃

∑ 𝐼𝑗/𝑆𝑗𝑗
 Equation 21 
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The biochar sample used consisted of 80% C, 13% O and 7% N fractions. The findings 

again supplement the results obtained in the previous reported study, where 

thermogravimetric analysis of the samples showed 80% fixed C [320]. 

 

Figure 6:2 XPS spectra and Fityk simulated models showing N1s, O1s and C1s scans. 
Fityk models suggest possibilities of existing functional groups at specific binding 

energies that can be compared with the NIST database 

6.6 Summary 

The results presented above suggest the optimised conditions for biochar production 

from Scottish softwood samples. The analysis of the optimised sample shows large 

surface areas and a mixed microporous-mesoporous structure, as observed from the 

nitrogen isotherms. Higher temperatures are linked with increased alkalinity of 

biochars [310]. The optimised sample and selected DoE biochars in this work were 

determined to have an average PZC of 7.40 ± 0.02. In addition to a neutral pH, contact 

angle analysis of the biochar suggested hydrophilic character. Rattanakam et al. [322] 
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investigated the difference in hydrophilicity of oxidised and un-oxidised wood based 

biochars, reporting an increase in the hydrophilic behaviour of oxidised biochars. Fir 

wood derived biochars for perchlorate adsorption were contrastingly reported to 

provide a hydrophobic environment, as opposed to the hydrophilic biochars produced 

in this work [246]. FTIR analysis suggested a layered carbon structure with the 

presence of oxygen and nitrogen chemical moieties. These findings were further 

assisted by XPS analysis presenting a graphene-like arrangement, and 80% atomic 

carbon fraction. Additionally, the presence of oxygen and nitrogen-based 

functionalities was confirmed from XPS data. These chemical moieties assist the 

hydrophilic nature of the biochar and provide a potential avenue for application in 

water remediation. 
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7. Adsorption Experiments 

The removal of identified persistent organic pollutants via adsorption was 

investigated on the ‘optimised’ sample suggested by Minitab and the DoE analysis. 

The chosen biochar sample was synthesis at 725 °C with a 60 min contact time in the 

furnace at a heating rate of 15 °C/min. As the gas rate was shown to have no 

significance on final characteristics, it was kept at 250 mL/min for replica samples. 

7.1 Adsorption Isotherms 

Adsorption isotherms are of crucial importance in determining the maximum 

adsorption capacity of the adsorbent and understanding the adsorption equilibrium. 

The isotherm plots for the target species are show in Figure 7:1 and the fitting 

parameters for Langmuir, Freundlich and Sips models are given in Table 7:1. 

 

Figure 7:1 Adsorption isotherm models showing non-linear fits for (a) 3,4-DCA; 

(b) Acetaminophen and (c) Carbamazepine 
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The results indicate that the adsorption uptake was significant at low pollutant 

concentrations. The data presented in Table 7:1 suggests that for CBZ and 3,4-DCA, 

the Sips model can be best used to describe the adsorption behaviour. This suggests 

that the adsorption process is a combination of physisorption at low concentrations 

and chemisorption at high initial Co values with the formation of a monolayer on the 

adsorbent material. The maximum adsorption capacities for CBZ and 3,4-DCA, 

suggested by the Sips model, were 39.8 mg/g and 83.2 mg/g respectively. For APAP, 

both Langmuir and SIPS isotherm models demonstrated high R2 values. A good fit to 

the Langmuir model assumes monolayer adsorption of the molecules on the biochar 

surface, with almost identical activation energies, albeit with the possibility of 

multilayer formation [323]. The maximum adsorption capacity for APAP is determined 

as 126 mg/g, much higher than the other two species, which may be reduced as a 

consequence of molecular size affecting packing in the case of CBZ and electrostatic 

repulsion in the case of 3,4-DCA. Since the two models exhibited a good fit to the 

experimental data for APAP, the value of the separation factor (RL) suggested by 

Webber and Chakkravorti [324] was calculated to further verify the favourability of 

the Langmuir adsorption isotherm (Appendix C: Langmuir Separation Factor and 

Linear PSO Plots). The separation factor is determined from Equation 22: 

 𝑅𝐿 =  
1

1 + 𝐾𝐿𝐶𝑜
 Equation 22 

 

The value for RL was >1 for all Co values suggesting unfavourable adsorption [164]. 

However, this could also be attributed to the limitations of the model assumptions, 

including homogenous adsorption sites and identical adsorption energies. The model 

is also limited to the assumption of monolayer adsorption, which can be overcome by 

the Sips model, which includes the possibility of multilayer formation. To conclude, 

APAP adsorption on the biochar surface is better represented by the Sips model. 
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Table 7:1 Adsorption isotherm parameters obtained for acetaminophen (APAP), 
carbamazepine (CBZ) and 3,4-Dicholoroaniline (3,4-DCA) on the optimised sample 

Isotherm 

Parameters 
APAP CBZ 3,4-DCA 

Langmuir    

R2 (COD) 0.976 0.907 0.905 

R2 adj. 0.972 0.895 0.893 

qm (mg/g) 118.9±5.910 59.84±9.694 110.9±15.36 

KL (L/mg) 0.204±0.036 0.182±0.065 0.028±0.010 

Freundlich    

R2 (COD) 0.929 0.801 0.797 

R2 adj. 0.915 0.772 0.769 

qm (mg/g) 32.62±4.966 11.77±2.679 9.771±4.409 

KF (L1/nmg1-1/n/g) 0.313±0.044 0.503±0.106 0.456±0.104 

SIPS    

R2 (COD) 0.977 0.968 0.939 

R2 adj. 0.967 0.959 0.922 

qm (mg/g) 126.2±19.81 39.77±2.105 83.20±7.025 

KS (Lnsmg-ns) 0.214±0.046 0.065±0.032 0.002±0.003 

To further investigate the nature of the adsorption sites, Scatchard plots were 

obtained from the adsorption data. The theory behind the analysis and the Scatchard 

equation are explained in Adsorption Isotherm Models. 



108 
 

 

Figure 7:2 Scatchard plots for (a) APAP, (b) CBZ and (c) 3,4-DCA to determine the 
nature of binding sites on the biochar surface. Graph shows clear distinction 

between affinity zones suggesting heterogeneous surface 

Figure 7:2 shows the Scatchard plots obtained for the adsorption of target species. It 

is evident from the plots that the adsorption behaviour deviates from linearity. The 

high and low binding affinities can be attributed to the presence of more than one 

type of binding sites, offering strong and weak interactions respectively. The high 

affinity binding sites can be attributed to chemical interactions between the biochar 

surface and the target compounds whereas the low affinity sites indicate weak 

physical bonds. The plots further supplement the observations from Sips isotherm 

indicating a heterogeneous material with multiple binding sites.  
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7.2 Adsorption Kinetics 

The analysis of experimental kinetic data was performed using Pseudo First Order 

(PFO), Pseudo Second Order (PSO) and Intra-Particle diffusion (IPD) models. These 

models have been frequently employed to investigate pollutant removal of persistent 

organic pollutants from aqueous systems [41,79,115]. 

Figure 7:3 shows the kinetic data obtained for the sorption of CBZ and APAP on the 

biochar sample. Sorption kinetics for APAP showed rapid uptake with 90% removal 

achieved in 15 min followed by a gradual increase in the uptake, and equilibrium 

achieved after approximately 2 hours. For CBZ, the uptake was slower with just under 

75% removal at 15 min and adsorption slowed considerably after 2 hours, with 

equilibrium achieved after 24 hours. For CBZ, the uptake was slower with just under 

75% removal at 15 min and adsorption slowed considerably after 2 hours, with 

equilibrium achieved after 24 hours. 
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Figure 7:3 Non-linear kinetic model fittings for (top) carbamazepine and (bottom) 
acetaminophen on the optimised biochar showing fits for pseudo first order and 

pseudo second order models 

Table 7:2 shows the parameters of kinetic models fitted to the data obtained for 

adsorption of APAP and CBZ onto the optimised biochar. Kinetic analysis of 3,4-DCA 

revealed fast adsorption rates, which could not be fitted to any kinetic models. 3,4-

DCA adsorption experiments on the optimised biochar were conducted at room 

temperature, for an initial concentration of 100 mg/L. Removal was observed to be 

90% after 15 min, with a plateau thereafter. Readings were, therefore, taken at 

shorter time intervals, and at lower temperature in an attempt to slow the kinetic 

process. 
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Table 7:2 Kinetic parameters of adsorption models fitted to acetaminophen (APAP) 

and carbamazepine (CBZ) 

Model Parameters APAP Carbamazepine 

Pseudo first order (non-linear)   

R2 (COD) 0.461 0.460 

R2 adj. 0.371 0.371 

qe (mg/g) 46.72±0.315 38.83±1.266 

K1 (min-1) 0.207±0.028 0.097±0.023 

Pseudo second order (non-linear)   

R2 (COD) 0.871 0.782 

R2 adj. 0.849 0.746 

qe (mg/g) 47.32±0.199 40.56±1.001 

K2 (g/mg*min) 0.021±0.003 0.004±0.001 

Pseudo second order (linear)   

R2 (COD) 1 1 

R2 adj. 1 1 

qe (mg/g) 47.62 46.86 

K3 (g/mg*min) 0.013 0.054 

Table 7:3 shows the removal percentages of 3,4-DCA at room temperature and in the 

ice bath. The data obtained confirms the rapid adsorption of 3,4-DCA onto the 

optimised biochar, even at the lower temperature, hence, it was not possible to 

monitor the adsorption in order to determine the kinetic parameters for 3,4-DCA. The 

results indicate that the interaction between the biochar surface and 3,4-DCA 

molecule is almost instant. An investigation into solution pH also yielded similar 

results with overnight runs at pH 6 and 9 resulting in 93% and 91% removal, 

respectively. Previous research into 3,4-DCA removal using adsorption suggested that 

the data followed a pseudo-second order kinetic model [47]. The observed reaction 

rates in this study are quicker than those previously reported. 
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Table 7:3 Biochar performance against 3,4-DCA at room temperature and in an 
ice bath 

Time (min) 
% Removal -> room 

temp. 
% Removal -> 3±0.5°C 

2 94 86 

4 94 88 

6 95 90 

9 95 89 

Experiments using kaolinite and montmorillonite to test removal of chloroanilines, 

including 3,4-DCA, were reported to achieve equilibrium in under 4 days [325]. 

Another study into 3,4-DCA removal from water using biomass fly ashes reported 

kinetic equilibrium at approximately 10 hours [326]. A selection of low-cost materials 

including corncob char, sugar beet pulp, perlite, and vermiculite were also tested 

against 3,4-DCA. The quickest reaction time to achieve maximum sorption percentage 

was 60 min using vermiculite [327]. The rates observed here indicate that there is 

significantly quicker adsorption for the biochars created in this work. 

The linearised pseudo second order rate equation showed a better fit for the data for 

both species compared to pseudo first order and non-linear second order kinetic 

models (Table 7:2). The adjusted R2 values for both species was ≥0.99. The maximum 

adsorption capacity for APAP was 47.6 mg/g and 46.7 mg/g for CBZ. The second order 

rate constants show a quicker uptake rate for APAP than CBZ with the adsorption rate 

being 0.013 g/mgmin. The high R2 values obtained for both species, with linear PSO 

model fitting, can be attributed to availability of abundant vacant active sites in the 

physically activated biochar and the adsorption process being ruled by chemisorption 

[289,323,328]. The mechanism could likely be attributed to hydrogen bonding 

between the species. Additionally, π- π interactions between the benzene ring in 

APAP and CBZ and the aromatics in biochar can influence the adsorption 

process [328].  
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Further analysis of the kinetic data was performed using the intraparticle diffusion 

model proposed by Weber and Morris [329], to understand the rate-controlling step 

in the adsorption process. The model equation is given in Equation 23: 

 𝑞𝑡 = 𝑘𝑝𝑡1/2 + 𝐶 Equation 23 

Where kp is the intraparticle diffusion rate constant in mg/gmin1/2 and C is a constant 

that represents the boundary layer effect and initial adsorption. Linearised plots of 

the model are depicted in Figure 7:4. 

 

Figure 7:4 Intraparticle diffusion model fittings for acetaminophen and 
carbamazepine adsorption showing three steps of the diffusion mechanism 

The plots suggest that the adsorption process for both pharmaceutical species 

involved three diffusion steps. In both cases, liquid film diffusion was the dominating 

phase signifying rapid diffusion of molecules onto the active sites in the pores and 

voids of the biochar [330,331]. There is a hint of intraparticle diffusion in CBZ 

adsorption. This step involves the gradual diffusion of molecules into the micropores 

before the reaction proceeds to the equilibrium stage. For APAP however, the 

intraparticle diffusion phase is not as prevalent and the reaction appears to proceed 

rapidly to equilibrium after liquid phase diffusion. This also correlates with the longer 

time required by CBZ to reach equilibrium compared to APAP. The three target 

molecules have some similarities, allowing a comparison of their adsorption 

behaviour relative to their chemistry. All contain amine functionalities and benzene 
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rings, with APAP/BBZ sharing carbonyl moieties and only 3,4-DCA containing 

halogenated species. The slower kinetics for CBZ could realistically be a consequence 

of the significantly larger relative size of the molecule, while the rapid adsorption of 

3,4-DCA is likely a result of the comparatively increased electrostatic interactions, 

where the chlorine groups will be electron withdrawing from the benzene ring.  

7.3 Summary 

The results obtained from adsorption studies suggest potential for application of the 

optimised biochar in water remediation, targeting persistent organic pollutants. The 

biochar surface area was higher than those reported for many wood-based biochars 

reported in literature [236,332]. The sample presents a mixed microporous-

mesoporous structure, as observed from the nitrogen isotherms with an average pore 

width of 4 nm, indicating that the mesopores present in the sample are narrow. 

Biochars pyrolysed at higher temperatures are linked with alkaline surface character 

[310], which fits with the PZC value obtained for the biochar produced at 725 °C 

(7.44±0.2). FTIR analysis suggested a layered carbon structure with the presence of 

oxygen and nitrogen chemical moieties. These findings were further assisted by XPS 

analysis presenting a graphene-like arrangement, and 80% atomic carbon fraction. 

Additionally, the presence of oxygen and nitrogen-based functionalities was 

confirmed from XPS data. These chemical moieties assist the hydrophilic nature of 

the biochar and provide a potential avenue for application in water remediation. 

The application of biochar against 3,4-DCA, APAP and carbamazepine resulted in 

efficient removal of the species from an aqueous system. 3,4-DCA removal was 

characterised with fast removal rates and a very short equilibrium time of around 6 

min and a maximum adsorption capacity of 83 mg/g. Although the maximum removal 

capacity was lower than some activated carbons reported in the literature, adsorption 

rates were far superior in achieving acceptable removal overall [333]. Adsorption of 

APAP and CBZ was best explained by the linearised pseudo second order model 

indicating the formation of chemical bonds as the rate limiting step. The maximum 

adsorption capacities for APAP and CBZ were 126 and 40 mg/g, respectively and these 
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were superior or on par with those reported in Table 7:4. The presence of nitrogen 

and oxygen functionalities on the surface of the biochars present possible hydrogen 

bonding or 𝜋-𝜋 interactions between the benzene rings in the target elements and 

the biochar surface, as a possible removal mechanism. 

Table 7:4 Maximum uptake capacities of different adsorbents for acetaminophen 
(APAP), carbamazepine (CBZ) and 3,4-DCA 

Adsorbent Species qmax (mg/g) Reference 

AC from wood APAP 87 [334] 

AC from coconut shell APAP 135 [334] 

AC from orange peels APAP 118 [323] 

Biochar from Scottish 

softwood 
APAP 126 This study 

Peanut shells biochar CBZ 4.96 [140] 

Pine sawdust biochar CBZ 5.25 [335] 

AC from Argan tree 

nutshells 
CBZ 71.4 [336] 

Biochar from Scottish 

softwood 
CBZ 40 This study 

Kaolinite 3,4-DCA 0.311 [41] 

Montmorillonite 3,4-DCA 0.077 [41] 

Greenhouse biomass 

fly ash 
3,4-DCA 0.125 [326] 

Biochar from Scottish 

softwood 
3,4-DCA 83 This study 

The predicted adsorption behaviour could be split into two steps. First, monolayer 

adsorption with a chemisorption rate limiting step via hydrogen bonding or 𝜋-𝜋 

interactions. Second, multilayer physisorption at high concentrations from weak van 

der Waals forces. Figure 7:5 suggests common pathways of APAP adsorption on a low 

cost activated carbon. The observations reported correlate with the data generated 
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from kinetic analysis in the work, suggesting the adsorption of APAP proceeds mainly 

through 𝜋-𝜋 interactions and hydrogen bonding on the biochar surface. As stated in 

Figure 1:9, CBZ adsorption also follows 𝜋-𝜋 interactions and chemical bonding with 

the chemical moieties present on the biochar surface. However, the larger size of the 

molecule prevents it from accessing all of the active sites within the material, which 

is also evident in the extra time required by the molecule to reach equilibrium.  

 

Figure 7:5 Common pathways of APAP adsorption onto activated carbon produced 
from Moringa oleifera Lam. Seed husks [337] 

Overall, the optimised biochar sample selected for application from the design of 

experiments optimisation study conducted previously [320], provided fast adsorption 

kinetics and high adsorption capacities against the identified target molecules. The 

results provide an attractive avenue for biochar application for water remediation 

targeting a range of pollutants in aqueous media. 
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8. Conclusions 

The work presented in this thesis includes the development of a novel adsorbent from 

renewable materials. The experimental approach involved screening to identify a 

superior feedstock between two types of Scottish wood samples as well as 

investigating the influence of operating process conditions on the final biochar 

characteristics using a design of experiments study. The obtained optimised biochar 

sample was subsequently investigated in water remediation studies targeting three 

persistent organic pollutants. The chosen species had similarities that allowed for 

comparison of their adsorption behaviour.  

Between the two wood species, screening experiments identified softwood as the 

superior feedstock. Under the same experimental conditions, softwood samples had 

high average surface areas and comparable yields to the hardwood samples. The 

optimal solution for a design of experiments study on softwood suggested by Minitab 

closely resembled data obtained from experimental runs. Gas flow rates were noted 

as insignificant with contact time having the greatest impact on biochar 

characteristics. A high residence time not only produced an increase in observed 

surface area but also appeared to enhance mesoporosity within the pore structure. 

Spectroscopic analysis indicated the presence of a layered carbon structure in the 

biochars. The intricate pore network and graphene-like layered porous arrangement 

is also evident from morphological analysis. All biochars carry an almost neutral 

surface charge with a hydrophilic nature, indicating potential for application in water 

treatment systems. The results obtained from the design of experiments study show 

evidence of a requirement to consider the influence of manufacturing operating 

parameters when producing biochars catered to a specific application and requiring 

target characteristics. 

To understand the adsorption behaviour, pseudo first and second order kinetic 

models were applied to the experimental data. The rapid adsorption of 3,4-DCA 

presented difficulties in fitting kinetic models to the obtained data. Attempts at 

slowing the reaction kinetics using an ice bath were unsuccessful as the reaction 
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continued to proceed to equilibrium rapidly. Increased electrostatic interactions 

between the benzene ring and the chlorine groups are the most probable reasons for 

fast reaction kinetics. For APAP and CBZ, kinetic fittings followed a pseudo second 

order model. This indicates that the reaction for both the pharmaceutical compounds 

are chemically controlled. The intra particle diffusion model showed that the 

adsorption was dominated by the liquid film diffusion phase. CBZ had slower reaction 

rates compared to APAP which was evidenced by the presence of an intra particle 

diffusion region in CBZ fittings that were absent in APAP adsorption. The slower rate 

can also be attributed to the larger size of the CBZ molecule trying to adsorb onto a 

highly microporous material. 

Adsorption isotherms assist in the understanding of the nature of interactions 

between the adsorbate and the adsorbent as well as the equilibrium behaviour. 

Langmuir, Freundlich and Sips isotherm models were used in this work to analyse the 

adsorption isotherms. For all three species investigated, the experimental data fits to 

the isotherm models followed the following order: Sips > Langmuir > Freundlich. For 

APAP, both Langmuir and Sips isotherms had high correlation coefficient. However, 

the analysis of separation factor to verify the favourability of the Langmuir model 

suggested unfavourable adsorption due to limitations in the assumptions involved. A 

good fit to the Sips isotherm model suggested a heterogeneous surface with multiple 

binding sites and multilayer adsorption. These interpretations were further 

supplemented by Scatchard plots for the data. The highest adsorption capacity was 

noted in the case of APAP, followed by 3,4-DCA and CBZ respectively. 

In conclusion, this work focussed on the synthesis of biochars from a renewable 

feedstock and investigating manufacturing process parameter significance on final 

biochar characteristics. Material characterisation techniques showed significant 

influence of the operating parameters to produce materials targeting specific 

applications. The biochars had high surface areas, a mix of micro and mesoporous 

nature and showed effective removal of the target species from aqueous systems. 

Highly hydrophilic nature and a neutral surface charge further cemented observations 
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of applications into water remediation systems. The optimised sample demonstrated 

high removal efficiencies for all target species and especially rapid kinetic 

performance against 3,4-DCA achieving over 90% removal within minutes. The results 

demonstrate the potential for native Scottish wood samples as a biochar material that 

can be used in water remediation, with a requirement to consider the influence of 

manufacturing operating parameters on final biochar characteristics. 

  



120 
 

9. Future Work 

Initially, this work started with probing wheat straw pellets as possible biochar 

materials using chemical activation methods. However, due to issues arising from 

working with stronger acids and the generation of an additional waste stream, 

physical activation was identified as the means for biochar activation. The yields 

obtained with the straw pellets post pyrolysis were low and the precursor was 

switched to softwood due to larger availability as well as high carbon abatement 

potential.  

The application of the biochar in this work was limited to deionised water systems. To 

understand how the material would behave in the presence of competing ions in the 

presence of target compounds, conducting experiments using generated water as 

suggested by the National Sanitation Foundation could be of potential interest. 

Additionally, since the biochar works efficiently against pesticides and pharmaceutical 

compounds, testing its efficacy against other similar pollutants could also prove 

beneficial. 

Adsorbent regeneration is an important property that determines the overall 

feasibility of a material application on a commercial level. Conducting column tests 

would also provide important information on the breakthrough point and bed 

saturation. The tests can also provide insights into the regeneration and reusability of 

the biochars. Investigation into salvaging and regeneration of a highly hydrophilic 

biochar material could be of vital importance with regards to scaling up the use of 

material to a pilot or even a commercial scale. Biochar deploy ability using a binder 

could be a possible mechanism to prevent the biochar forming a homogeneous mix 

with the aqueous system. 

Assessment of adsorption mechanism using thermodynamic analysis would help in 

the identification if the removal process is spontaneous and entropically driven with 

varying temperature. 
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Appendix A: Proximate Analysis Plots 

This section includes the TGA plots for biochars developed as part of the design of 

experiments (DoE) approach adopted within this study. 

 

Figure A1 TGA profile for biochar D1 

 

Figure A2 TGA profile for biochar D2 
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Figure A3 TGA profile for biochar D3 

 

Figure A4 TGA profile for biochar D4 
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Figure A5 TGA profile for biochar D5 

 

 

Figure A6 TGA profile for biochar D6 
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Figure A7 TGA profile for biochar D7 

 

Figure A8 TGA profile for biochar D8 
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Appendix B: XPS Peak Convolution Data 

This section includes peak deconvolution parameters and references obtained from 

NIST database for biochar XPS analysis. 

Table B1 XPS Peak Deconvolution Parameters 

 
Peak 

type 

Binding 

energy 

(eV) 

Area 

(a.u.) 

Chemical 

composition 

Reference from NIST 

database for XPS spectra 

C1s 

Voigt 284.5 40419.7 C=C (Graphite) 

Author Name(s): Smith K.L., 

Black K.M. 

Journal: J. Vac. Sci. Technol. A 

2, 744 (1984) 

Voigt 285.6 25684.5 C-O (carbonyl) 

Author Name(s):  Lhoest J.-

B., Bertrand P., Weng L.T., 

Dewez J.-L. 

Journal: Macromolecules 28, 

4631 (1995) 

Voigt 289.6 20360.1 

C=O 

(carboxylic) 

 

C-N Pyridinic N 

Author Name(s): Wagener K., 

Batich C., Kirsch B., 

Wanigatunga S. 

Journal: J. Polym. Sci. Part A 

27, 2625 (1989) 

 

Author Name(s): Beamson 

G., Briggs D. 

Journal: High Resolution XPS 

of Organic Polymers: the 

Scienta ESCA300 Database 

(1992) 
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Peak 

type 

Binding 

energy 

(eV) 

Area 

(a.u.) 

Chemical 

composition 

Reference from NIST 

database for XPS spectra 

O1s 

Voigt 532.9 32631.2 C-O 

Author Name(s): Lopez G.P., 

Castner D.G., Ratner B.D. 

Journal: Surf. Interface Anal. 

17, 267 (1991) 

Voigt 531.1 9337.5 C=O 

Author Name(s): Beamson 

G., Briggs D. 

Journal: High Resolution XPS 

of Organic Polymers: the 

Scienta ESCA300 Database 

(1992) 

N1s 

Voigt 400.2 7267.9 Graphene N 

Author Name(s): 

Hendrickson D.N., Hollander 

J.M., Jolly W.L. 

Journal: Inorg. Chem. 8, 2642 

(1969) 

Voigt 398.6 7331.2 Pyridinic N 

Author Name(s): Lindberg 

B.J., Hedman J. 

Journal: Chem. Scr. 7, 155 

(1975) 
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Appendix C: Langmuir Separation Factor and Linear PSO Plots 

Calculation of Separation Factor (RL) for Langmuir isotherm data obtained for APAP 

adsorption and linear pseudo second order kinetic model fits for APAP and CBZ are 

given below. 

𝑅𝐿 =  
1

1 + 𝐾𝐿𝐶𝑜
 

Table C1 Calculation of Separation Factor (RL) for Langmuir Isotherm obtained for 
acetaminophen (rate constant KL = 0.204) 

Initial concentration, CO 

[mg/L] 
Separation Factor, RL 

25 6.1 

50 11.2 

75 16.3 

100 21.4 

150 31.6 

200 41.8 

250 52 

300 62.2 
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Figure C1 PSO linear kinetic model fit for CBZ adsorption 

 

Figure C2 PSO linear kinetic model fit for APAP adsorption 
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Appendix D: Feedstock and Biochar Images 

Wood samples, crucible arrangement inside furnace, biochar and adsorption solution 

images. 

 

Figure D1 Raw wood samples divided into cubes 

 

Figure D2 Raw wood placement inside furnace before pyrolysis 
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Figure D3 Post pyrolysis biochar beforehand crushing to a powdered form 

 

Figure D4 Experimental solutions with target species and biochar 
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Appendix E: 3,4-DCA pH tests and PZC Plots 

Table E1 Adsorption of 100 mg/L 3,4-DCA onto DoE biochars at different pH, particle 
size < 0.5 mm 

Biochar Sample [0.1 g] % Removal [24 hours] 

pH = 6 

D1 250S725-60C 93 

D2 100S725-60C 91 

D3 250S725-20C 92 

D4 100S725-20C 94 

pH = 9 

D5 250S725-60C 91 

D6 100S725-60C 90 

D7 250S725-20C 94 

D8 100S725-20C 88 

 

Figure E1 PZC plots for DoE biochars D1-D4 
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Appendix G: Rouquerol Selection Criteria and BET Transform Plots 

Rouquerol plots for screening and DoE biochars. 

 

Figure G1 Plot of Q(1-P/Po) vs P/Po for biochar D2 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G2 BET transform plot for D2 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G3 Plot of Q(1-P/Po) vs P/Po for biochar D3 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G4 BET transform plot for D3 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G5 Plot of Q(1-P/Po) vs P/Po for biochar D4 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G6 BET transform plot for D4 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G7 Plot of Q(1-P/Po) vs P/Po for biochar D5 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G8 BET transform plot for D5 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G9 Plot of Q(1-P/Po) vs P/Po for biochar D6 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G10 BET transform plot for D6 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G11 Plot of Q(1-P/Po) vs P/Po for biochar D7 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G12 BET transform plot for D7 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G13 Plot of Q(1-P/Po) vs P/Po for biochar D8 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G14 BET transform plot for D8 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G15 Plot of Q(1-P/Po) vs P/Po for biochar S1 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G16 BET transform plot for S1 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G17 Plot of Q(1-P/Po) vs P/Po for biochar S2 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

  

Figure G18 BET transform plot for S2 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G19 Plot of Q(1-P/Po) vs P/Po for biochar S3 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G20 BET transform plot for S3 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G21 Plot of Q(1-P/Po) vs P/Po for biochar S4 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G22 BET transform plot for S4 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G23 Plot of Q(1-P/Po) vs P/Po for biochar S5 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G24 BET transform plot for S5 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G25 Plot of Q(1-P/Po) vs P/Po for biochar S6 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G26 BET transform plot for S6 with a positive C-constant resulting from 
Rouquerol correction 
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Figure G27 Plot of Q(1-P/Po) vs P/Po for biochar S7 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G28 BET transform plot for S7 with a positive C-constant resulting from 
Rouquerol correction 



197 
 

 

Figure G29 Plot of Q(1-P/Po) vs P/Po for biochar S8 showing the range to which BET 
equation can be applied to obtain a positive ‘C’ constant and linear BET plot 

 

Figure G30 BET transform plot for S8 with a positive C-constant resulting from 
Rouquerol correction 
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Abstract
Native Scottish wood samples were investigated as potential, locally sourced, raw materials for biochar production. Screening 
experiments identified pure softwood as the preferable feedstock. Influence of operational parameters, i.e. activating gas flow 
rate  (CO2), heating ramp rate and contact time on final biochar characteristics, was investigated using design of experiments. 
Surface area and biochar yield were selected as response variables. Minitab was used to define experimental run conditions 
and suggested an optimal output at 60 min contact time and 15 °C/min ramp rate for maximum responses. The highest sur-
face area (764  m2/g) was achieved at 850 °C from softwood, albeit with a low yield of 15%. Under optimised conditions, 
the observed surface area was 613  m2/g with ~ 18% yield. Pareto charts suggested no influence of gas flow rate on chosen 
responses, which correlated well with experimental data. Pore structure was a combination of micro- and mesopores with 
average pore widths of 3–5 nm and an average point of zero charge of 7.40 ± 0.02. Proximate analysis showed an increase in 
fixed carbon content from 20%, in the feedstock, to 80%, in the optimised biochar. Morphological analysis showed a layered 
carbon structure in the biochars. The results show the significance of the selected feedstock as a potential source of biochar 
material and the relevance of interplay of operational variables in biochar development and their final characteristics.

Keywords Pyrolysis · Minitab · DoE · Activated carbon · Wood · Surface area

Introduction

Biochar is the black carbonaceous residue formed from 
thermochemical conversion of biomass in an inert atmos-
phere, providing a mechanism to lock in the carbonaceous 
material rather than releasing greenhouse gas emissions in 
degradation pathways of the organic matter. These materials 
require similar or superior performance than commercially 
used activated carbons for their implementation across dif-
ferent applications, which is achieved by a combination of 
cheap availability of feedstock, accompanied by diverse 
physical and chemical properties, giving carbon-rich bio-
chars the potential to be used in a range of applications, 
including soil amendment, such as enrichment fertilisers [1, 
2], catalysts [3], adsorbents [1], and in energy storage [4]. 

Recent steps towards creating a circular economy has seen a 
drive to produce biochars from renewable sources, providing 
added value to waste streams; however, production is cur-
rently unregulated. Notably, biochar production offers scope 
for ad hoc production, with opportunity to tailor products to 
target applications. Such bespoke materials, manufactured 
from regenerative sources, with comparable characteristics 
to commercially produced activated carbons can potentially 
help to reduce the overall carbon footprint multiple indus-
trial processes.

Biochars often have well-developed pore networks, 
ranging from micro- to macropores, and high surface areas 
that make them suitable for adsorption. The pore network 
extends throughout the material and provides active bind-
ing sites for heavy metals that readily sorb on the surface 
and within the pore network. Biochars made from renew-
able sources gave comparable adsorption capacities to com-
mercial activated carbons, even though the surface areas are 
significantly smaller [5]. As a consequence of these charac-
teristics, biochars produced from different feedstocks, such 
as walnut wood [6] and rosid angiosperm [7], have been 
used in water treatment applications. In addition to water 
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treatment, biochars derived from rice husk have been used in 
acid catalysis [8], while pyrolysed hard wood biochars have 
found potential application in biodiesel production [9]; bio-
chars as soil enhancement materials can maintain nutrients 
within soil and control cation exchange, which reduces nutri-
ent leaching from soils [5], while potassium hydroxide-acti-
vated biochar offers potential within supercapacitors [10].

There are several parameters involved in the production 
of biochars: operating temperature, gas flowrate, residence 
time, furnace ramp rate, and pressure that can influence the 
yield and quality of the final product. Pyrolysis temperature 
is considered one of the key factors influencing the prop-
erties of biochars; the breakdown of heavy hydrocarbons 
decreases the quantity of the final product, as more volatiles 
are removed from the system [11]. Researchers have reported 
a reduction in biochar yield on increasing the pyrolysis tem-
perature [12, 13], which is expected, as, at high tempera-
tures, secondary reactions occur that further breakdown the 
char formed at initial temperatures into liquid and gaseous 
phases, i.e. releasing more volatile components [14]. While 
higher temperatures enable the development of micropo-
res and an enhanced pore structure [15], a disadvantage of 
extreme temperatures is that the formation of ash hinders 
the growth of the pore network and surface area [16], and a 
fine balance exists in determining the optimal temperature 
for biochar formation. By contrast, too low a temperature 
can result in insignificant changes in pore volume and sur-
face area, as the system is unable to completely devolatilise 
volatile constituents, and the final product may be subject 
to pore blockage and an underdeveloped pore network [17]. 
Previous studies indicate that a temperature range between 
400 and 800 °C is most appropriate for biochar production. 
A low heating rate mitigates the possibility of thermal crack-
ing of biomass and rules out secondary pyrolysis reactions 
to enhance the biochar yield [14]. A very high heating rate 
would melt the biochar particles and increase the gaseous 
and liquid components, thereby decreasing the quantity of 
the final product [18]. An excessive heating rate also results 
in accumulation within particles, resulting in blocked pore 
entrances, due to shortage of time for the volatile matter 
to diffuse [19], while depolymerisation of biomass and 
prevalence of secondary pyrolysis result in a reduced bio-
char yield [20] and can decrease surface area [21]. To avoid 
micropore coalescence or collapse of the carbon matrix 
altogether, a high rate of volatile matter generation must be 
avoided [18], which rules out the use of high heating rates; 
hence, an optimum range of 10 and 30 °C/min is preferred. 
Residence time is influenced by temperature, gas flowrate, 
and heating rate; to promote repolymerisation, and improve 
biochar yield, sufficient residence time is necessary for reac-
tion [22]; however, several researchers have reported that the 
yield is not proportional to residence time [23, 24]. Resi-
dence times between 30 and 60 min have been reported to 

yield maximum pore volume for chemically activated bio-
chars from corn cob [25], while an increase in the surface 
area was reported by for residence time increasing from 10 
to 60 min [26]; however, further increase reduced surface 
area. Complications, arising from interaction between other 
process conditions and residence time, make it a challenging 
parameter to analyse; hence, it is a key component to investi-
gate during biochar production with residence times between 
20 and 60 min being of interest. By contrast, the influence of 
pressure on biochar production is relatively straightforward. 
Extreme, high pressures prevent the release of volatile mat-
ter from the system and result in the formation of spheri-
cal cavities [27], with continuous decrease in surface areas 
reported upon increasing the pressure from 1 to > 20 bar 
[27, 28]. Pressures slightly higher than atmospheric pres-
sure can increase the residence time of reaction constituents, 
which assists char formation [29], and carbon content in the 
final product was suggested to be pressure dependent. Dur-
ing pyrolysis, vapours are formed, and these can participate 
in reactions with the char, modifying its characteristics if 
not purged from the system [14]. Carrier gases are used to 
ensure an inert atmosphere for pyrolysis, and nitrogen is the 
most common carrier gas used being cheaper and more read-
ily available than other inert gases. Increased gas flowrate 
has been shown to marginally decrease the biochar yield, 
due to the removal of vapours from the system, preventing 
repolymerisation [14]; previous work has shown a reduc-
tion in yield from 28.4 to ~ 27% on increasing the nitrogen 
flowrate from 50 to 400 mL/min [30], with similar observa-
tions for other systems [5] suggesting that low to moderate 
flowrates will produce little effect on yield. By contrast, gas 
flowrate has been shown to markedly affect surface area and 
total pore volume, with an increase in nitrogen flowrate (50 
to 150 mL/min) reported to cause an increase of > 300  m2/g 
in surface area and a ten-fold increase in total pore volume 
for Algerian date pits derived activated carbon [31]. Nota-
bly, very high gas flowrates decrease biochar yield and pore 
volume [31, 32]; hence, moderate gas flowrates between 150 
and 300 mL/min are suggested for optimum characteristics.

Previous studies have discussed the relationship between 
biochar performance and process parameters [33, 34]. How-
ever, there is a limitation and lack of understanding of the 
synergistic effects of these parameters on produced biochars. 
Feedstock with different physical and chemical composi-
tions react differently to operational parameters and produce 
biochars with variability in characteristics [35]. Material 
selection is an important step prior to biochar production. 
Parent material characteristics can be influenced by climatic 
conditions [36]. To ensure profitability, the cost incurred in 
procuring the raw material and transforming it into bespoke 
materials for chosen applications should offer a reasonable 
benefit. In this study, the raw material utilised was native 
Scottish wood, and screening experiments assisted in the 
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selection between hardwood and softwood, both abundantly 
available. Locally procured raw material provides a consid-
erable reduction in carbon footprint associated with supply 
and transport, offering the potential for circularity in the for-
mation of biochar materials for possible applications. This 
work adopts a design of experiments approach to develop an 
understanding of the synergistic effects of selected process 
conditions on biochar characteristics and inform biochar 
production for such wood sources.

Methodology

The wood samples used in this study were procured from 
Sustainable Thinking Scotland C.I.C. (Kinneil Estate, 
Bo’ness, Scotland) and obtained from a walled garden 
in a 200-acre estate. Wood samples included birch, oak, 
ash, Scots pine, Sitka spruce, and Western red cedar. 
Table 1 gives an overview of the sample mix used in the 
study.

Samples A and B were developed to give a comparison 
between biochars produced from soft and hardwoods. A 
design of experiments (DoE) approach was adopted, based 
on a comprehensive literature review. Screening experiments 
were performed on samples A and B to identify the type of 
wood to be used for the DoE study. The results of the pre-
liminary runs on samples A and B were refined, and DoE 
was applied to sample C. Parameter scoping helped develop 
DoE runs to investigate a wider parameter space, utilising 

statistical analysis of variance (ANOVA) using Minitab to 
determine responses arising due to multiple factors changing 
simultaneously [37]. This provides a deeper understanding 
of the systematic factors that have statistical influence on the 
chosen responses.

Design of Experiments (DoE)

DoE is a multipurpose approach that helps in determin-
ing a relationship between input variables against a chosen 
response. Based on the situation, different design types can 
be applied to a system. Comparison investigates a single 
factor between different combinations using t-, Z-, or F-tests. 
Variable screening uses factorial designs to analyse the sig-
nificance of input variables on the overall performance of 
a system or process. Transfer function optimisation allows 
study of the relationship between relevant input variables to 
the specified output. System optimisation uses the transfer 
function to improve the overall performance of the system. 
Finally, robust design is aimed at mitigating the effects of 
system variation without root cause elimination [38].

In this study, a full factorial design (FFD) which falls 
under variable screening was used to assess possible inter-
actions of input variables as opposed to the traditional one 
factor at a time approach. The screening runs were based on 
three variables: contact time with activating agent  (CO2), 
flowrate of activating gas, and furnace temperature. Two 
temperatures (600 and 850 °C) were chosen based on a 
review of the literature, to study the difference in the types of 

Table 1  Feedstock for biochar 
production

Sample Wood type Species

A Predominantly softwood Ash, birch, oak, Scots pine, Sitka spruce, 
Western red cedar

B Predominantly hardwood Ash, Downey birch, oak, Scots pine, Sitka 
spruce, Western red cedar

C 100% softwood Scots pine, Sitka spruce, Western red cedar

Table 2  Process conditions, yields, and textural properties for biochars produced using wood samples A and B (ramp rate = 15 °C/min)

Exp Sample code CO2 flow-
rate (mL/
min)

Temp (°C) Contact 
time 
(min)

Biochar 
weight 
(g)

Yield (%) Surface 
area 
 (m2/g)

Micropore 
volume 
 (cm3/g)

Total pore 
volume 
 (cm3/g)

Average 
pore width 
(nm)

S1 250S600-20A 250 600 20 6.53 21.8 544 0.18 0.26 3
S2 250S600-60A 250 600 60 6.20 20.7 538 0.18 0.25 3
S3 250S850-20A 250 850 20 5.30 17.7 597 0.20 0.29 3
S4 100S850-60A 100 850 60 4.41 14.7 764 0.22 0.42 5
S5 250H600-20B 250 600 20 7.59 25.3 525 0.17 0.25 3
S6 250H600-60B 250 600 60 6.96 23.2 544 0.18 0.27 3
S7 250H850-20B 250 850 20 5.16 17.2 573 0.19 0.26 3
S8 100H850-60B 100 60 100 4.54 15.1 714 0.23 0.34 4
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produced biochars, as well as yields. Thermal  CO2 activation 
improves sorption characteristics of biochar and forms new 
functional groups, creating a more uniform porous structure, 
and is quicker than chemical activation. Flowrates of 100 
or 250 mL/min were used with residence times of 20 and 
60 min.

Screening identified softwood as a more desirable feed-
stock; hence, DoE (using FFD) was applied to pure soft-
wood samples. A mean temperature of 725 °C was used 
with three variables: contact time (20 and 60 min), gas 
flowrate (100 and 250 mL/min), and the heating ramp up 
rate (15 and 30 °C/min) for the full factorial design (FFD). 
Minitab was used to generate the FFD, which resulted in a 
total of  23 = 8 experiments for 3 factors with a high and low 
setting each [39]. The runs were randomised to minimise 
effects of factors that cannot be controlled. Centre points 
were omitted from the model to reduce excess material waste 
and minimise equipment usage and power consumption, but 
the model was allowed to run interactions up to third order. 
Biochar yield and surface area were considered as the two 
design responses as the economic feasibility and perfor-
mance of the biochars are governed by these properties.

Nomenclature

Sample names were developed as per: The first three digits 
(e.g. 250 or 100) represent the gas flowrate. ‘S’ and ‘H’ 
denote either softwood or hardwood; the middle set of val-
ues (600, 850, 725) represent the pyrolysis temperatures, 
followed by residence time and sample category, e.g. 20A 
or 60C. Thus, the sample 250S725-60C represents a gas 
flowrate of 250 mL/min, for a softwood sample pyrolysed 
at 725 °C with a residence time of 60 min, from wood batch 
C. All experiments were conducted at a heating rate of 15 
°C/min, with the exception of samples marked ‘/30’, where 
the ramp rate was increased to 30 °C/min.

Pyrolysis

Prior to combustion, the wood samples were divided into 
cubes of sides ~ 5 cm. These smaller cubes were washed with 
de-ionised water to remove dust and oven dried at 100 °C for 
24 h. For combustion, a precursor weight of 30 ± 0.1 g was 
used. The sample was equally distributed into four crucibles 
fitted with lids, all placed inside the Thermconcept KLS 10/12/
WS muffle furnace. A  CO2 flow of 250 mL/min was main-
tained over the sample for 40 min to ensure an inert atmos-
phere and the furnace set to the corresponding temperature 
and dwell time. Following this, the gas flowrate was adjusted 
to the values detailed in Tables 2 and 3 and heating begun. 
After each run was complete, the flow of gas was switched off 
once the furnace reached room temperature, and the sample Ta
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was allowed to cool overnight. Figure 1 shows a schematic 
diagram of the muffle furnace used for pyrolysis.

Biochar weight was calculated once the samples had 
reached room temperature. The yield of the sample is calcu-
lated using Eq. 1:

(1)

Biochar yield (%) =
produced biochar weight (g)

precursor weight (g)
∗ 100

Analysis and Characterisation

Porous Structure Characterisation

The biochar sample was crushed to a powdered form 
prior to analysis, performed using nitrogen adsorp-
tion at − 196 °C on a Micrometrics ASAP 2420 system 
(99.99% nitrogen adsorbate). Degas was performed at 
200 °C for 240 min (10 °C/min heating rate). A total of 
49 points were taken on the adsorption branch and 30 on 
the desorption branch. Specific surface area and pore vol-
ume distribution of the samples were determined using 
Brunauer–Emmett–Teller (BET) model [41].

Fourier Transform Infrared Spectroscopy (FTIR)

The biochars were crushed to a powdered form, and a 
small amount of sample (~ 0.2 g) was placed on the sam-
pling surface. An ABB IR Instrument MB 300 series was 
used to characterise the functional groups on the surface 
of the biochar samples using attenuated total reflectance 
(ATR) for analysis. A total of 32 scans were taken in trans-
mittance mode. The spectra were recorded at 4  cm−1 reso-
lution between 500 and 4000  cm−1.

Proximate Analysis

Thermogravimetry was used to carry out proximate 
analysis of representative biochar samples. The tech-
nique employed [42] closely follows the British Standard 
(BS1016) method. Approximately 5–10 mg of crushed 
sample was placed in a crucible and analysed using a 
NETZSCH STA 449 F3 Jupiter system. The crucible 
was initially tared under a nitrogen gas flow of 50 mL/
min, and the mass allowed to stabilise under the same gas 
flowrate and initial mass recorded. The sample was heated 
to 120 °C and allowed to stabilise. Subsequently, cruci-
ble mass was recorded, and the temperature increased to 
920 °C, and held for 3 min, before the mass reading was 
recorded. Finally, the temperature was reduced to 820 °C, 
and the flowing gas switched to 50 mL/min of pressurised 
air. The crucible was allowed to stabilise, and a final mass 
reading was taken at ambient temperature.

Scanning Electron Microscopy (SEM)

SEM was used to capture the structural characteristics 
of the biochar surface. A small solid portion was clipped 
from a biochar cube and placed into the apparatus (Tung-
sten low-vacuum JEOL JSM-IT100 InTouchScope SEM). 
Images were captured at 10 µm with × 1000 magnification. 

Fig. 1  Schematic diagram of muffle furnace equipped with a weigh-
ing system (licence number—5,501,811,254,585) [40]

Table 4  Analysis of variance results for yield and surface area

Yield

Source DF Adj SS Adj MS F value p value

Model 3 5.9828 1.99427 25.88 0.004
Linear 2 5.3330 2.66650 34.61 0.003
Contact time 1 4.3808 4.38080 56.86 0.002
Ramp rate 1 0.9522 0.95220 12.36 0.025
2-way interactions 1 0.6498 0.64980 8.43 0.044
Contact time*ramp rate 1 0.6498 0.64980 8.43 0.044
Error 4 0.3082 0.07705
Total 7 6.2910
Surface area
Model 2 4943 2471.6 5.96 0.048
Linear 2 4943 2471.6 5.96 0.048
Contact time 1 3403 3403.1 8.20 0.035
Ramp rate 1 1540 1540.1 3.71 0.112
Error 5 2075 414.9
Total 7 7018
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The beam current was kept constant at 35 with a voltage 
difference of 20 kV.

Point of Zero Charge (PZC)

Salt addition method was used to perform PZC analysis [43]. 
A 40-mL aliquot of 0.1 M  NaNO3 was adjusted to five pH 
values between 3 and 11. Solutions of 0.1 M NaOH and 
0.1 M HCl were used to attain the desired pH. Powdered 
biochar (~ 0.2 g) was added to the beakers and agitated at 
450 rpm for 24 h. The final solution was filtered and the pH 
of the permeate was measured. The difference between the 
initial and final pH values of the samples was calculated, and 
the change in pH versus initial value was plotted to identify 
the PZC.

Contact Angle Measurement

Sessile drop method [44] was used to determine the con-
tact angle between the biochar surface and a water drop. 
Biochar samples were crushed, and a small amount of 
powder was placed on a microscopic glass slide. The lump 
was then smoothed by placing another slide on top which 
was removed before taking measurements. The analysis 
was performed on a Krüss Scientific Drop Shape Analyser 
DSA25B. To measure the contact angle, a small droplet of 
water (~ 0.5 mL) was dropped onto the sample from a height 
less than 1 cm, and photographs were taken at intervals of 1, 
2, and 3 s using Krüss Advance software.

Results and Discussion

Minitab Outputs

Regression Analysis

Minitab was used to analyse the dataset obtained from the 
DoE runs. The regression equations for the two responses, 
yield (Y1) and surface area (Y2), are shown below in Eqs. 2 
and 3, respectively. For analysis of the factorial design, a 

stepwise method was used, which works by combining for-
ward selection and backward elimination procedures. The 
forward selection approach determines the variables to retain 
in a model. In forward selection, the added variable is never 
removed. By contrast, the backward elimination procedure 
removes terms from the initial model that have the smallest 
adjusted sum of squares. Determining whether a variable is 
added or removed from the model is based on the ‘Alpha to 
enter’ and ‘Alpha to remove’ value. If the p value of a vari-
able is less than the ‘Alpha to enter’ value, it is retained in 
the model and vice versa. In this study, both alpha values 
were set to 0.15, which is the system default.

where A is contact time (min) and C is ramp rate (°C/min). 
Note that variable B (gas flowrate) was not found to be 
significant.

The coefficient of determination (R2) for Eqs. 2 and 3 was 
equal to 0.95 and 0.70, respectively. The values indicate that 
the model can explain over 95% and 70% of variability in 
the responses of yield and surface area, respectively. The 
model also suggests that there is no notable variation in the 
obtained responses arising from changes in flow rate of the 
activating gas. Figure 2 shows the Pareto chart of standard-
ised effects of variables on the responses.

Analysis of Variance (ANOVA)

Statistical analysis of the input variables, i.e. contact time, 
flow rate, and ramp rate, was performed to identify single or 
interaction effects on chosen responses. One way of checking 
the adequacy of the model uses the p values and the F values 
from the ANOVA table generated in Minitab. The data gen-
erated for yield and surface area is reported in Table 4. For 
a model to be significant, its p value should be less than the 
significance level (0.05 for a 95% confidence interval in this 

(2)Yield(Y1) = 6.20 + 0.0058A + 0.0300C − 0.001900AC

(3)
Surface area (Y2) = 577.8 + 1.031 Contact time (min)

− 1.85 Ramp rate
(

◦
C∕min

)

Fig. 2  Pareto chart for variable 
effects on a surface area and b 
yield
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case), and it should have a high F value [45]. In both cases, 
the p value for the model is < 0.05, indicating the models 
are significant, the model for yield being considerably more 
accurate compared to the regression for surface area.

It can be seen from the table that contact time and ramp 
rate have determining effects on yield, with contact time in 
the furnace being the primary influencing factor with an F 
value of 56.7. There is also a noticeable two-way interaction 
between contact time and heating ramp rate on yield. The 
model also suggests no influence of the gas flow rate on 
biochar yield. For biochar surface area, contact time alone 
was predicted to be the influencing variable. The ramp rate 
p value was > 0.05 suggesting that this is not a significant 
variable in surface area determination. No influence of gas 
flow rate was predicted on surface area.

Response Optimisation

Based on the consideration of the model being statistically 
significant for both yield and surface area, an optimised 
response was generated using Minitab with the goal of 
maximising both of the selected responses. The suggested 
solution from Minitab included a contact time of 60 min 
and a ramp rate of 15 °C/min, with no specified value for 
the gas flow rate, resulting in a surface area of 612  m2/g and 
a yield of 5.3 g. The generated solution had a desirability of 
78%. The suggested solution was already a part of experi-
ments D1 and D2, both run with a contact time of 60 min 
and ramp rate of 15 °C/min, with varying flow rates. The 
observed experimental values for surface area in both cases 
were 613  m2/g. In addition, the yield for the two runs was 
approximately 5.3 g for both runs, which correlates closely 
to the theoretical predictions. Despite the close relation 
between theoretical and experimentally obtained data, the 
low accuracy of the surface area regression presents the need 
for further analysis of parameter influence on biochar char-
acteristics. The model could be improved by running centre 
points; however, there is a need to minimise experimental 
runs to prevent resource utilisation and supplement the idea 
of sustainability. The following sections further analyse 
additional characterisation data obtained for the biochars 
and their relationship with the initial input process variables.

Biochar Yield

Table 2 shows the percentage yield of biochars produced 
from screening wood samples A and B, under different 
pyrolysis temperatures, and operating parameters. The trend 
in yield is as expected, with increasing pyrolysis tempera-
tures resulting in lower quantities of produced biochars [7]. 
As the temperature is increased, more volatiles are removed 
from the system, thereby reducing the biomass within the 
system, hence the final mass of the biochar. It is evident that 

the final product is determined by a direct combination of 
the operating parameters. For the softwood chars (Sample 
A), a low contact time of 20 min and pyrolysis temperature 
of 600 °C, with a high gas flowrate of 250 mL/min, resulted 
in the highest biochar yield of 6.5 g. Increasing the con-
tact time to 60 min and keeping the other two parameters 
constant resulted in a minor reduction in yield of less than 
1%. The result suggests that the increment of contact time 
from 20 to 60 min does not have a significant impact on 
the product yield. A similar pattern was observed for the 
hardwood chars (sample B). A maximum yield of 7.6 g was 
obtained using a high gas flowrate, low pyrolysis tempera-
ture, and low contact time. The yield decreased slightly with 
increased contact time (~ 2%). The lowest yield was obtained 
at a temperature of 850 °C, with a 60 min residence time 
and low gas flowrate. Under similar conditions, hardwood 
samples gave higher yields than the softwood samples. For 
experiment S1, the softwood yield was 21.8%, and the hard-
wood biochar was 25.3% under similar parameters (S5). The 
difference in yield was not considerable for the other runs 
in both wood batches. This observation, combined with the 
specific surface areas obtained, indicated that 100% soft-
wood samples were worthy of further investigation.

Table 3 shows the yield of produced biochars from DoE 
runs. In D1-4, temperature was fixed at 725 °C as an average 
between the two screening temperatures, and the ramp rate 
was kept at 15 °C/min. A contact time of 60 min, with both 
gas flowrates, gave an average yield of ~ 17.5%. This yield 
was slightly improved when the contact time was reduced 
to 20 min, giving ~ 20%. The ramp rate was increased to 
30 °C/min for D5-8; combined with a high contact time, the 
yield was further reduced for runs 13 and 14 [18]. The high 
heating rate however did not seem to affect the yield with 
shorter residence times. The data suggests that temperature 
is the primary factor affecting the yield of biochars. There is 
a noticeable influence of contact time and ramp rate on the 
yield as previously suggested by the Minitab output, with no 
discernible influence from gas flow rate.

Porous Structure Characterisation

Figure 3a and b show the adsorption isotherms recorded 
in the screening study. Experiments S1-4 represent a type 
II isotherm, governed by adsorption onto microporous 
solids. The hardwood samples in experiments S5-8 also 
display an initial high uptake followed by a plateau. There 
is slight evidence of a final uptake at high relative pres-
sure, which could be attributed to a type II isotherm and 
multilayer adsorption [46].

Adsorption isotherms obtained for the DoE biochars pre-
sented in Fig. 3c and d demonstrate a more prevalent type II/
IVa isotherm behaviour with initial high uptakes, followed 
by a plateau and a slight update at high relative pressure 



 BioEnergy Research

1 3

[46]. In general, the evidence of mesoporous nature is more 
prominent in pure softwood samples (sample C) in the latter 
experiments.

Table 2 shows the textural data obtained for the screening 
samples, comprising the surface area, micropore, and total 
pore volumes, as well as the average pore widths. Similar 
data on DoE samples is reported in Table 3. The total pore 
volume of samples is calculated using Eq. 4:

where.
Qsat = maximum nitrogen adsorption (in  cm3/g, usually at 

relative pressure of 0.97 or above).
MW = molecular weight of  N2 (28 g/mol).
Vm = volume occupied by 1 mol of gas (22.4 L).ρliq = den-

sity of liquid  N2 at boiling point (808 g/L)
The t plot analysis, developed by Lippens and Boer [47], 

was used to determine the micropore volumes reported in 
Tables 2 and 3. It can be inferred that increasing pyrolysis 
temperatures caused an increase in microporosity. The ratio 
of micropore volume to TPV is highest in samples with low 
gas flowrates and higher residence times. At high gas flow-
rates, Vmicropore/Vtotal ratios are similar for experiments with 
20 min hold time at high temperature. The evidence suggests 
an inverse relationship between microporosity development 
and residence time. Microporosity is suitable for interac-
tions between small adsorbate species and adsorbents [7], so 
this can be a useful quantity to optimise. DoE experiments 

(4)Total pore volume (TPV) = (QSat ∗ MW∕Vm)∕�liq

D5 and D6 indicate that a higher ramp rate combined with 
a longer hold time can enhance mesoporous nature in the 
biochars, which have previously been shown to be useful for 
aqueous phase applications [48].

Surface areas were calculated using BET analysis; 
however, such analysis is highly sensitive to the selected 
relative pressure range [49], particularly for microporous 
materials, and the optimal relative pressure range can be 
determined using the four consistency criteria suggested 
by Rouquerol et al. [50]: (1) only the range where the 
product of the adsorbate loading rate and 1 minus the 
relative pressure is increasing monotonically with the 
relative pressure should be chosen; (2) the value of BET 
‘C constant’ must be positive. C constant quantifies the 
adsorbent and adsorbate interactions and is related to 
the energetics of adsorption in the first adsorbed layer 
[49]; (3) the selected linear region should encompass 
monolayer loading corresponding to the relative pres-
sure; and (4) the relative pressure calculated in criterion 
3 should be equal to the one calculated from BET theory 
consonant with monolayer loading with a 20% tolerance. 
Given the presence of significant microporosity reported 
in Tables 2 and 3, the Rouquerol correction was applied 
for all samples produced in this study. The maximum 
BET surface area was recorded for a pyrolysis tempera-
ture of 850 °C with a gas flowrate of 100 mL/min and 
60 min residence time with softwood precursor (S4). 
Shorter residence times produced biochars with lower 

Fig. 3  Adsorption isotherms 
obtained for biochars
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surface areas compared to those obtained under similar 
conditions but with longer hold time. Similar observa-
tions of improved surface areas with residence time were 
reported previously [26]. On average, pyrolysis runs per-
formed at 725 °C produced biochars with higher sur-
face areas. The intermediate temperatures also offered a 
reasonable trade-off between biochar yield and average 
pore widths. For DoE runs, lower ramp rates with high 
residence time can be inferred to be directly proportional 
to surface area. A reduction in Vmicropore/Vtotal ratio of 
these samples also suggests a more openly porous struc-
ture [7]. The highest biochar surface areas obtained for 
100% softwood chars were higher than other wood-based 
biochars reported in the literature [7, 51]. As in the case 
of yield, observations made for surface area supplement 
the Minitab output with the exception of Experiment D6 
where a high ramp rate has resulted in a reduced biochar 
surface area. This output could possibly be attributed to 
the reduced accuracy of the model.

Pore width data obtained from Barrett-Joyner-Halenda 
(BJH) analysis [52] (Tables 2 and 3) further confirms the 
predominantly microporous nature of the biochars. The 
average pore widths were largest for runs performed at 
725 °C with high ramp rates. As stated above, shorter hold 
times resulted in increased microporosity, as well as nar-
rower pore widths. Predominantly softwood biochars (S1-
4) were almost as microporous as hardwood biochars (S5-
8), and sample C (entirely softwood, D1-8) demonstrated 
the highest mesoporosity. The results indicate a possible 

application for sample A in the adsorption of small adsorp-
tive species, mainly in gas phase [49], including in carbon 
capture [51].

Fourier Transform Infrared Spectroscopy

Figure 4a presents the FTIR spectrum obtained for soft-
wood feedstock. In the fingerprint region, between 600 and 
1500  cm−1, there is evidence of CH =  CH2 vinyl terminals 
[53]. There is also evidence of loss of the peak from C–OH 
vibrations in the feedstock at 1000  cm−1 from pyrolysis treat-
ment [7]. The heat treatment plays a crucial role in con-
densation of the carbonaceous skeleton and removes the 
hydroxyl groups from cellulosic compounds present in the 
precursors [54].

Figure 4b and c show the FTIR spectra for DoE bio-
char samples obtained using low and high ramp rates. The 
observed spectra look identical and not influenced by the 
change in ramp rates of the experimental runs. The peaks 
observed between regions 3800 and 3500   cm−1 indicate 
the presence of hydrogen bonds. This information is fur-
ther supplemented by peaks between 1600 and 1300  cm−1, 
as is the case with analysed biochar samples [53]. There 
are sharp peaks from the biochars between 3000 and 
2600  cm−1 that could be due to C-H stretching bonds [7]. 
There is also strong evidence of C = C bonds with symmet-
ric and asymmetric vibrations and possible conjugation, as 
well as stretching vibrations with other structures such as 
oxygen and hydrogen (C = O, C-H) from the spectra in the 

Fig. 4  FTIR spectrum of feed-
stock and DoE biochars
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1600–1800  cm−1 region [53]. These functional groups could 
be the result of the presence of ketones, aldehydes, and car-
boxylic acids [55]. The results indicate the development of 
a layered, almost graphene-like carbon arrangement in the 
aromatic and aliphatic structures of the biochars [2]. There 
is no quantifiable influence of gas flowrate and residence 
time on the functional groups present in the samples. It can 
therefore be noted that temperature continues to be the pri-
mary influence on surface chemistry of produced biochars.

Proximate Analysis

The dry ash compositions of the feedstock and DoE biochars 
obtained from thermogravimetric analysis are reported in 
Table 3. The samples were treated on a dry basis to remove 
variability from moisture content and on an ash-free basis 
due to variability in inorganic forms from the natural precur-
sor. A high contact time in experiments D1 and D2 resulted 
in a fixed carbon percentage of 80% and a volatile matter 
content of 20%. This was a significant increase from the 
fixed carbon content of 20.3% in the feedstock. For experi-
ment D2, under a much lower gas flowrate, the carbon con-
tent was increased to 86% and volatiles reduced to 14%. The 
higher gas flowrate appears to have potentially decreased the 
temperature of the sample and affected the release of volatile 
matter as suggested previously [16]. For experiments D3 and 
D4, with shorter residence time, gas flowrates did not have a 
considerable impact on fixed carbon and volatile fractions. 
High heating rates combined with longer residence times 
result in accumulation of volatile matter [19]. The results 
obtained in D5 and D6 support this statement, with carbon 
percentages below 80 and higher volatile content, as opposed 
to their lower ramp rate counterparts. With a shorter hold 
period (D7 and D8), the percentages of volatiles reduced 
significantly, and a positive effect on fixed carbon content 
was also noted. Residence time was observed to be the key 
driver for fixed carbon and volatiles, with the fluctuations 
arising from variable gas flowrates being almost negligible. 
The results indicate that a higher ramp rate combined with 
a short residence time has the potential to produce biochars 
with high fixed carbon content and the lowest fraction of 
volatiles, albeit with a significant loss in yield.

Scanning Electron Microscopy

Figure  5a–d show the SEM images recorded for lower 
ramp rate biochars, and Fig. 5e–g display the observations 
for higher ramp rate biochars. There is evidence of a well-
developed pore network in biochars produced at low and 
high ramp rates. The images at 10 µm and 1000 × magnifica-
tion suggest that the high pyrolysis temperatures exposed the 
carbonaceous skeleton of the parent material encompassing 
an intricate network of pores [56]. A pyrolysis temperature 

that is sufficiently high is necessary for the removal of the 
outer biochar layer. The open structure of pores could be 
attributed to a lower ash content, which reduces the poten-
tial for clogging. There is no apparent evidence of influence 
from different ramp rates on the pore networks developed 
in the biochars.

Point of Zero Charge

The surface charge of chars produced under different operat-
ing conditions appears to be dependent on material origin 
and surface functional groups, as opposed to chosen DoE 
variables. The average PZC of the samples in this study was 
7.40 ± 0.02. Pyrolysis temperatures influence the pH of wood-
based biochars. High temperatures result in the loss of not 
only volatile matter but also acidic functional groups, i.e. phe-
nols and carboxylic, thereby resulting in more alkaline surface 
charges [57]. For example, slow pyrolysis treatment of wood-
based pellets at 200 °C produced biochars with pH 4.6. Upon 
increasing the temperature to 600 °C, the resulting biochar 
had a pH of 9.5 [58]. A similar observation on wood chip 
biochars pyrolysed at 500 °C was made with biochars having 
a pH(H2O) of 8.58 ± 0.01 [59]. Having a neutral/slightly alka-
line surface charge indicates potential application in drinking 
water systems that operate under acidic conditions without 
much alternation to target anionic species from effluents [57].

Contact Angle Measurement

Biochar wettability is a parameter that can be evaluated 
through contact angle (CA) measurement [60]. Figure 6a 
shows water droplet on a clear glass slide, and Fig. 6b shows 
a similar water droplet on a biochar film. Both images were 
taken 2 s after water contact. The measurement was repeated 
for all biochar samples and yielded similar observations. The 
absorption of water by prepared biochars was seemingly 
immediate, indicating hydrophilicity and high wettability [60]. 
Low CA (typically < 90°) are achieved in cases where water 
shows greater affinity to the solid surface [61]. The mechanism 
for this interaction could potentially be the formation of sur-
face hydrogen bonds and the domination of adhesion forces 
over repulsive ones. This stabilisation of forces allows water 
to penetrate porous materials and wet larger surface areas [60]. 
This observed wettability in case of native Scottish biochars 
suggests a feasible application in drinking water treatment sys-
tems, allowing larger available surface areas for interaction 
between dissolved target species in water.

Discussion

Examination of the wide range of results obtained for the 
chars produced within this study suggests significant correla-
tion of biochar properties with parameters used within their 
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Fig. 5  a–d SEM of biochars with lower ramp rates; e–h SEM of biochars with higher ramp rates.
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production. The surface areas of biochars reported in this study 
are higher than selected biochars reported in literature [57, 
59]. The amount of fixed carbon in wood-based chars appears 
to be consistent, at around 80%, which was also observed for 
the DoE biochars. Temperatures above 400 °C were reported 
to produce a recalcitrant structure resulting from the loss of 
volatile matter, as well as alkyl and carboxylic groups [62]. 
The statement further supplements the chemical moiety infor-
mation obtained from FTIR, suggesting a layered carbon struc-
ture. The concentric arrangement of pores in the carbonaceous 
skeleton is also visible in the SEM images.

Higher temperatures have also been reported to increase 
alkalinity of biochars [57]. DoE biochars in this work were 
determined to have an average PZC of 7.40 ± 0.02. In addi-
tion to a neutral pH, contact angle analysis of the bio-
chars suggested hydrophilic character. Rattanakam et al. 
investigated the difference in hydrophilicity of oxidised 
and un-oxidised wood-based biochars [63], reporting an 
increase in the hydrophilic behaviour of oxidised biochars. 
Fir wood-derived biochars for perchlorate adsorption were 
contrastingly reported to provide a hydrophobic environ-
ment, as opposed to the hydrophilic biochars produced in 
this work [64]. The high surface areas, carbon content, and 
hydrophilic nature of the biochars produced in this work 
give them great potential for possible application in water 
and wastewater treatment systems [57]. Process parameter 
influence on biochar characteristics appears to be signifi-
cant, as evidenced by the DoE study and could potentially 
provide a pathway to produce sustainable biochars catered 
to specific applications.

Conclusions

Biochars produced from native Scottish woods showed 
significant influence of pyrolysis operating parameters 
on the characteristics of the final products. The optimal 

solution for a design of experiments study on softwood 
closely resembled data obtained from experimental 
runs. Gas flow rates were noted as insignificant with 
contact time having the greatest impact on biochar char-
acteristics. A high residence time not only produced an 
increase in observed surface area but also appeared to 
enhance mesoporosity within the pore structure. Spec-
troscopic analysis indicated the presence of a layered 
carbon structure in the biochars. The intricate pore net-
work and graphene-like layered porous arrangement are 
also evident from morphological analysis. All biochars 
carry an almost neutral surface charge with a hydrophilic 
nature, indicating potential for application in water treat-
ment systems. The results demonstrate the potential for 
native Scottish wood samples as a biochar material, with 
a requirement to consider the influence of manufactur-
ing operating parameters on final biochar characteristics.
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Abstract 

A Scottish wood biochar sample was investigated for water remediation against persistent 

organic pollutants as a potential renewable material for adsorption processes. Textural 

characterisation gave a high surface area (588 m2/g) and a mix of microporous and mesoporous 

nature with an average pore width of 4 nm. Morphological analysis revealed a layered carbon 

structure and spectroscopic analysis showed the presence of oxygen and nitrogen-based 

functionalities. The biochar had an average point of zero charge slightly above neutral. 3-4, 

DCA kinetic rates were rapid (<5 min), restricting kinetic analysis, while a pseudo second order 

kinetic model was best suited to represent the kinetic data for acetaminophen and 

carbamazepine, suggesting chemical control. The adsorption equilibria were most 

appropriately described by the Sips isotherm model, supplementing the chemical control theory 

for a multilayer system. Maximum adsorption capacity was relatively all three chemicals, and 

the biochar demonstrated good removal efficiency against all target species, showing potential 

as an adsorbent.  

Keywords: Activated carbon, surface area, water treatment, pharmaceuticals, pesticides  
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Introduction 

The demands on freshwater supplies to support growing populations and settlements is a key 

issue, particularly for communities located in water-stressed regions. Available freshwater 

amounts to 2.5% of total global water resources [1]; in 2018, an estimated two billion people 

were living in countries experiencing water scarcity [2]. Many also experience ‘economic’ 

water shortage, with ~1.6 million people residing in areas where water is physically available 

but there is an acute shortage of the required infrastructure required to access those water 

resources [2]. A significant disparity exists in gathering the required water quality data, due to 

a lack of monitoring and reporting, especially in developing nations.  

Water quality has been severely affected by pollution via natural and anthropogenic factors. 

On a global scale, approximately 80% of industrial and municipal wastewater is discharged 

into the environment without undergoing any form of treatment beforehand. The risks 

associated with emerging pollutants, including micropollutants, have been recognized since the 

early 2000s [3]. Organic pollutants can be either synthetic compounds or oxygen demanding 

wastes produced from household or industrial activities. They contain compounds such as 

hydrocarbons, detergents, insecticides and herbicides, lubricants, endocrine disrupting 

chemicals (EDCs), pharmaceuticals, etc. that have detrimental effects on human and 

environmental health [4,5]. Among these, EDCs and pharmaceutical compounds are of 

growing concern due to release into the environment through engineered and natural pathways, 

without adequate monitoring systems. Such chemicals can mimic hormones within the body 

and interfere with the endocrine system and adversely affect bodily functions [6]. Even at low 

concentrations, prolonged exposure can result in adverse health effects. An EDC of particular 

concern is 3,4-Dicholoroaniline (3,4-DCA), a derivative of aniline with high global annual 

production [7] intermediate in the production of urea herbicides [8] in the synthesis of fabric 

pigments, and as a paint precursor [9,10]. Known to be toxic to aquatic organisms and humans, 

with the potential to cause long-term adverse effects in aquatic environments, the Predicted 

No-Effect Concentration (PNEC) for 3,4-DCA is 0.2 µg/L. In addition, the detection of Active 

Pharmaceutical Ingredients (APIs) in various surface waters has sparked concerns regarding 

their potential impact on the environment and living organisms and common pollutants in this 

category include acetaminophen (APAP) and carbamazepine (CBZ). APAP, commonly known 

as paracetamol, is an analgesic used to mitigate moderate to severe pain [11]. Healthcare 

facilities, improper household disposal, inadequate treatment and veterinary treatment 

provided to livestock are pathways for water contamination. APAP can accumulate in the 

tissues of aquatic organisms, posing risks to higher trophic levels in the food chain. In humans, 

it has been reported to cause acute liver failure, and is the second most frequent reason for liver 

transplantation in the US [12]. CBZ is extensively used worldwide as a multifunctional 

medication, serving both as an anticonvulsant and a pain-reliever [13] contamination pathways 

are similar to those for APAP, with a range of environmental and human health issues [14,15] 

CBZ is among the emerging organic contaminants detected at the highest concentration with 

highest concentration (~4.6 µg/L) [16]. All of these pollutant species pose a challenge for 

microbial degradation or decomposition in the environment, and it is necessary to develop new 



 

 

methods of removal from water streams; this is increasingly complex when designing systems 

that can target a range of species. 

Adsorption is often used as an application for targeting persistent organic compounds owing to 

its ease of application and the availability of a range of materials as potential adsorbents. The 

choice of precursor is an important step in developing an effective adsorbent material. Biochar 

based adsorbents can be derived from a range of precursors and are also versatile in their field 

of application. [17] investigated 3,4-DCA removal using biomass fly ash and concluded that 

removal is regulated by boundary layer diffusion, while strong adsorbate-adsorbent 

interactions have been observed [18,19]. APAP adsorption appears to be controlled by the 

hydroxyl and amino functional groups acting as electron donors, augmenting the electron 

density on the aromatic ring [20], which may be influenced by the surface groups present on 

the biochar surface [21]. CBZ, on the other hand, is reported to interact through mechanisms 

including chemical bonding, π-π interaction, and Lewis Acid-Base interaction; and despite its 

weak hydrogen bonding, CBZ has been shown to chemical bond with biochar surfaces [22]. 

This indicates that, despite all being aromatic molecules, there is a range of interactions 

between these target molecules and a potential adsorbent material. The aim of this work is to 

investigate the removal of 3,4-DCA, APAP and CBZ from an aqueous system using biochar 

derived from native Scottish woods, analysed using thermodynamic and kinetic studies.  

Materials and methods 

The precursor used for making the biochar was procured from Sustainable Thinking Scotland 

C.I.C. (Kinneil Estate, Bo’ness, Scotland). Wood samples are taken from deforested wood in 

the walled garden of the 200-acre estate. The sample mix was pure softwood including species 

such as Scots pine, western red cedar, and Sitka spruce. 

Pyrolysis 

Previous results [23] indicated that, for the feedstock used, the optimum yield and surface area 

was obtained for a sample pyrolysed at 725 °C, with a hold time of 60 min and a heating rate 

of 15 °C/min (known as the optimised biochar). Before pyrolysis, wood samples were divided 

into small cubes, rinsed with DI water and oven dried for 24 h at 100 °C. A precursor weight 

of 30±0.1 g was distributed into three crucibles with a lid placed on top and pyrolysed inside a 

Thermconcept KLS 10/12/WS muffle furnace. An inert atmosphere was obtained inside the 

furnace using a CO2 flowrate of 250 mL/min. The furnace was switched on at the designated 

temperature and dwell time conditions and at the end of each run, the flow of gas was switched 

off and samples were allowed to cool overnight before analysis. Figure 1 shows a schematic 

diagram of the muffle furnace used in this study. 



 

 

 

Figure 1 Schematic diagram of muffle furnace equipped with a weighing system  

(Licence number - 5501811254585) [24] 

Biochar production was repeated twice to ensure the results fall within acceptable error 

margins. 

Material Characterisation 

Porous Structure Characterisation: Biochar specific surface area and pore size distribution 

were determined using Brunauer-Emmett-Teller (BET) [25] and Barrett-Joyner-Halenda (BJH) 

[26] models. Samples were crushed to a powdered form before analysis. A Micromeritics 

ASAP 2420 system was used to perform nitrogen adsorption at -196 °C. Sample degassing was 

performed at 200 °C for 4 h at a heating rate of 10 °C/min. The adsorption branch of the 

isotherm consisted of 49 points, with 30 points on the desorption branch. 

Fourier Transform Infrared Spectroscopy (FTIR): Attenuated Total Reflectance (ATR) 

was used to study functional groups on the biochar surface. A small amount of powdered 

biochar was analysed using an ABB IR Instrument MB3000 series. The acquisition mode was 

set to transmittance, with a detector gain of 80% for increased accuracy. A total of 32 scans 

were taken between wavenumbers 500 and 4000 cm-1, at 4 cm-1 resolution. 

X-ray Photoelectron Spectroscopy (XPS): XPS analysis was used to determine the surface 

chemistry of the biochar sample and was performed by the NEXUS facility at Newcastle 

University. The biochar sample was crushed to a powdered form and analysed using a K-Alpha 

Photoelectron Spectrometer (Thermo Fisher) and electron detection using a hemispherical 

analyser. Measurements were taken with the flood gun on to lower charging with the beam 

energy at 40 eV and a step-size of 0.05 eV. The generated results were analysed using the Fityk 

program. 

Point of Zero Charge (PZC): PZC analysis was performed using a salt addition method [27]. 

A 40 mL portion of a solution containing 0.1 M NaNO3 was modified to reach five different 

pH levels ranging from 3 to 11. To achieve the desired pH, solutions of 0.1 M NaOH and 0.1 M 

HCl were utilized. Approximately 0.2 g of powdered biochar was introduced into the beakers 

and stirred at a speed of 450 rpm for 24 h. The resulting mixture was filtered, and the pH of the 



 

 

filtered liquid was measured. By calculating the difference between the initial and final pH 

values of the samples and plotting the change in pH against the initial value, the PZC value 

was determined. 

Analytical Method 

The experimental solutions were passed through Fisherbrand Grade 601 general purpose filter 

papers (125 mm diameter). Two filter papers were used for each filtration step to ensure the 

removal of all suspended particles from the permeate. For the target species in this work, 

calibration curves were plotted prior kinetic and adsorption experiments. The maximum 

adsorption wavelengths for 3,4-DCA, APAP and CBZ are 296, 243 and 285 nm respectively. 

For calibration, absorbance obtained by passing light of monochromatic radiation was plotted 

against concentration and a liner fit provided the required parameters of slope and intercept. 

The generated equation was then used to identify residual concentrations from experimental 

runs. 

Adsorption Kinetics  

Biochar samples (0.1 g) were added to 100 mL glass bottles and mixed with 50 mL of 

100 mg/L solution of either APAP, CBZ or 3,4-DCA. The bottles were subsequently placed on 

an orbital shaker at 420 rpm for time steps 15, 30, 60, 120, 180, 240, 360 and 1440 min. Once 

completed, the solutions for each time step were double filtered using cellulose acetate filter 

papers to obtain a clear solution free of suspended biochar particles. The supernatants were 

analysed using UV-Vis spectroscopy. The amount of target species adsorbed was calculated 

using calibration curves run prior to kinetic and isotherm measurements. It should be noted that 

there was an exception in the case of 3,4-DCA kinetic analysis. The speed of adsorption was 

observed to be extremely fast, not allowing sufficient time to measure and analyse multiple 

samples. Hence, a reduction in temperature was used, using an ice bath (~2-3 °C) to slow the 

reaction process to obtain kinetic parameters. A series of kinetic models were applied to 

determine the most appropriate fit. 

The pseudo first order (PFO) model was first proposed by Lagergren in 1898 [28]. The 

differential form of the model is given by Equation 1: 

 𝑑𝑞𝑡
𝑑𝑡

= 𝑘1(𝑞𝑒 − 𝑞𝑡) 

 (1) 

Where k1 is the rate constant for adsorption, and qe and qt are the adsorbate uptake amounts at 

equilibrium and a given time ‘t’, per mass of adsorbent, respectively. Integrating the above 

equation provides the linearized form of the model shown in Equation 2 [29]: 

 
ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡 

 (2) 

Which upon rearranging gives the non-linear PFO model given by Equation 3: 

 
𝑞𝑡 = 𝑞𝑒(1 − 𝑒 − 𝑘1𝑡) 

 (3) 



 

 

The physical meaning associated with the model has been suggested to be dependent on the 

initial solute concentration [30,31]. The PFO model is associated with a high initial solute 

concentration, the process being at the initial stage of adsorption, and availability of only a 

few active adsorbent sites [32]. 

Ho et al. [33], proposed the expression for the pseudo second order (PSO) model by 

integrating Equation 4: 

 𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2 

 (4) 

And applying it to the adsorption of lead onto peat, to obtain the non-linear model displayed in 

Equation 5: 

 

𝑞𝑡 =  
𝑞𝑒2𝑘2𝑡

1 + 𝑞𝑒𝑘2𝑡
 

 (5) 

Where k2 is the reaction rate constant, and all other terms are as defined for PSO. The linearised 

form of the model is given as shown in Equation 6: 

 𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒2 +
𝑡

𝑞𝑒
 

 (6) 

PSO models are more commonly used to predict adsorption experiments as opposed to PFO 

models. The model signifies a low initial solute concentration, occurring within the final stages 

of the adsorption process, and an abundance of active sites on the adsorbent [32]. 

Adsorption Isotherms 

Batch adsorption experiments were carried out using 0.1 g biochar in 50 mL solution of the 

target species. For APAP and 3,4-DCA, the concentrations used were 25, 50, 75, 100, 150, 

200, 250 and 300 mg/L. For CBZ, the maximum solubility is 125 mg/L and, hence, the isotherm 

points were taken between 10-100 mg/L at intervals of 10 mg/L. Based on the kinetic data, 3,4-

DCA isotherm solutions were filtered after 10 min. Experiments for APAP were run for 6 hours 

and CBZ experiments were allowed to run for 24 hours to allow for full equilibration of the 

samples. The permeate collection procedure was similar to that used within the kinetic 

measurements, where the solutions were double filtered using two cellulose acetate filter papers 

and the absorbance measured using UV-vis spectroscopy. The collected isotherm data was 

analysed using three adsorption isotherm models. 

The non-linear form of Langmuir model [34] is given in Equation 7: 

 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

 

(7) 



 

 

Where qm is the maximum adsorption capacity in mg/g, Ce is the equilibrium concentration of 

the solute in mg/L, qe is the amount of solute adsorbed in mg/g and KL is the ratio between 

adsorption and desorption rates in L/mg. The model represents a chemical adsorption process 

with monolayer formation and homogenous adsorption [35]. 

The Freundlich model [36] is given in Equation 8:  

 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛 

  (8) 

Where KF is the rate constant in L1/nmg1-1/n/g and n is a correction factor. The linearised form 

of the model can be obtained when n=1. All other terms are as defined above. This model 

represents nonlinear adsorption processes and can be treated as an empirical equation [35]. 

The Sips model [37] is often referred to as the Langmuir-Freundlich isotherm model and was 

developed in 1948. The non-linear form is shown in Equation 9: 

 

𝑞𝑒 =
𝑞𝑚𝑠𝐾𝑠𝐶𝑒

𝑛𝑠

1 + 𝐾𝑠𝐶𝑒
𝑛𝑠

 

 (9) 

Where the maximum adsorbed amount is represented by qms in mg/g and KS (Lns.mg-ns) and nS 

are the Sips constants. When the value of nS in the Sips model is equal to 1, the model simplifies 

to the Langmuir model. At low initial concentrations (C0), the Sips model also resembles the 

Freundlich model. However, it is important to note that, unlike the Sips model, the Langmuir 

model satisfies Henry's law at low C0. The model can be applied to homogeneous as well as 

heterogeneous systems and describes the adsorption process of a monolayer, where one 

adsorbate molecule is adsorbed onto 1/nS adsorption sites [35]. 

Results 

Material Characterisation 

Figure 2 shows the adsorption-desorption isotherms obtained for the optimised biochar sample. 

The adsorption isotherm shows a high initial uptake at low relative pressures, followed by a 

plateau in the high relative pressure region, which can be attributed to the microporous and 

mesoporous nature of the material. This resembles a Type IV isotherm behaviour, as per the 

IUPAC classification of physisorption behaviour [38].  



 

 

 

Figure 2 Nitrogen adsorption and desorption isotherms on the optimised biochar sample 

The hysteresis loop resembles Type H4 where the adsorption branch is associated with 

micropore filling at low relative pressures as expected for microporous carbons [38], this is 

further supported by the ratio of micropore to total pore volume for the biochar sample, which 

was 55%. The micropore volume was calculated using the t plot method developed by Lippens 

and Boer [39]. Total pore volume (TPV) was calculated using Equation 10: 

 

𝑇𝑃𝑉 = (𝑄𝑠𝑎𝑡 ∗
𝑀𝑊

𝑉𝑚
)/𝜌𝑙𝑖𝑞 

(10) 

Where, Qsat is the maximum nitrogen adsorption in cm3/g, MW is molecular weight of nitrogen 

(28 g/mol), Vm is volume occupied by 1 mol of gas (22.4 L) and ρliq is density of nitrogen at 

boiling point (808 g/L). The average pore width of the material was 4 nm, and the pore volume 

distribution is shown in Figure 3. It is evident from the distribution that the produced biochar 

material is highly microporous with a discrete pore size. 

 

Figure 3 Pore volume distribution of the optimised biochar sample using BJH method [26] 

The biochar surface area was calculated, using the BET method, to be 620 m2/g. BET analysis, 

however, is sensitive to the selected relative pressure region [40]; specifically for microporous 

materials, the optimal range of relative pressure can be determined by applying the four 

consistency criteria proposed by Rouquerol et al. [41]. These criteria are as follows: (1): Only 

the range where the product of the adsorbate loading rate and the difference between 1 and the 



 

 

relative pressure exhibits a monotonic increase with the relative pressure should be selected, 

(2): The value of the BET 'C constant' should be positive. The C constant represents the 

interactions between the adsorbent and adsorbate and is linked to the energetic aspects of the 

first adsorbed layer [40], (3): The linear region chosen should include the loading 

corresponding to the monolayer at the given relative pressure, (4): The relative pressure 

obtained from Criterion 3 should be within a 20% tolerance of the relative pressure calculated 

from BET theory that aligns with monolayer loading. Upon applying the correction to the data 

obtained for this biochar sample, the ‘corrected’ surface area was calculated to be 588 m2/g, 

which is larger than other wood based biochars reported in previous studies [42–44]. 

The FTIR spectra obtained for the wood feedstock and the optimised biochar are shown in 

Figure 4. The fingerprint region, observed between 600 and 1500 cm-1 shows the presence of 

vinyl terminals [45]. At 1000 cm-1, there is evidence of a loss of the peak observed in the 

feedstock, due to heat treatment. The peak loss can be attributed to the removal of C-OH 

vibrations from dehydration during pyrolysis [44]. The process of heat treatment is essential in 

facilitating condensation of the carbonaceous skeleton and eliminating the hydroxyl groups 

found in the cellulosic compounds within the initial materials [46]. Overall, the feedstock and 

biochar spectra look comparable with the presence of C=C bonds with symmetric and 

asymmetric vibrations between 1600-1800 cm-1.  

 

Figure 4 FTIR spectra of wood feedstock and biochar 

The XPS spectra of the optimised biochar sample used are shown in Figure 5. The spectra show 

the presence of oxygen and nitrogen bonds, in addition to carbon with peaks at 532.5, 400 and 

284.5 eV, respectively [47]. Peak deconvolution was achieved using the Fityk program, and 

the Voigt function assisted in the identification of the heteroatoms present in the biochar. The 

corresponding parameters are provided in Table S1 (Supporting Information). C1s peaks were 



 

 

deconvoluted into three peaks at 284.5 eV, suggesting a graphene like arrangement (C=C), at 

285.6 eV indicating the presence of carbonyl bonds (C-O), and a third peak at 289.6 eV, which 

is ascribed to either carboxylic or pyridinic N bond functionalities (C=O/C-N) [48–51]. The 

area under the C=C peak is the largest indicating the preservation of the graphene-like 

arrangement in the wood samples post-pyrolysis. Peak convolution of O1s showed the presence 

of both carbonyl, as well as carboxyl groups, with peaks at 531.1 and 532.9 eV [51,52]. There 

were also trace amounts of nitrogen functionalities present in the sample and convolution of 

the N1s spectra suggested the presence of pyridinic (398.6 eV) as well as graphene N (400.2 

eV) bonds in the sample [53]. The incorporation of O and N-based functional groups into the 

carbon framework enhances its wettability [47], which is further correlated with contact angle 

measurement presented in previous work [23], where biochar samples proved to be extremely 

hydrophilic. The calculation of the elemental compositions of C, N and O were performed as 

suggested by Alexander G. Shard [54]. Equation 11 works under the assumption that the 

sample is homogenous and a single phase within the penetration depth; where X represents the 

atomic fraction (in %), and IP/SP is the intensity divided by the sensitivity factor (SP = 1, 1.8 

and 2.93 for C, N and O respectively).  

 

𝑋 =
𝐼𝑃/𝑆𝑃

∑ 𝐼𝑗/𝑆𝑗𝑗
 

(11) 

 

Figure 5 XPS spectra and Fityk simulated models showing N1s, O1s and C1s scans 



 

 

The biochar sample used consisted of 80% C, 13% O and 7% N fractions. The findings again 

supplement the results obtained in the previous reported study, where thermogravimetric 

analysis of the samples showed 80% fixed C [23]. 

The PZC of the biochar was observed to be 7.44±0.2. The results are comparable to the 

previous study on parameter optimisation, where the DOE biochars had similar average PZC 

values [23]. PZC values are temperature dependent, and high temperatures result in a loss of 

volatile matter including acidic functional groups such as phenols and carboxyl, causing the 

resulting biochar to have a more alkaline nature [55]. PZC of wood pellet biochars was also 

reported to increase with increasing temperatures [56]; such alkaline/neutral PZC values make 

these biochars suitable for potential application in drinking water systems that operate naturally 

under slightly acidic conditions. 

Adsorption Kinetics 

Table 1 shows the parameters of kinetic models fitted to the data obtained for adsorption of 

APAP and CBZ onto the optimised biochar. Kinetic analysis of 3,4-DCA revealed fast 

adsorption rates, which could not be fitted to any kinetic models. 

Table 1 Kinetic parameters of adsorption models fitted to acetaminophen (APAP) and 

carbamazepine (CBZ) 

Model Parameters APAP Carbamazepine 

Pseudo first order (non-linear)   

R2 (COD) 0.461 0.460 

R2 adj. 0.371 0.371 

qe (mg/g) 46.72±0.315 38.83±1.266 

K1 (min-1) 0.207±0.028 0.097±0.023 

Pseudo second order (non-

linear) 
  

R2 (COD) 0.871 0.782 

R2 adj. 0.849 0.746 

qe (mg/g) 47.32±0.199 40.56±1.001 

K2 (g/mg*min) 0.021±0.003 0.004±0.001 

Pseudo second order (linear)   

R2 (COD) 1 1 

R2 adj. 1 1 

qe (mg/g) 47.62 46.86 

K3 (g/mg*min) 0.013 0.054 

Data was obtained for 3,4-DCA adsorption on the optimised biochars at room temperature, for 

an initial concentration of 100 mg/L. Removal was observed to be 90% after 15 min, with a 

plateau thereafter. Readings were, therefore, taken at shorter time intervals, and also at lower 

temperature in an attempt to slow the kinetic process. Table 2 shows the removal percentages 

of 3,4-DCA at room temperature and in the ice bath. The data obtained confirms the rapid 

adsorption of 3,4-DCA onto the optimised biochar, even at the lower temperature, hence, it 



 

 

was not possible to monitor the adsorption in order to determine the kinetic parameters for 3,4-

DCA.  

Table 2 Biochar performance against 3,4-DCA at room temperature and in an ice bath 

Time (min) % Removal -> room temp. % Removal -> 3±0.5°C 

2 94 86 

4 94 88 

6 95 90 

9 95 89 

The results indicate that the interaction between the biochar surface and 3,4-DCA molecule is 

almost instant. An investigation into solution pH also yielded similar results with overnight 

runs at pH 6 and 9 resulting in 93% and 91% removal, respectively. Previous research into 3,4-

DCA removal using adsorption suggested that the data followed a pseudo-second order kinetic 

model [57]. The observed reaction rates in this study are quicker than those previously reported. 

Experiments using kaolinite and montmorillonite to test removal of chloroanilines, including 

3,4-DCA, were reported to achieve equilibrium in under 4 days [58]. Another study into 3,4-

DCA removal from water using biomass fly ashes reported kinetic equilibrium at 

approximately 10 hours [17]. A selection of low-cost materials including corncob char, sugar 

beet pulp, perlite, and vermiculite were also tested against 3,4-DCA. The quickest reaction time 

to achieve maximum sorption percentage was 60 min using vermiculite [59]. The rates 

observed here indicate that there is significantly quicker adsorption for the biochars created in 

this work. 

 

Figure 6 Non-linear kinetic model fittings for carbamazepine and acetaminophen on the 

optimised biochar 

Figure 6 shows the kinetic data obtained for the sorption of CBZ and APAP on the biochar 

sample. Sorption kinetics for APAP showed rapid uptake with 90% removal achieved in 15 

min followed by a gradual increase in the uptake, and equilibrium achieved after approximately 

2 hours. For CBZ, the uptake was slower with just under 75% removal at 15 min and adsorption 

slowed considerably after 2 hours, with equilibrium achieved after 24 hours. The linearised 



 

 

pseudo second order rate equation showed a better fit for the data for both species compared to 

pseudo first order and non-linear second order kinetic models (Table 2). The adjusted R2 values 

for both species was ≥0.99. The maximum adsorption capacity for APAP was 47.6 mg/g and 

46.7 mg/g for CBZ. The second order rate constants show a quicker uptake rate for APAP than 

CBZ with the adsorption rate being 0.013 g/mg×min. The high R2 values obtained for both 

species, with linear PSO model fitting, can be attributed to availability of abundant vacant 

active sites in the physically activated biochar and the adsorption process being ruled by 

chemisorption [32,60,61]. The mechanism could likely be attributed to hydrogen bonding 

between the species. Additionally, π- π interactions between the benzene ring in APAP and 

CBZ and the aromatics in biochar can influence the adsorption process [61].  

Further analysis of the kinetic data was performed using the intraparticle diffusion model 

proposed by Weber and Morris [62], to understand the rate-controlling step in the adsorption 

process. The model equation is given below: 

 𝑞𝑡 = 𝑘𝑝𝑡1/2 + 𝐶 
(12) 

Where kp is the intraparticle diffusion rate constant in mg/gmin1/2 and C is a constant that 

represents the boundary layer effect and initial adsorption. Linearised plots of the model are 

depicted in Figure 7. 

 

Figure 7 Intraparticle diffusion model fittings for acetaminophen and carbamazepine 

adsorption on the optimised biochar 

The plots suggest that the adsorption process for both pharmaceutical species involved three 

diffusion steps. In both cases, liquid film diffusion was the dominating phase signifying rapid 

diffusion of molecules onto the active sites in the pores and voids of the biochar [63,64]. There 

is a hint of intraparticle diffusion in CBZ adsorption. This step involves the gradual diffusion 

of molecules into the micropores before the reaction proceeds to the equilibrium stage. For 

APAP however, the intraparticle diffusion phase is not as prevalent and the reaction appears to 

proceed rapidly to equilibrium after liquid phase diffusion. This also correlates with the longer 

time required by CBZ to reach equilibrium compared to APAP. The three target molecules 

have some similarities, allowing a comparison of their adsorption behaviour relative to their 



 

 

chemistry. All contain amine functionalities and benzene rings, with APAP/BBZ sharing 

carbonyl moieties and only 3,4-DCA containing halogenated species. The slower kinetics for 

CBZ could realistically be a consequence of the significantly larger relative size of the 

molecule (see Supporting Information), while the rapid adsorption of 3,4-DCA is likely a result 

of the comparatively increased electrostatic interactions, where the chlorine groups will be 

electron withdrawing from the benzene ring.  

Adsorption Isotherms 

Adsorption isotherms are of crucial importance in determining the maximum adsorption 

capacity of the adsorbent and understanding the adsorption equilibrium. The results of isotherm 

fittings for the Langmuir, Freundlich and Sips models are given in Table 3, and isotherm plots 

for the target species are shown in Figure 9. The results indicate that the adsorption uptake was 

significant at low pollutant concentrations. The data presented in Table 3 suggests that for CBZ 

and 3,4-DCA, the Sips model can be best used to describe the adsorption behaviour. This 

suggests that the adsorption process is a combination of physisorption at low concentrations 

and chemisorption at high initial Co values with the formation of a monolayer on the adsorbent 

material. The maximum adsorption capacities for CBZ and 3,4-DCA, suggested by the Sips 

model, were 39.8 mg/g and 83.2 mg/g respectively. For APAP, both Langmuir and SIPS 

isotherm models demonstrated high R2 values. A good fit to the Langmuir model assumes 

monolayer adsorption of the molecules on the biochar surface, with almost identical activation 

energies, albeit with the possibility of multilayer formation [60]. The maximum adsorption 

capacity for APAP is determined as 126 mg/g, much higher than the other two species, which 

may be reduced as a consequence of molecular size affecting packing in the case of CBZ and 

electrostatic repulsion in the case of 3,4-DCA. Since the two models exhibited a good fit to the 

experimental data for APAP, the value of the separation factor (RL) suggested by Webber and 

Chakkravorti [65] was calculated to further verify the favourability of the Langmuir adsorption 

isotherm (see Supplementary Information). The separation factor is determined from 

Equation 13: 

 

𝑅𝐿 =  
1

1 + 𝐾𝐿𝐶𝑜
 

(13) 

Table 3 Adsorption isotherm parameters obtained for acetaminophen (APAP), carbamazepine 

(CBZ) and 3,4-Dicholoroaniline (3,4-DCA) on the optimised biochar sample. 

Isotherm Parameters APAP CBZ 3,4-DCA 

Langmuir    

R2 (COD) 0.976 0.907 0.905 

R2 adj. 0.972 0.895 0.893 

qm (mg/g) 118.9±5.910 59.84±9.694 110.9±15.36 

KL (L/mg) 0.204±0.036 0.182±0.065 0.028±0.010 

Freundlich    

R2 (COD) 0.929 0.801 0.797 

R2 adj. 0.915 0.772 0.769 



 

 

qm (mg/g) 32.62±4.966 11.77±2.679 9.771±4.409 

KF (L
1/nmg1-1/n/g) 0.313±0.044 0.503±0.106 0.456±0.104 

SIPS    

R2 (COD) 0.977 0.968 0.939 

R2 adj. 0.967 0.959 0.922 

qm (mg/g) 126.2±19.81 39.77±2.105 83.20±7.025 

KS (L
nsmg-ns) 0.214±0.046 0.065±0.032 0.002±0.003 

The value for RL was >1 for all Co values suggesting unfavourable adsorption [35]. However, 

this could also be attributed to the limitations of the model assumptions, including homogenous 

adsorption sites and identical adsorption energies. The model is also limited to the assumption 

of monolayer adsorption, which can be overcome by the Sips model, which includes the 

possibility of multilayer formation. To conclude, APAP adsorption on the biochar surface is 

better represented by the Sips model. 

 

Figure 8 Adsorption isotherm models for target species 

To further investigate the nature of adsorption sites, Scatchard plots were obtained from the 

adsorption data. The Scatchard equation is given in Equation 14. 

 𝑞𝑒
𝐶𝑒

= 𝑄𝑏 − 𝑞𝑒𝑏 
 (14) 

Where the Scatchard adsorption constant Q is in mg/g and b is in L/mg. The nature of the 

material surface can be interpreted from the plot between qe/Ce vs qe. If the plot is linear, the 



 

 

material surface is expected to be homogeneous with a single type of binding site available. 

Contrary, a non-linear plot suggests heterogeneity and multiple binding sites [66]. 

 
Figure 9 Scatchard plots target species adsorption using the optimised biochar 

Figure 9 shows the Scatchard plots obtained for the adsorption of target species. It is evident 

from the plots that the adsorption behaviour deviates from linearity. The high and low binding 

affinities can be attributed to the presence of more than one type of binding sites, offering 

strong and weak interactions respectively. The high affinity binding sites can be attributed to 

chemical interactions between the biochar surface and the target compounds whereas the low 

affinity sites indicate weak physical bonds. The plots further supplement the observations from 

Sips isotherm indicating a heterogeneous material with multiple binding sites. 

Discussion 

The results obtained suggest potential for application of the optimised biochar in water 

remediation, targeting persistent organic pollutants. The biochar surface area was higher than 

those reported for many wood-based biochars reported in literature [44,67]. The sample 

presents a mixed microporous-mesoporous structure, as observed from the nitrogen isotherms 

with an average pore width of 4 nm, indicating that the mesopores present in the sample are 

narrow. Biochars pyrolysed at higher temperatures are linked with alkaline surface character 

[55], which fits with the PZC value obtained for the biochar produced at 725 °C (7.44±0.2). 

FTIR analysis suggested a layered carbon structure with the presence of oxygen and nitrogen 

chemical moieties. These findings were further assisted by XPS analysis presenting a graphene-



 

 

like arrangement, and 80% atomic carbon fraction. Additionally, the presence of oxygen and 

nitrogen-based functionalities was confirmed from XPS data. These chemical moieties assist 

the hydrophilic nature of the biochar and provide a potential avenue for application in water 

remediation. 

Table 4 Maximum uptake capacities of different adsorbents for acetaminophen (APAP), 

carbamazepine (CBZ) and 3,4-DCA 

Adsorbent Species 
qmax 

(mg/g) 
Reference 

AC from wood APAP 87 [68] 

AC from coconut shell APAP 135 [68] 

AC from orange peels APAP 118 [60] 

Biochar from Scottish 

softwood 
APAP 126 This study 

Peanut shells biochar CBZ 4.96 [69] 

Pine sawdust biochar CBZ 5.25 [70] 

AC from Argan tree nutshells CBZ 71.4 [71] 

Biochar from Scottish 

softwood 
CBZ 40 This study 

Kaolinite 3,4-DCA 0.311 [8] 

Montmorillonite 3,4-DCA 0.077 [8] 

Greenhouse biomass fly ash 3,4-DCA 0.125 [17] 

Biochar from Scottish 

softwood 
3,4-DCA 83 This study 

The application of biochar against 3,4-DCA, APAP and carbamazepine resulted in efficient 

removal of the species from an aqueous system. 3,4-DCA removal was characterised with fast 

removal rates and a very short equilibrium time of around 6 min and a maximum adsorption 

capacity of 83 mg/g. Although the maximum removal capacity was lower than some activated 

carbons reported in the literature, adsorption rates were far superior in achieving acceptable 

removal overall [72]. Adsorption of APAP and CBZ was best explained by the linearised 

pseudo second order model indicating the formation of chemical bonds as the rate limiting step. 

The maximum adsorption capacities for APAP and CBZ were 126 and 40 mg/g, respectively 

and these were superior or on par with those reported in Table 4. The presence of nitrogen and 

oxygen functionalities on the surface of the biochars present possible hydrogen bonding or 𝜋-

𝜋 interactions between the benzene rings in the target elements and the biochar surface, as a 

possible removal mechanism. Overall, the optimised biochar sample selected for application 

from the design of experiments optimisation study conducted previously [23], provided fast 

adsorption kinetics and high adsorption capacities against the identified target molecules. The 

results provide an attractive avenue for biochar application for water remediation targeting a 

range of pollutants in aqueous media. 



 

 

Conclusions 

The optimised biochar produced from Scottish softwood showed good performance against 

selected pollutant species. The material was characterised with a high surface area and mixed 

microporous/mesoporous nature. Point of zero charge analysis indicated a neutral surface 

charge and X-ray photoelectron spectroscopy data suggested a hydrophilic nature and potential 

for application in water remediation. The material showed great performance against 3,4-

dichloroaniline with rapid equilibrium proving difficult to perform a kinetic analysis. For 

acetaminophen and carbamazepine, adsorption followed a pseudo second order kinetic model. 

Adsorption isotherms were best explained by the Sips model for all three species suggesting 

the formation of an initial monolayer with chemical bonding as the rate limiting step. The 

highest adsorption capacity was noted in the case of acetaminophen. Scatchard plots suggested 

a heterogeneous surface with multiple binding sites. Ultimately, the results indicate a potential 

application of the softwood biochar as a renewable adsorbent in water remediation. 
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