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Abstract 

Companies such as CPL Ltd, who specialise in the production and regeneration of activated 

carbon, are looking at ways in which they can reduce their impact on the climate by switching 

to greener methods for their operations. At current, their aim is to move towards producing 

more regenerated activated carbon rather than procuring virgin carbonaceous material such 

as coal. However, their current regeneration method, a conventional thermal method, entails 

long processing times which require vast amounts of fossil fuels and consume large quantities 

of energy. Additionally, the regeneration of spent sulphurous activated carbon via thermal 

regeneration results in the production of sulphuric and sulphurous acids, which cause 

structural damage to their equipment and present a health & safety issue with their 

workforce. The company have been looking into possible replacement methodologies 

including the use of microwave technology, with the hope that the volumetric and selective 

heating involved can reduce their carbon footprint and reduce/eliminate the production of 

unwanted by-products. 

The aim of this research was to study the effects if microwave heating on spent sulphurous 

activated carbons and whether a process could be developed that would provide a suitable 

replacement for their current method. This would go on to become a matter of process 

development as the study was carried out. 

The effects of exposing the spent sulphurous activated carbon samples directly to microwaves 

via a high-density electromagnetic field were studied and found to cause localised 

overheating. The microwave energy absorbed by the adsorbates was converted into heat 

energy, which resulted in damage to the surrounding carbon structure. However, the butane 

activity of this initial method was found to return adsorptivity to a relatively high degree, 

being 33.43 % (+/- 0.87 std) compared to the thermal methods 40.88 % (+/- 0.92 std). This 

was achieved over the course of 360s as opposed to upwards of 6 hours needed for thermal 

regeneration. There were no signs of sulphuric or sulphurous acid having been produced 

which was a result of being able to remove the steam activation stage needed for thermal 

regeneration methods. 

The next stage of process development involved exposing the spent sulphurous activated 

carbon samples directly to microwaves via a low-density electromagnetic field to reduce the 
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localised overheating. With this, the idea being that the more chaotic way low-density fields 

interact with a target would allow for a slower rate of heating, thus reducing the damage 

caused by the heat energy emitted from the desorbing sulphurous adsorbates. However, 

although to a lesser extent than seen in the initial study, the technique still led to damage to 

the carbon structure, resulting in a loss of potential returned adsorptivity. Additionally, the 

use of a multimode waveguide cavity also resulted in a different heating profile. The butane 

activity was also found to be lesser than that of high-density field exposure (32.78 % (+/- 0.03 

std) at best – at 800 W over 360s), due to reduced number of incidents between microwaves 

and the samples. Extended irradiation times did show that certain sulphurous adsorbates 

desorb before others, and that damage to the carbon structure increased as irradiation time 

increased. This suggested that the rate at which the desorbing material was desorbing and 

exiting the activated carbon was determining how much damage was being caused to the 

carbon structure – exiting at a rate at which emitted heat energy could cause more damage.  

A third iteration of microwave processing was established which utilised an inert gas flow 

directly over the samples during irradiation to control the rate of mass transfer. This design 

resulted in butane activities surpassing that seen in thermal regeneration, reaching 48.34 % 

(+/- 1.20 std), and greatly reduced the damage being caused to the overall activated carbon 

structure. This was achieved by increasing the rate at which material desorbed during the 

initial stages of irradiation, and by increasing the rate at which desorbed materials were 

removed from the activated carbon pores. Additionally, the heating rate could be controlled 

via controlling the microwave power, which gave rise to higher internal pressure and vapor 

velocity, promoting more efficient removal of adsorbates from the carbon surface. Moreover, 

the increasing vapor velocity and internal pressure served to perpetuate removal of 

adsorbates with stronger chemical interactions.  

The final method was found to be more efficient than the currently used thermal methods: 

reducing the processing time from several hours of a matter of minutes; eliminating the 

production of unwanted acidic by-products; and, increasing the achievable adsorptivity level. 
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1. Introduction 

Activated carbon (AC) is a generic term used to describe any carbonaceous material subjected 

to controlled thermal treatments, to increase the level of porosity. Due to its high internal 

surface area and pore volume, AC is a powerful adsorbent [1] [2]. First recognised by the ancient 

Egyptians, the properties of ACs have seen them used as a contaminant removal tool for 

thousands of years. In modern times, AC has become a commodity chemical of significant 

importance to many sectors of industry. For example, the most common uses are for the 

separation/purification of liquid and gases and the recovery of solvent, with newer 

applications such as catalyst support, super-capacitors, batteries and electrodes [3] [4] [5]. 

Once AC has been applied to the intended environment, and the contaminant has been 

adsorbed, a few key issues present themselves. Having adsorbed as much of the contaminant 

compound onto the carbon’s surface as possible, the user is left with waste in the form of 

spent AC. Historically, this spent AC would be disposed of; potentially incurring expensive 

financial costs if the adsorbed material was a health or environmental hazard [6]. Also, owing 

to the high temperatures and energy demand required to produce ACs from raw 

carbonaceous materials, the other major issue being that ACs are financially expensive to 

produce [7]. This high cost of production would then pass onto the consumer. However, the 

costs of production, and the consequent cost of purchase, for ACs can be reduced via 

regeneration methods. 

Several methods for the regeneration of AC have been established, such as thermal, chemical, 

electrochemical, and many more. The two most common forms of regeneration are thermal 

and chemical. Thermal involves first drying the spent AC at 200 oC to remove moisture and 

light volatiles, then pyrolysis at 400-600 oC to remove more volatile compounds, and finally 

the reactivation at 800-1000 oC in carbon dioxide and/or steam to remove the last of the 

volatile compounds [8]. Chemical regeneration utilises suitable chemical reagents that will 

react with the adsorbed material and remove it from the surface of the AC [9]. Reagents used 

in chemical regeneration tend to be either oxidising agents, or solvents chosen specifically 

because they solubilise the adsorbed material [9]. Both popular methods of regeneration are 

well proven and are considered mature technologies at this point. However, both do present 

significant disadvantages to their use. 
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Both thermal and chemical regeneration have several disadvantages in their use, with some 

incurring costs verging towards that of producing of virgin ACs. The biggest issue with thermal 

being that it requires extremely high temperatures (up to 1000 oC), which require a large 

energy input, often a long period of time to reach the required temperature,  and a resultant 

high financial cost in terms of kWh per tonne of AC produced [10]. The financial costs of thermal 

regeneration’s energy usage are comparable to the production of virgin ACs, which also 

requires the use of extremely high temperatures over a prolonged period [11]. With chemical 

regeneration the major issue is also the financial cost; often the chemical reagents are 

expensive, required in large volumes, and create a health and environmental hazard when 

used [12] [13] [14].  

Sulphurous compounds are often present in water and gas streams, and many industries wish 

to remove them due to their smell and because they present a health hazard. The most 

common forms of sulphurous contaminants found in both water gas streams are hydrogen 

sulphide (H2S) and sulphur oxides (SOx) [15]. ACs impregnated with caustics (i.e., KOH, NaOH, 

etc) or transition metal compounds have been proven extremely effective at adsorbing both 

H2S and SOx onto their surface [15]. And regeneration of spent sulphurous ACs via thermal 

regeneration has proven possible. However, there are issues with using conventional forms 

of regeneration on these spent sulphurous ACs, with the adsorbed gasses being converted 

into H2SO4 and elemental sulphur [16] [17]. Both of which are corrosive towards certain metal-

alloys and often damage the metal framework of the regeneration oven in which they are 

being produced. Additionally, the reaction taking place during the regeneration that produces 

the H2SO4 and elemental sulphur is exothermic and had often led to fires [17]. As such, 

industries and research groups specialising in AC regeneration have begun to look elsewhere. 

One potentially viable replacement for the more conventional methods of regeneration is 

MW heating. The principle being that microwaves heating can heat a material volumetrically; 

each element of the material being heated individually, and ideally at a similar rate [18]. When 

compared to conventional heating, the volumetric heating provided by microwaves allows for 

a much faster heating rate; often requiring minutes rather than hours to reach temperatures 

required to achieve pyrolysis and reactivation, reducing the energy required for regeneration 

substantially [19]. Additionally, like conventional heating, no chemical treatment, such as that 

carried out in chemical regeneration, is required. However, the MW regeneration of AC is not 
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a field that has had vast amount of research carried out in it, especially in the regeneration of 

spent sulphurous ACs. Hence, this literature review will seek to explain what is currently 

known and ACs, conventional methods of regeneration, MW technology relevant to 

regeneration, and the issues currently present in the removal of sulphurous compounds from 

ACs. 

Research Approach 

Although the upcoming work involves experimentation to understand the effects of 

microwave irradiation on spent sulphurous AC - with the aim of developing a method by which 

adsorbed species could be removed from the surface - the main goal of this EngD project was 

to help develop a technique with the potential to replace the existing regeneration method 

used by CPL Ltd. The aims of each section of research were to not only further understanding 

of the science behind a new technique, but also the development of laboratory-scale setup 

that could act as precursor to a pilot scale facility. Essentially, the work involves process 

development as well as research and understanding.  

The thesis will be broken down into 10 chapters. Chapter 1 (this chapter) will serve as an 

introduction to the work and the aims & objectives.  Chapter 2 will explore the prior research 

conducted by others that pertains to the key areas of the project: activated carbon, widely 

used regeneration techniques for spent activated carbon, microwave technology, and 

regeneration of spent sulphurous activated carbon. Chapter 3 will outline the experimental 

methodologies that will be used throughout the research. Chapter 4 will explain the method 

development. Chapters 5, 6 and 7 will act as the results chapters, documenting all the work 

carried out in this project. Chapter 8 will show the conclusions and explore further work to be 

carried out after the completion of the project. Chapter 9 will contain details of materials 

referenced throughout the thesis. And Chapter 10 will serve as the appendix - containing any 

additional data that is not directly shown in the thesis itself. 
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2. Literature review 

2.1 Activated Carbon 

2.1.1 Historical and current applications of activated carbons 

Evidence shows that the use of ACs stretches further into the past than one might imagine. 

The earliest documentation of use being in medical treatments and as industrial adsorbents, 

in the form of charcoal; with recorded use as odour extractors in ancient Egypt [20], as water 

purification mediums in the form of charcoal in 400 B.C. India [21], and Hippocrates’ early 

attempts at epilepsy treatments in ancient Greece [22].  

Activated carbons would continue to be used throughout history, but it wasn’t until the 18th 

century that research into why charcoal had these adsorptive properties truly began. In 1773, 

chemist Carl Wilhelm Scheele would quantify the adsorption capability of porous carbon by 

measuring the volume of gases adsorbed by the material [23]. Only three years later, Johann 

Tobias Lowitz would demonstrate charcoal’s adsorptive ability to remove coloured dyes from 

a series of test solutions [24]. However, the big breakthrough for AC research in the 17th 

century was conducted by and English sugar refinery, who had discovered how to decolourise 

their product, producing a pure-white sugar (white being seen as a colour associated with 

wealth and status at the time), which consequently also sparked the boom in mass AC usage 

across Europe [25]. 

After research into charcoal’s applications began in the 18th century, it carried on throughout 

the 19th century, resulting in several major discoveries. Now that its adoptive properties were 

better understood by scientists, research was conducted to understand if it could be applied 

to human body to adsorb toxic materials, including the famous test conducted by Gabriel 

Bertrand in which he swallowed a slurry of arsenic and charcoal to prove how effective the 

latter could be at treating poison [26]. Fortunately for Bertrand, the charcoal adsorbed the 

arsenic, and he was left unharmed. Away from medicinal research, it would also be during 

this century that Frederick Lipscombe would commercialise the use of activated carbons as a 

method to purify potable drinking water [27].  

In the early 20th century, the demand for AC in both the water and sugar industries of Europe 

was becoming so widespread that the first industrial-scale AC production companies would 
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be formed [28] [29]. In the purist of meeting demand, these companies would start to turn to 

other carbonaceous materials as sources from which they could produce their products, 

including Eponite (made from wood in 1909), and Norit (made from peat in 1911) [28] [29].  

Modern day applications  

Although many of the medicinal uses of ACs are contested in their legitimacy, there are two 

main areas that have proven success. The first of which being absorbance of toxic materials 

within the body such as arsenic (as mentioned in Section 2.1) [26], and the other being the 

treatment of chronic kidney disease [30]. ACs have been popularised in the treatment of 

chronic kidney disease because of their ability to adsorb urea, indoxyl sulphate, and other 

urinary toxins, from the body, enhancing the effectiveness of dialysis [31] [32] [33]. Further studies 

into AC use in the treatment of chronic kidney disease and other illnesses continues. 

Due to ACs’ porous nature, it has been used heavily in environmental remediation operations, 

including groundwater filtration, spill clean-up, air purification, and volatile organic 

compound capture [34] [35].  

In the production of vodka and whiskey, organic impurities that affect the colour, taste and 

odour of the final product at filtered out using ACs [36]. The process does not affect the alcohol 

content of the beverage, but instead increases the organic purity in terms of odour and taste 

[36] [37].  

In recent years the storage of natural gas in ACs as absorbed natural gas (ANG), rather than 

the traditional compression storage (CNG), has risen in prevalence [38] [39]. The reason for 

which being that ANG requires a smaller volume for containment and it does not require a 

high-pressured environment, unlike CNG, and it reduces the overall bulkiness of the storage 

equipment [39]. Not only does this cut costs for storage and transportation facilities, but it also 

reduces risk of accidents usually associated with highly pressurised environments [28] [40]. 

As well as natural gas, fuel storage in ACs is also being utilised for fuel hydrogen. In short, the 

gas is first adsorbed into the AC, and then desorbed when subjected to higher temperatures 

for either combustion of storage in hydrogen fuels cells [24]. When storing hydrogen in ACs the 

achievable bond energy has been recorded to be as high as 5-10 kJ mol-1 [42]. 
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AC gas filters are usually embedded into the filtration systems and work much in the same 

way as other filtration systems are used for the removal of oil vapours, odours and other 

hydrocarbons from the gasses that pass through [43]. 

AC filters are often used in nuclear plants to adsorb radioactive gas from the boiler water 

reactor turbine condensers before they decay into non-radioactive solid species [44]. These 

solids are trapped in the ACs whilst filtered can be passed out of the chamber. They can then 

be desorbed from the AC bed and reused.   

ACs infused with sulphur or iodine are often used for the removal of mercury emissions from 

coal-fired power stations (flue gas), medicinal incinerators, and natural has well-heads [45] [46]. 

Although it is an extremely efficient method of mercury removal, the spent mercury-laden AC 

can be hard to dispose of and often results in the mercury being desorbed and the AC being 

burnt [45]. 

2.1.2 Physical properties of activated carbons 

Raw materials used for production 

ACs are derived from wide variety of carbonaceous sources, with preference to fossil 

materials i.e., coal, wood, peat, coconut husks, etc [1] [2]. The following criteria are seen as the 

most desirable aspects when choosing a raw material from which the AC is going to be 

constructed: Potential for obtaining high-quality ACs, presence of minimum inorganics, 

volume and cost of raw material, storage of the raw material, a high carbon density, low 

volatility, and the workability of the raw material [1].  

One of the most important of the criteria being a low level of inorganics. The reason being 

that the higher the level of inorganics, the higher the ash content. A higher ash content in the 

raw material leads to a higher ash content in the product post-activation. The ash can then 

settle in the pores, reducing their size and decreasing overall surface area of the activated 

carbon [47].   

Arguably, the two most important criteria of a potential raw material are density and low 

volatility. If the material is of a higher density, the overall structural strength of the carbon is 

increased and thus it can withstand excessive particle crumbling during use [47] [48]. Low-

density materials produce ACs with large pore volume, but can suffer from structural issues, 
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leading to them usually being used for liquid phase applications (unsuitable for vapour 

applications). Low-density materials also tend to contain more volatiles that can affect the 

adsorption rate and permanently interact with adsorbed materials [48] [49] (see Table 1 below). 

And so, a balance must be struck in terms of the density so that the structure can withstand 

the majority of particle crumbling during use, have acceptable pore volume, and to try and 

have a few volatiles present as possible. However, it should be noted that the quality of these 

carbons can be improved via densification of the carbon by reconstitution or compression 

during carbonisation [48].   

Table 1. Properties of some raw materials used in the manufacturing of activated carbons 
[49]. 

Raw 
material 

Carbon, % 
Volatiles, 

% 
Density, 

kg/L 
Ash, % 

Texture of 
activated 
carbon 

Application of 
activated 
carbon 

Soft wood 40.0 - 45.0 55.0 - 60.0 0.40 - 0.50 0.3 - 1.1 
Soft, large pore 

volume 
Aqueous phase 

adsorption 

Hard wood 40.0 - 42.0 55.0 - 60.0 0.55 - 0.80 0.3 - 1.2 
Soft, large pore 

volume 
Aqueous phase 

adsorption 

Lignin 35.0 - 40.0 58.0 - 60.0 0.30 - 0.40 - 
Soft, large pore 

volume 
Aqueous phase 

adsorption 

Nutshells 40.0 - 45.0 55.0 - 60.0 1.40 0.5 - 0.6 
Hard, large 
micropore 
volume 

Vapour phase 
adsorption 

Lignite 55.0 - 70.0 25.0 - 40.0 1.00 - 1.35 5.0 - 6.0 
Hard, small 
pore volume 

Wastewater 
treatment 

Soft coal 65.0 - 80.0 20.0 - 30.0 1.25 - 1.50 2.0 - 12.0 

Medium hard, 
medium 

micropore 
volume 

Liquid and 
vapour phase 

adsorption 

Petroleum 
coke 

70.0 - 85.0 15.0 - 20.0 1.35 0.5 - 0.7 
Medium hard, 
medium pore 

volume 

Wastewater 
treatment 

Semihard 
coke 

70.0 - 75.0 10.0 - 15.0 1.45 5.0 - 15.0 
Hard, large pore 

volume 
Gas vapour 
adsorption 

Hard coal 85.0 - 95.0 5.0 - 10.0 1.50 - 1.80 2.0 - 15.0 
Hard, large pore 

volume 
Gas vapour 
adsorption 

       

Porosity  

Activated carbons are known for having a high degree of microporosity which afford them an 

extremely large surface area for their size i.e., a single gram of activated carbon can have a 

surface area more than 500 m2 
 due to the numerus pores [50] [51]. There are three general 

terms used to describe pore sizes: macropores - radius greater than 50 nm; mesopores - 

radius 2 – 50 nm; and micropores - radius less than 2 nm (see Figure 1 below) [52]. The different 

pore sizes allow for selectivity when adsorbing i.e., certain larger molecules may not be able 

to fit into the micro or sub-micropores and can be removed from the AC before the smaller 

molecules. 
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Figure 1. Different pore structures of activated carbon [52]. 

Various types of pores can be seen on a single activated carbon sample. This can include flat 

graphite-like surface running parallel to one another – pores like these provide good 

adsorbing conditions because the adsorbing material can interact with several surfaces at 

once [50]. 

Different forms of activated carbon 

PAC (powdered activated carbon) consists of fine carbon particles able to pass through an 80-

mesh sieve (0.18 mm diameter holes), usually with a diameter less than 0.1 mm [53]. The small 

size of the particles allows for a large surface to volume ratio and a small diffusion distance 

during adsorption [53] [54]. However, the size of the particles can also present problems as it 

allows for the creation of dust, and, when adsorbing liquid or vaporous volatile, sludge. 

Additionally, PAC cannot be regenerated as structural integrity is lost upon heating. Thus, it 

must be removed and disposed of often, increasing running costs of a large-scale operation.   

[53] [54] [55].  

GAC (granular activated carbon) has relatively large particle size ranging between 0.2 to 5 

mm, and a subsequently smaller external surface [56]. Unlike PAC, GAC can be regenerated as 

the smaller surface size allows for fast diffusion times of vapour or liquid adsorbent. And, as 

GAC can be regenerated, the ability to desorb contaminants quickly allows for a quick turn 

over and re-use [57]. 
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PAC or powdered char can be mixed with a binder and formed into cylindrical pellets known 

as extruded activated carbon (EAC). The benefit being that dust creation is minimised, and it 

has a high mechanical strength, making it ideal for gas phase adsorption [58].  

2.1.3 Adsorption mechanisms  

The term “adsorption” was first coined by Heinrich Kayser in 1881 to describe the enrichment 

of one or more of the components in the region between two bulk phases or interfacial layer 

[59]. With an “adsorbent” being a solid onto which adsorption takes place, and an “adsorbate” 

being the compound retained by the adsorbent [60]. It is by the following mechanisms that ACs 

adsorb compounds onto their surface, removing them from their initial medium. 

Physisorption  

Physical adsorption (physisorption) takes place because of short range intermolecular forces 

known as Van der Waals, and London Dispersion, forces. Both of which are generated 

between the adsorbent and adsorbate by the intense electron density fluctuation within each 

atom; these fluctuations induce an electrical dipole moment in the neighbouring species, 

resulting in an attraction between the two atoms [60]. Due to its non-specificity, physisorption 

can take place across an entire surface of a solid compound. And, once the surface of the solid 

is covered by the initial layer of the adsorbate molecules, another layer may adsorb directly 

on to that initial layer – this is known as multi-layer adsorption (see Figure 2) [60]. Physisorption 

is the most common form of adsorption of most gases onto porous solids. 

Chemisorption  

Chemisorption refers to adsorption in which intramolecular forces i.e., polar covalent 

bonding, are formed between surface molecules of the adsorbent and adsorbate. It is for this 

reason that chemisorption is stronger than physisorption, as more energy is required to 

remove the adsorbate. Unlike, physisorption, chemisorption on takes place in specific sites 

on the adsorbent, and only mono-layer adsorption occurs at these sites (see Figure 2) [51].  
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Figure 2. Adsorption onto a solid (a) Physisorption: weak, long range Van der Waals forces, 

multilayer adsorption (b) Chemisorption: strong, short-range forces involving orbital overlap 

and electron exchange [61]. 

Adsorption in gas-solid phase 

The form of adsorption mostly commonly observed with gases adsorbing onto porous solids 

is physisorption. The amount adsorbed onto the solid is directly dependent on its mass, 

temperature, partial pressure of the gas and the specific chemical characteristics of the gas 

and solid. Thus, the quantity of gas adsorbed at constant temperature per unit quantity of 

solid can be expressed as a function of pressure, Vads = f (P). This being the fundamental 

principle of adsorption isotherms – volume of gas adsorbed over a range of pressures [61]. 

Although, it should be noted that in adsorption isotherms, adsorbed amounts are plotted 

against relative pressure, p/po; where p indicates the partial pressure of the gas in equilibrium, 

and po represents the saturation pressure of the adsorbate at the temperature of 

measurement [62]. 

Characterising porous structures through their adsorption-desorption isotherms helps to 

provide a detailed dataset on adsorption capacity, surface area, type of porosity, and pore 

size. The most reliable method of obtaining adsorption isotherms is to use adsorbates with 

molecules of a differing sizes to the porous structure. The two most used gases for this form 

of isotherm determination are nitrogen at 77K, and carbon dioxide at 273K. Nitrogen is often 

used because of its relatively small molecular size allowing adsorption to both macro- and the 

far small mesopores. But, with its kinetic restrictions taking place at such a low temperature, 

narrow micropores are often not accessible to nitrogen, in which case carbon dioxide is used 

as a suitable substitute [62]. However, neither nitrogen or carbon dioxide adsorption are usual 
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contaminants that are adsorbed by industrial AC use, but their ease of use and worldwide 

application has made adsorption tests involving them common place during research [63]. 

Mechanism of adsorption in porous solids 

Initially, gas molecules will fill pores with the highest potential energy. Gas-solid interaction 

energy is considerably higher when the pores narrow, as the potential energy from 

neighbouring pore walls overlap towards the centre of the pore. Thus, adsorptions initiate in 

the narrowest of micropores and subsequently continues as the pore becomes wider [64]. 

 

Figure 3. The change in potential energy for the adsorbate molecule as the size of slit-shape 

molecules decrease from left to right [64]. 

The mechanism of adsorption is considered to have three distinct phases: the primary 

micropore filling, then secondary (or “super-”) micropore filling, followed by the mesopores 

filling. The primary phases take places at extremely low relative pressure of p/po < 0.01 in 

highly energetic ultra-micropores. In the next phase, in secondary-micropores (width less 

than 2nm), the gas-solid interaction energy decreases significantly, and so the adsorption 

takes place at a higher relative pressure (p/po = 0.2-0.3). The mechanism for super-micropore 

filling differs from primary micropore filling as there is a cooperative effect between the 

adsorbate molecules [65]. Once both micropore filling stages are complete, less energetic 

pores with a width between 2 – 50 nm (the mesopores) will be filled at a relative pressure 

greater than 0.3. As with the micropore filling phases, the mesopore filling phase begins with 

surface coverage of the pore walls, however multilayer adsorption then begins to take place 

until the pore is filled [66]. 
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Figure 4. Nitrogen adsorption-desorption plot for a porous structure [29] [61] [62]. 

In the mesopores, in addition to multilayer adsorption, there is strong evidence to suggest 

that capillary condensation also occurs. Capillary condensation implies that the pore is filled 

through single layer adsorption, followed by multilayer, up until a point where the amount 

adsorbed by the pore does not correspond to the level of multilayer formation. Instead, the 

adsorbent layers are condensed on the pore walls [29] [61]. That is to say, the gas molecules 

being adsorbed are condensed to liquid-like state before the saturation pressure of gas is 

reached.  

When the adsorption system’s pressure is reduced desorption can occur, however, it occurs 

at much slower rate than adsorption itself as the required activation energy is far higher. For 

a non-mesoporous solid the desorption occurs on the adsorption isotherms, but for 

mesoporous solids the adsorption-desorption curves are not coincident [67]. In other words, 

the adsorbent loading and regeneration follow different paths in the adsorbed phase 

concentration versus partial pressure space (shown below as X [-] in Figure 5). When this 

occurs is it known as hysteresis.  
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Figure 5. Primary adsorption and desorption isotherms hysteresis loop [68]. 

The lag between adsorption-desorption isotherms under certain pressures is attributed to 

liquid in a capillary system exhibiting a greater vapour pressure when filled  than when being 

emptied, because the radius of the meniscus is less during the filling process due to 

incomplete wetting [61] [62]. 

Classification of adsorption isotherms 

The shape of adsorption isotherms helps to provide in-depth information regarding the extent 

of adsorption and porous structure of a solids. Although there have been a multitude of 

isotherms reported on through literature, the majority can be placed into six classes (see 

Figure 6). Isotherm I is most observed when chemisorption or physisorption is taking place in 

highly micropores materials. For I, the plateau represents the maximum monolayer capacity 

of micropores. The gradient of the initial linear section is indicative of the dimensions of 

micropores, which increases with narrower microporosity. Due to the high interaction energy 

within narrow micropores, complete filling of the pores at low relative pressures can be 

achieved in highly microporous materials, giving rise to a Type I isotherm [29] [61] [62]. 
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Figure 6. The six major types of isotherms in BDDT classification [29]. 

From I, the limiting value of the monolayer adsorption is indicative of micropores which can 

only accommodate monolayer adsorption. Isotherm II are indicative of multilayer 

physisorption on a non-porous solid; the limiting value being indicative of monolayer 

completion (represented by B) [29]. Both III and V show a convex shape towards the pressure 

axis, indicative of cooperative adsorption in which there is a strong adsorbate-adsorbate 

interaction which contributes to the further adsorption of more molecules [29]. Type III 

isotherms are obtained from nonporous or highly microporous materials during adsorption 

of vapours, whereas V type isotherms (with a hysteresis loop) can be observed from 

mesoporous or microporous adsorbents [29]. Typed VI is for surfaces with extremely 

homogenous structure. IV isotherms are obtained for mesoporous materials with the 

capability of both mono- and multilayer adsorption with capillary condensation, hence the 

occurrence of a hysteresis loop. Hysteresis loops are classified, as shown in Figure 6, by the 

IUPAC system: H1 for solids with spheroidal, uniformed particle size, H2 for some silica gels, 

and H3 & H4 in solids with slit- or plate-shaped pores [60] [61]. 
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Figure 7. The hysteresis loop classification by IUPC [69]. 

The interpretation of adsorption isotherms is possible through several models, each of which 

express monolayer coverage and thus allows for the determination as parameters such as 

surface area and pore size distribution. The mostly commonly used are the Langmuir, BET and 

t-plot models, which will be explained subsequently [29].  

Langmuir model 

Developed in 1918, the Langmuir model assumes that adsorption is limited to monolayer 

adsorption, and that multilayer adsorption does not occur. To this theory there are three main 

assumptions: (1) adsorption occurs at a definite localised site, (2) each site can only 

accommodate one adsorbate molecule, and (3) the energy of the adsorbate molecule is the 

same on all sites regardless of the presence of other molecules, implying there is no 

adsorbate-adsorbate interactions [29]. The equation for the Langmuir model for the adsorption 

of gas onto a porous solid is as follows: 

Equation 1. 

𝜃 =
V

Vm
=

KP

KP + 1
 

 

 

 

 

 

Where: θ = Fractional occupancy of the adsorption sites 

 V = Volume of gas adsorbed onto the solid 

 Vm = Volume of gas adsorbed forming a monolayer 

 K = Pressure at equilibrium 

 P = Langmuir empirical constant 
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At low pressure KP is so small, that the factor (1+KP) in denominator can almost be ignored. 

Langmuir reduced the equation to θ = KP. However, at high pressure KP is so large that the 

factor (KP + 1) in denominator is nearly equal to KP, so the equation can be reduced to θ = 

KP/KP =1. Thus, the equation can still be applied to me type isotherms for microporous 

materials, as pores can attain a maximum capacity at certain pressures; the pores being so 

narrow that they cannot allow in multilayer adsorption [29]. 

In terms of analysing isotherms, the Langmuir equation applies to Figure 4, directly before 

point B. For ACs, the limit of using the Langmuir equation would be p/po < 0.15, where the 

monolayer coverage takes place [61]. The main criticism of this model is that it assumes 

adsorption sites are energetically homogeneous, with no adsorbate-adsorbate interactions. 

For ACs, none of those assumptions are applicable [70]. 

BET model 

Using the Langmuir model as a foundation, but changing assumptions that were made, the 

BET model was developed in 1938 by Brunnauer, Emmet and Teller. It observes that only the 

first layer of adsorbate molecules is attached to the solid surface by adsorbate-adsorbent 

adsorption forces and that these forces were not strong enough to affect the formation of 

further layers of adsorbate. The belief being that subsequent layers of adsorbates that adsorb 

are instead facilitated by   the same kinds of forces involved in the condensation of vapours 

in the liquid state [71]. Three key assumptions were made regarding the adsorption of the 

second and third layers of adsorbate: (1) adsorption energy in all layers, except the first, is 

equal to the molar heat of condensation; (2) in all layers, except the first, evaporation and 

condensation conditions are identical; (3) an infinite numbers of layers can be built up at the 

saturation pressure (p = po) [61] [62] [70]. As such, the BET equation for the adsorption of gas onto 

a porous solid was derived:  
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Equation 2. 

𝜃 =
V

Vm
=  

CP

(po − p) × [1 + (C − 1)(
p

po
⁄ )]

 

 

 

 

 

 

Although the value of C is proportional to the heat of adsorption, it does not measure the 

energy quantitatively. For reference, if this method were to be used, IUPAC have 

recommended that it only be used when the equation becomes linear; in general, the for 

microporous solids the best fit is restricted to p/po >0.15 [61] [72]. 

In contrast to the BET theory assumptions, ACs have groupings of surface sites, each of which 

is homogenous to themselves, but different from the others. Thus, the applicability of BET at 

pressures lower than the B value is dubious due to the high heterogeneity of adsorption 

energy on the surface. Additionally, at relative pressure passed the linear range, the model 

loses its legitimacy because capillary condensation occurs [29].  

Assuming that the adsorption of molecules onto a pore surface were the same as adsorption 

onto a non-porous surface, the specific area of pores can be estimated from the value of the 

monolayer capacity, A,  from the BET monolayer adsorption equation seen below: 

Equation 3. 

A = am × NA × Vm 

 

Where: θ = Fractional occupancy of the adsorption sites 

 V = Volume of gas adsorbed onto the solid 

 Vm = Volume of gas adsorbed forming a monolayer 

 p = Pressure of gas 

 po = Saturation pressure of gas at temperature of measurement 

 C = BET constant 

Where: A = Surface area of pores  

 am = Adsorbate molecular projected area (0.162nm2 for nitrogen at 77K 

 Na = Avogadro’s number (6.0221 x 1023 mol-1) 

 Vm = Volume of gas adsorbed forming a monolayer 
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The BET surface area is calculated based on the area of adsorbate molecule projection on a 

flat surface [61] [71]. However, part filling of porosity (as seen in Figure 8), and the density of 

molecular filling within said porosity being a function of the size and shape of the adsorbate 

molecules, influences the overall calculation of surface area. Namely, the amount of 

adsorbate is retained by a pore is not always proportional to the pore surface area. As such, 

it would be advisable to take it as an indication of what the adsorption capacity is likely to be, 

and not as an expectation of definite data on where and how adsorption is taking place on 

the surface site [72] [73]. 

 

Figure 8. Pores with similar internal surface area, but different adsorption capacities [61]. 

T-plot model 

The t-plot model assumes that the adsorption of gases by homogeneous non-porous solids 

occurs due to a perfect mechanism of surface coverage, followed by multilayer adsorption; 

employing isotherms derived from plotting the amount of gas adsorbed, V, against the film 

thickness, t [66] [74]. From this assumption, the t-plot equation for the adsorption of a gas 

against the film thickness was developed based on the linearity of the plot for the adsorption 

of a gas on a non-porous solid: 
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Equation 4. 

𝑉 =
𝑉𝑚t

𝜎
 

  

 

Any deviation from the linear form of Equation 4 suggests the presence of different types of 

porosity. As shown by Figure 9, there are four t-plots for solids:  (i) linear t-plot (with a zero 

intercept), for non-porous and macroporous solids, suggesting layer-by-layer adsorption 

mechanism, (ii) linear t-plot (with a non-zero intercept) for microporous solid, indicative of 

more adsorption capacity at lower pressures due to higher surface area of micropores, (iii) 

mesoporous solids with an upward deviation from non-porous solid t-plot, caused by the 

capillary condensation in mesopores, and (iv) micro and mesoporous solid plot which is a 

combination of type ii and iii, indicating the subsequent adsorption in micropores followed by 

meso- and macropores [66] [74] . 

 

Figure 9. Characteristic t-plot curves [61]. 

Where: t = Average thickness of the adsorbate layer  

 σ = Average thickness of a single layer of gas adsorbed gas molecules 

 V = Volume of gas adsorbed onto the solid 

 Vm = Volume of gas adsorbed forming a monolayer 
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The surface area and micropore volume can also be gathered from the t-plot. For a porous 

solid such as AC, the t-plot should contain two distinct linear regions: the first representing 

micropore filling and surface coverage of larger pores; and the second being the multilayer 

adsorption in meso- and macropores [74].  Obtaining the slope of the line for the first linear 

region will result in total surface area, and the slope of the second linear section will 

determines the external surface area unrelated to the micropores [66] [74]. Additionally, 

extrapolating the second linear region of the plot to the vertical axis gives the total micropore 

volume [74]. 

Liquid-phase adsorption 

As to be expected with the amount of use ACs have seen in liquid-phase adsorption (i.e., 

detoxification of water), characterisation of adsorption via isotherms is key. The study of 

liquid-phase adsorption is segregated into two categories – adsorption of solutes with 

restricted solubility, and the adsorption of solutes which are highly soluble within the solvent 

in which they are present [75]. Of all the various models that have been developed to describe 

adsorption from solution, the two most popular are the Freundlich model, and the liquids-

phase version of the Langmuir. 

Freundlich model 

Used to interpret the adsorption from solutions, the Freundlich model represents the 

increase in adsorption capacity as being related to the concentration of the adsorbate in 

solution [76]. The non-linear form of the equation to calculate solute adsorption per weight of 

adsorbent is shown below: 

Equation 5a. 

q
e= kfCe

1
n⁄  

 

Where: qe = Amount of solute adsorbed per unit weight of adsorbent  

 Ce = Equilibrium concentration of solute 

 Kf = Constant related to adsorption capacity 

 N = Constant related to adsorption intensity 
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* Data from the Freundlich model is often required in a linear fashion, as such; the equation 

can be expressed logarithmically as follows [76]: 

Equation 5b. 

log qe =  log kf + 
1

n
log Ce 

Where the values of n and kf are obtained from the slope and intercept of the linear plot of 

log qe vs log Ce.  As such, steep slopes represent high affinity capacity at high equilibrium 

concentrations, with rapid reductions at lower concentrations [76] [77]. 

Langmuir model for liquid-phase adsorption 

Overall, the assumptions made in the gas-phase version of the Langmuir are like that which 

are made for the liquid-phase [78]. This is echoed in the liquid-phase versions’ equations other 

than the substitution of gas pressure for solution concentration at equilibrium: 

Equation 6. 

𝑞𝑒

𝑄𝑜
=  

𝐾𝐶𝑒

1 + 𝐾𝐶𝑒
 

 

When using a Langmuir liquid-phase model for adsorption testing, the value of 1/qe is plotted 

against 1/Ce, resulting in the straight line having the slope of 1/bQo and intercept of 1/Qo [61]. 

Qo acts as the monolayer adsorption capacity based on the assumption that only a single layer 

can form on the surface of the pore walls. Additionally, Qo can also be used to determine the 

specific area of the adsorbent by using a solute of which the molecular area is already known. 

Whereas b represents of the interaction energy between adsorbate and the surface of the 

adsorbent.  

Where: qe = Amount of solute adsorbed per unit weight of adsorbent  

 Q0 = Amount of solute adsorbed per unit weight of adsorbent required 

for complete monolayer coverage 

 Ce = Equilibrium concentration of solute 

 K = Langmuir model constant related to rate of adsorption 
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2.1.4 Production methods and activation of activated carbons 

The activation of carbonaceous species happens in two main stages: carbonisation and 

activation. This section will outline in detail the processes involved in each, and the effect on 

the carbon source itself. 

Carbonisation/pyrolysis 

Carbonisation, the first stage producing an AC, takes place when a carbonaceous material is 

converted into char via heating at high temperatures up to 800 oC in an oxygen deprived 

environment; also known as pyrolysis [78] [79]. The process itself seeks to remove volatile 

elements such as oxygen, hydrogen, nitrogen and sulphur, from the carbon source. The newly 

pyrolyzed carbon has a proto-graphitic structure and is often referred to as an elementary 

crystallite. The amount of char produced from carbonisation is dependent on the amount of 

carbon being removed with the other elemental species i.e., in the form of oxides and 

hydrocarbons [78]. 

Overall, the mechanisms behind conversion into char are complex, but can be simplified into 

three main stages. Initially, moisture and some light volatiles are removed. The char begins 

to form in the second step as liquid fraction evolution starts to occur. After the initial 

devolatisation that has occurred in the first two stages, further carbonisation takes place in 

the final step. During this third step, cracking, depolymerisation, recondensation of the liquid 

fraction, and a slow condensation of the char structure occurs, from which a carbon-rich solid 

residue is exposed following the removal of volatiles [79] [80]. 

At the end of the carbonisation step, the final product is a structure of disordered, cross-

linked aromatic sheets which forms the initial carbon structure. But the pore structure is not 

fully developed, and often filled with remnants of unpyrolysed materials. At this point, the 

char has a low adsorptive capacity, hence why the activation stage is required [78] [79]. 

Activation 

As well as the raw materials used as the initial carbon source, the actual process of activation 

greatly effects the properties of an AC, especially the method of activation that has been 

chosen. An example of which is shown Figure 10 below; the AC on the right was treated with 

a higher dose of activating agent (KOH) than the AC on the left. The difference in the number 
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of pores on the surface is clearly visible. However, the reliability of SEM is questionable as 

there is no guarantee that the image area represents the entirety of the material under study. 

 

Figure 10. SEM micrographs of walnut char activated with lower doses of KOH (left) and higher 

doses of KOH (right) [81]. 

The activation process starts with the removal of disordered carbon produced from 

carbonisation to clear out the pores. After that, the aromatic sheets are exposed to activating 

agent(s) to further enhance pore structure – it is at this stage that micropores are formed, 

and the pores themselves are widened [29] [49]. These two stages are indicative of the 

temperature at which the activation is being conducted [81]. 

When it comes to activation methods there are two distinct categories most chosen – physical 

and chemical. In chemical activation the raw material being used is impregnated with a 

chemical agent; usually an acid, strong base or salt i.e., phosphoric acid (H3PO4), potassium 

hydroxide (KOH), copper oxide (CuO), or zinc chloride (ZnCl) [12] [64] [65]. The impregnated raw 

material will then undergo carbonisation whilst also going through activation at the same time 

(usually at 400 – 600 oC) [29] [82]. The impregnated species help to reduce the required 

temperatures due to their ability to take up sites in the carbon matrices, and bond with the 

carbon, more readily. The impregnated species will also take part in the chemisorption of 

adsorbates when the AC is in use later. 
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Physical activation is carried out at much higher temperatures (800-1100 oC) and utilises gases 

for oxidation (usually steam and/or CO2) [83]. During activation with steam and CO2, the 

reactions between gas-carbon and water-gas are simultaneous [84], as seen below: 

C(s) + H2O(g) → CO(g) + H2(g) 
ΔH = 130 kJ 

mol-1 
steam activation, water-carbon phase 

C(s) + CO2(g) → 2CO(g) 
ΔH = 159 kJ 

mol-1 

carbon dioxide activation, water-

carbon phase 

CO(g) + H2O(g) ↔ CO2(g) + H2(g) 
ΔH = -41  kJ 

mol-1 
water-gas equilibrium at >800 oC 

Both steam and carbon dioxide activation are endothermic reactions, with carbon-steam 

showing lower reaction enthalpy. This would suggest that a higher activation temperature is 

required for the CO2 activation of char [84].  

Whilst the activation step is happening, the reaction between carbon and steam and CO2 can 

be inhibited by products from the activation itself; CO from CO2 and H from steam can adsorb 

onto the active sites of the carbon surface [85]. But this is not always unfavourable as it can 

prohibit fast oxidation from occurring, and thus control the formation of the porous structure 

[86]. When choosing between the two, it must be noted that CO2 has a slower reaction rate 

due to its geometry; CO2 is linear, and its overall size is larger than that of H2O [85]. 

2.2 Regenerating activated carbons  

Regenerating ACs is a form of recycling a carbon source to reduce the costs associated with 

production from virgin carbon sources. These costs can be financial in terms of the high costs 

of producing activated carbons, and environmental with regards to the removal of carbon 

source from the earth and the associated effects on the surroundings of an excavation site. 

This section seeks to give a detailed reasoning for AC regeneration, and to show what 

established methods of regeneration are currently being used.  
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2.2.1 Finical incentives for regeneration 

In 2009 Stravopoulos and Zabaniotou conducted a study regarding the production costs of 

ACs with regards to both running costs and raw materials. The pair found that there was a 

significant difference in the costs of production dependent on whether chemical of physical 

(thermal) activation methods had been used for production (see Tables 2 & 3), with chemical 

activation being financially more viable [87]. This was because chemical activation produced 

far higher yields than physical, especially in coal and lignite. The study also revealed that 

production of ACs from materials such as wood proved to be unfavourable, with returns on 

investment being extremely low [87] 

 

Table 2. Costs and economic evaluation of an activated carbon production plant, US $, 

producing 4.5t a day via chemical activation and zero raw materials cost [87]. 

 Used 
tires 

Wood Pet coke 
Carbon 
black 

Charcoal Lignite 

Total 
investment cost 

6,858,693 6,295,651 4,097,285 3,447,736 4,152,362 5,829,895 

Total operating 
cost 

2,329,024 2,234,747 1,558,365 1,372,354 1,574,440 2,085,729 

Total production 
cost 

2,843,394 2,729,971 1,915,351 1,690,988 1,934,733 2,550,636 

Production cost 
(US$/kg) 

1.92 1.84 1.29 1.14 1.30 1.72 

Production cost 
(10-7 US$/m2) 

27.4 22.9 4.29 22.7 6.52 7.81 

Income 4,073,639 2,851,960 2,851,200 2,851,200 2,850,566 2,851,200 

Income a 3,218,427 2,281,568 8,553,600 1,425,600 5,701,133 6,272,640 

Return on 
investment, % 

18.7 1.9 22.8 33.7 22.1 5.2 

Return on 
investment, % a 5.7 <0 >100 <0 90.7 63.8 

Net present 
value, $ 

<0 <0 39.167 1,680,415 <0 <0 

Net present 
value, $ a 

<0 <0 25,243,846 <0 12,495,171 10,621,409 

Discounted pay-
back, % 

23.4 - 13.7 7.17 14.8 - 

Discounted pay-
back, % a - <0 1.14 <0 2.13 3.17 

Pay-out period, 
years 

9.63 <0 6.88 3.94 7.27 <0 

Pay-out period, 
years a 

<0 <0 0.65 <0 1.21 1.8 

Capacity: 4.5t/day, chemical activation, zero raw materials cost. 
a Items refer to costs per m2 of carbon BET surface area. 
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Table 3. Costs and economic evaluation of an activated carbon production plant, US $, 

producing 4.5t a day via physical activation and zero raw materials cost [87]. 

 Used 
tires 

Wood Pet coke 
Carbon 
black 

Charcoal Lignite 

Total 
investment cost 

7,301,682 8,145,760 3,086,328 3,656,307 3,777,027 7,130,948 

Total operating 
cost 

2,762,118 3,088,436 1,324,303 1,498,209 1,535,940 2,697,5561 

Total production 
cost 

3,306,734 3,691,853 1,606,124 1,812,264 1,856,967 3,230,516 

Production cost 
(US$/kg) 

2.34 2.49 1.08 1.22 1.25 2.18 

Production cost 
(10-7 US$/m2) 

44.5 31.1 10.8 24.4 13.9 27.2 

Income 4,482,720 2,851,200 2,850,858 2,850,994 2,851,200 2,850,592 

Income a 3,057,120 2,280,960 2,850,858 1,425,497 2,566,080 2,280,473 

Return on 
investment, % 

16.1 <0 40.3 28.4 26.3 <0 

Return on 
investment, % a <0 <0 40.3 <0 18.8 <0 

Net present 
value, $ 

<0 <0 2,415,412 934,893 617,493 <0 

Net present 
value, $ a 

<0 <0 2,415,412 <0 <0 <0 

Discounted pay-
back, % 

- <0 5.59 9.27 10.5 <0 

Discounted pay-
back, % a <0 <0 5.59 <0 22.9 <0 

Pay-out period, 
years 

12.8 <0 3.12 4.97 5.55 <0 

Pay-out period, 
years a 

<0 <0 3.12 <0 9.55 <0 

Capacity: 4.5t/day, chemical activation, zero raw materials cost. 
a Items refer to costs per m2 of carbon BET surface area. 

 

In 2017 Santadkha and Skolpap conducted a comparative research assessment of the 

profitability of AC plants who produced ACs from virgin sources of carbon, regenerated ACs 

from spent sources, and those who operated an integrated system which featured both. 

These assessments were based on the costs of running each type of plant when compared to 

one another, and the effects that had on the overall profitability [88]. At low AC sales price, 

return on investment (ROI) of generation and integrated cases were negative representing 

greater annual cost than annual revenue (Figure 11). When the sales price of AC was increased 

from 514 to 686 USD/t of AC, ROI of generation (G), regeneration (R), and integrated (G&R) 

plants were achieved 2.20, 33.94, and 11.02%, respectively [88]. 
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Figure 11. Comparison of ROI as a function of AC sales prices [88]. 

Similarly, Santadkha and Skolpap showed that the net present value (NPV) for 10-year 

investment life obtained from all projects were proportional to AC sales price, as shown in 

Figure 12 [88]. Evidently, all positive NPVs of the regeneration case suggested the most 

profitability of the project for the entire studied sales price range. 

 

Figure 12. Comparison of NPV for 10-Year Investment life as a function of AC sales price [88]. 

2.2.2 Established regeneration methods 

The main goal of regenerating ACs is to desorb the accumulated adsorbates and restore the 

porous structure with a little damage as possible to the carbon matrix [89]. There are several 

established methods by which ACs can be regenerated, and they all include subjecting the 

spent species to conditions that shift the adsorption equilibrium towards desorption [89] [90].  

The ease of regeneration for an AC is dependent on the type of adsorption that took place 

during the loading – physisorption or chemisorption. If the adsorption that place in the 
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loading of the AC was physisorption, desorption can usually be achieved with heating, 

lowering the pressure, or washing with a solvent [89] [90]. However, if the AC was loaded via 

chemisorption, energy greater than the adsorptive force that created the covalent or ionic 

bonds during adsorption is required. 

Thermal regeneration  

Thermal regeneration of ACs shares similarities with the original activation process. Split into 

three steps, thermal regeneration is typically carried out as follows:  

- the temperature is initially raised to approximately 200 oC for the drying and release 

desorption of the light volatiles.  

- The AC is then pyrolyzed between 400 – 600 oC to remove reversibly adsorbed 

substances and to decompose irreversibly adsorbed substances (creating more char 

residue) 

- For the following reactivation stage, the carbon will be heated to temperatures 

between 800 – 1000 oC in an CO2 and/or steam-rich atmosphere, oxidising the char 

[91]. The detention time and amount of CO2 and/or steam used is dependent on the 

adsorbate(s).  

Advantageously, thermal regeneration can be used on a sample of ACs with a variety of 

adsorbates housed inside the pores. As expected, these heterogeneous adsorbates will react 

in a different manner to one another. These are categorised into three groups: type (1) 

compounds are volatile organics that are not irreversibly bound and thus they can be 

removed with ease in the initial stages of the regeneration; type (2) compounds are tightly 

bound to the AC (usually via strong covalent or ionic bonds) and do not undergo thermal 

regeneration and are instead undergo thermal cracking, forming volatile fragments; type (3) 

are those which undergo pyrolysis and leave behind carbonaceous residue [10] [92]. Types (2) 

and (3) require a controlled oxidation step to remove carbonised residue. The reactions that 

occur in the reactivation stage are identical to those in the activation step of AC production. 

Combustion conditions in the furnace are controlled to limit oxygen content to effect 

oxidation of the adsorbate rather than the carbon [10].  
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Steam and CO2 are commonly used reactivating gases and use the following reactions [85]: 

C(s) + H2O(g) → CO(g) + H2(g) ΔH = 130 kJ mol-1  steam activation, water-carbon phase 

 

C(s) + CO2(g) → 2CO(g)               ΔH = 159 kJ mol-1 carbon dioxide activation, water-

carbon phase 

 

CO(g) + H2O(g) ↔ CO2(g) + H2(g)  

 

ΔH = -41  kJ mol-1 water-gas equilibrium at >800 oC 

As both reactions are endothermic, they can be manipulated into oxidising the pyrolyzed 

adsorbate without damaging the surface of the carbon [90]. Although, it is difficult to control 

the process conditions at such high temperatures, and so oxidation of the carbon surface can 

also occur. For reactivation 950 oC and above, even short residence times can lead to 

excessive oxidation of the carbons on the surface with potential carbon losses of 5-10% [10]. 

The biggest disadvantage with thermal regeneration is the potentially for loss of adsorption 

capacity due to the changes in pore structure of the carbon when heated to such high 

temperatures for a prolonged period. In the literature, it has been reported that the initial 

heating period of 10 minutes saw a marked increase in macro- & micropores due to further 

activation, but heating over the next 50 minutes saw a reduction in micropore volume of 44%, 

and an increase in meso- & macropore volume of 66% and 50%, respectively [10]. The physical 

changes that occurred were attributed to the burning out of the walls between the 

micropores. The loss of micropores contributed to an overall reduction in surface area and 

thus adsorption capacity. 

Other disadvantages associated with thermal regeneration include extremely high energy 

requirements, air pollution issues associated with the release of off-gasses, and 

incompatibility with some adsorbates regarding the high operations temperature i.e. TNT [11]. 

Chemical & solvent regeneration 

Chemical regeneration is the process by which adsorbates are removed from spent ACs by 

way of reactions with suitable chemical reagents. In literature there are two main groups of 
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reagents used for the regeneration process: those with oxidising ability (inorganics) and those 

with solubilising ability (organics) [12].  

In literature there have been many attempts to regenerate ACs with suitable chemical 

regenerates, often with mixed results. In a 1984 study, Martin and Ng studied the 

effectiveness of various organic regenerates on the chemical regeneration of ACs via organics 

such as carboxylic acids, amines and chloromethanes. They discovered that there was a 

marked decrease in the effectiveness in regenerating the ACs with as the molecular weight of 

the organic regenerate increased. They surmised that the smaller regenerates could travel 

deeper into the micropores, displacing the adsorbates more effectively [93]. Leng and Pinto 

conducted a study in 1996 that explored the effects of the solubility of the organic adsorbates 

bound to spent ACs, and how the AC’s surface characteristics could influence attempts at 

chemical regeneration. By using reactive inorganic reagents and controlling the surface 

charge characteristics through pH they were able to enhance the solubility of selected organic 

adsorbates in aqueous solution. The pair attempted this with phenol, an adsorbate that is 

notoriously difficult to solubilise and binds strongly to the AC surface, and they achieved a 

reduction affinity for the surface by changes in surface charge [12].  

There are several advantageous aspects to chemical & solvent regeneration of ACs, such as: 

(1) The process can be conducted in situ, meaning that the unloading, transporting, and 

repacking of adsorbents is eliminated. (2) The loss of carbon and potential destruction of the 

parts of the porous network can be avoided. (3) It may be possible to fully recover valuable 

adsorbates. (4) Post-treatment, the chemical regenerate may be recovered and reused [12] [13].  

However, this form of regeneration also comes with several disadvantages, such as: (1) Often 

the regenerates are required in large volumes and can be extremely costly. (2) If the chemicals 

being used are pollutants, which can be common, it can result in a dangerous working 

environment for those conducting the regeneration and be subjected to numerous legislative 

issues. (3) The level of regeneration is often dependent on the solubility of the adsorbate in 

the regenerate solution. (4) Multiple adsorbates may be adsorbed onto the surface of the AC, 

and each of which may require a different regenerate solution. AS such, chemical 

regeneration required extensive study of identity of adsorbates adsorbed onto the surface 

before it can be carried out [12] [13] [14].  
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Electrochemical regeneration 

Upon reaching adsorptive capacity, ACs can be transferred to an electrochemical cell (anode 

or cathode) in which electrochemical regeneration can occur [95]. The principle behind 

electrochemical regeneration is that ions generated at the electrodes of the cell can change 

the local pH conditions, affecting the adsorption equilibrium, and in so doing organic 

adsorbates begin to desorb [95] [96]. Additionally, alternate methods include reactions between 

ions generated and the adsorbed pollutants resulting in the formation of a species with a 

lower adsorptive affinity for activated carbon, causing subsequent desorption, or oxidative 

destruction of organic adsorbates on the AC surface [97]. 

In cathodic electrochemical cells the cathode acts as a reducing electrode, producing OH- ions 

which increase the pH of the local environment. With this, adsorbates migrate towards the 

anode where they are subjected to oxidation, destroying the migrated adsorbates [98]. In 

anodic regeneration the anode acts as an oxidising electrode, resulting in a lower localised pH 

during electrolysis, which also prompts desorption of some organic adsorbates [98] [99].  

Both techniques hold several advantages, including: (1) the ability to be performed in situ. (2) 

Can be performed at room temperature, as opposed to the extreme high temperatures of 

thermal regeneration. (2) The treatment can be stopped in a matter of seconds, rather than 

having the issue of having to wait for a heated system to decrease in temperature before 

removing the ACs. (3) The energy consumption is far lower (0.20 – 1.80 kWh/kg) than that of 

thermal regeneration (220 – 250 kWh/kg) [98] [100] [101]. 

However, there are drawbacks to the use of electrochemical regeneration of ACs: (1) in 

cathodic regeneration, due to mass transfer limitations between the cathode and the anode, 

there is often residual desorbed adsorbate left in the cathode. (2) The technique has only 

been applied successfully to organics compounds. (3) The regeneration is not as efficient as 

other techniques, with typical cathodic regeneration being 85% at best, and anodic 

regeneration being between 65-80% [98] [100] [101]. 
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Effects of impregnation on regeneration 

As previously discussed in this literature review, ACs are sometimes purposefully impregnated 

with specifically chosen compounds to increase selectivity in adsorption [102]. Impregnates can 

alter the surface charge, the temperature required for initial production, and the overall 

adsorptive capacity of the ACs [82] [93].  

It stands to reason that when impregnated ACs are subjected to similar environments as they 

were under production, with several types of regeneration being like production methods, 

there may be adverse effects. In 2015, Gibson et al noted that thermal regeneration 

temperatures caused the impregnate, triethylenetetramine (TETA), to leach away from the 

AC bed and form carboxylate, carbamate, and urea complexes [103]. This was believed to be 

due reactions between the TETA and the carbon bed were more favourable at higher 

temperatures than that of TETA and the CO2 it was supposed to be adsorbing [103] [104]. After 

the first regeneration cycle, 20% of the adsorptive capacity was lost. However, the use of 

chemical regeneration on CO2 spent ACs impregnated with similar amino compounds does 

not suffer with the amine leaching issues Gibson et al faced with their experiment, as found 

by Khalil in 2018.  Instead, Khalil found that the regenerated amino-impregnated ACs achieved 

a faster breakthrough time when being loaded with CO2 than virgin non-regenerated ACs [105]. 

Khalil did however find that after multiple regeneration cycles of the amino-impregnated ACs, 

there was a significant decrease in adsorptive capacity [105]. Conversely, ACs impregnated with 

metals that undergo chemical regeneration have been documented as having retained a high 

level of absorptivity and desorptivity after multiple regeneration cycles (as seen in Figure 13) 

[106] [107]. This would suggest that certain regeneration methods may be suitable for types of 

spent impregnated ACs, but other may require a different form of regeneration, especially 

those carrying out multiple cycles. 
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Figure 13. Methylene Blue adsorption/desorption study on (a) activated carbon, and (b) Fe-

impregnated activated carbon (H2SO4 as desorbing agent) [106]. 
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2.3 Microwave technology and regeneration 

Microwaves (MW) are a form of electromagnetic energy located on the electromagnetic 

spectrum between 300-300,000 MHz; in the region between infrared and radio frequencies 

and have corresponding wavelengths of 1 cm-1 m [108] [109] [110]. Because telecommunication 

and cellular frequencies also operate in the same area of the electromagnetic spectrum as 

microwaves, most mw reactors and domestic MW ovens operate at a frequency of 2.45 GHz, 

or around 900 MHz Other frequencies are reserved by the likes of the Federal 

Communications Commission for industrial, scientific and medical purposes [108] [111]. 

2.3.1 Conventional radiant heating process 

Conventional heating relies on three basic heat transfer concepts: conduction, convection and 

radiation. Through it long established usage in human society, conventional heating has 

become a highly adaptable technology with a multitude of uses in both domestic and 

industrial applications.  

Conventionally heated electrical furnaces use heating elements which are usually made from 

resistance wires. The basis for the heat production in these furnaces is the resistance from 

the element material against the flow of the electric current [112]. The heat generated from 

this process is then transferred to the surface of the material by means of conduction, 

convection or radiation through intermediate media. After the material in question receives 

the heat, it is transferred from the surface towards the centre of the material’s body, primarily 

via conduction (see Figure 14) [112]. During the conventional heating of the material, a large 

heat gradient is formed from the surface to the core of the material. However, due to thermal 

inertia of the system, the temperature of the material is always lowers than the furnace itself, 

which can often lead to areas inside the material being unable to reach the desired 

temperature without prolonged exposure to the heat source [113]. 

Despite being the favoured heating method for many years, conventional heating is 

problematic due to its slow and imprecise heating of the workspace surface. Even when 

assuming that surface temperature is controlled precisely, the rate at which heat is 

transferred from the surface into the body is highly limited by the physical properties of the 

material, such as specific heat, thermal conductivity & density, plus thermal diffusivity of the 
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workspace.  Additionally, a larger workspace implies a longer time to heat the workspace by 

conventional methods and is also much more difficult, as well as non-uniform [113] [114]. 

2.3.2 Microwave heating process 

In brief, the use of MWs for heating purposes originated in the 1940s with the inception of 

the first magnetrons, initially for military radar purposes [115]. The invention of the magnetron 

sparked vastly increased levels of research into MW technology, including the development 

of the first commercial MW oven in 1950, and its subsequent use in industry from 1962 [116]. 

Since 1962, MW heating has been successfully used in various industrial and domestic 

applications such as food industry, vacuum drying, crude oil exploration and processing, and 

many more [115] [116].  

Unlike conventional heating, MW heating heats both volumetrically and selectively, resulting 

in a more efficient heating of material. MW heating is achieved throughout the volume of the 

material by the conversion of electromagnetic waves energy to heat as waves penetrate the 

substrate (as seen in Figure 14) [108]. Consequently, the heating is not limited by thermal 

diffusion through the material, thus uniform heating of the material is achieved. The 

selectivity of MW heating comes from the fact electromagnetic wave energy is only dissipated 

as heat in materials with dielectric properties (and not necessarily everything that meets 

them) [108] [117].  

 

Figure 14. The difference in temperature distribution and direction of heat transfer between 

conventional and microwave heating: (A) conventional heating – heat is transferred from the 

outside of the material inwards by conduction, (B) microwave heating – MWs penetrate the 

material and heat volumetrically. Energy is uniformly dissipated throughout the material [108]. 
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By enabling high heating rates, utilising MW energy may lead to significant savings in total 

energy consumption and process times. In recent times, MW heating has been used in the 

processing of municipal waste, sewage sludge, contaminated soil, plastic, rubber waste and 

many other dielectric materials, proving its versatility [118] [119] [120] [121] [122]. However, although 

MW heating is seen to be an advantageous alternative for conventional heating techniques 

in waste management and conversion processes, it’s worth noting that it is not without its 

limitations. A few examples of this being:  often the knowledge of a material’s dielectric 

properties is lacking; lack of control over the accelerated heating (thermal runaway); transfer 

of MW energy to the workplace is not always efficient, and many other [120] [123]. 

Microwave heating efficiency  

When comparing MW heating to more conventional heating methods, efficiency is key. There 

have been notable recordings in the literature of MW heating achieving greater efficiency 

than conventional methods, namely in the chemical, food and extraction industries [124] [125] 

[126]. However, MW heating efficiency depend greatly on the type of application and material 

being heated. In his work on comparing MW and conventional heating being used to run meso 

scale organic reactions, Moseley argued that the efficiency of conversion of electrical energy 

into MW energy was approximately 50-60% (assuming that all MW energy is adsorbed by the 

material), and it would not result in a dramatically increased overall efficiency when 

compared to conventional techniques [124].  

The type of material being heated has a profound influence on the on the efficiency of MW 

heating process; in other words, some materials cannot be efficiently heated by MWs. 

Materials being hit by MWs are placed into three general categories: (1) MW 

transparent/insulator – MWs pass through the material without any losses (e.g., glass and 

ceramics); (2) MW-conducting – MW do not penetrate and are instead reflected (e.g. metals); 

or (3) MW-adsorbing – MW are adsorbed and converted into heat (e.g. polar molecules such 

as water) [107] [127]. As such, the benefits of heating with MWs can be substantial only when 

applied to suitable material; this is of more significance when heating times is a crucial factor, 

as the slow heating rates achievable by conventional methods have a far higher energy 

consumption.  
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Microwave heating mechanism 

As stated earlier in this review, a significant aspect of MW heating is its ability to heat a 

material volumetrically; each element of the material being heated individually, and ideally 

at a similar rate. In his 1998 book on the engineering applications of MW heating, Meredith 

explained that there were four methods by which volumetric can be achieved: (1) 

conduction/induction for materials with a low resistivity – achieved at electrical frequencies 

of DC to 60 Hz for conduction and 50 Hz to 30 kHz for induction (usually used in annealing 

and/or hardening processes in metallurgy); (2) ohmic heating of conduction f heating liquids 

and solutions – achieved at frequencies in the range of 50 or 60 Hz; (3) radio frequency 

heating of materials with high resistivity – achieved at frequencies ranging between 1-100 

MHz; and (4) MW heating [128].   

To understand the principals of MW heating, the definition of specific terms is required, most 

importantly of all are dielectrics and dipoles. An electric dipole consists of two equal and 

opposite charges, located at a certain distance. A host of molecules intrinsically carry dipoles 

due to their non-uniform distribution of positive and negative charges on various atoms. 

Molecules holding a permanent dipole are termed as polar molecules. Dielectric materials are 

electrical insulators (or partial insulators) which do not intrinsically contain dipoles but can be 

polarised when placed in an electrical field. This form of polarisation takes place when minute 

changes in the charges of the molecules in insulating or partially insulating materials occur. 

The difference between conductors and dielectric materials comes from the charges in the 

dielectric materials being held by atomic or molecular forces and their inability to move en 

masse (as occurs in conductors) when passing an electric current. 

In Figure 15, the polarisation of permanent dipoles under an electric field can be seen.  

Additionally, three other mechanisms of dipole induction and polarisation under an external 

electric field are shown: (b) atomic polarisation takes place through the displacement of 

atomic nuclei due to the unequal distribution of charges in a molecule; (c) electronic 

polarisation occurs when electrons around the nuclei are displaced generally to one side 

under due to the effects of a n external electrical field; and (d) Maxwell-Wagner (interfacial) 

polarisation occurs in areas where charge has built up in the interfaces between components 

in heterogeneous materials (or due to imperfect arrangement of atoms, ions or molecules) 

[128] [129]. 
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Figure 15. Mechanisms of polarisation: (a) dipole, (b) atomic, (c) electronic, (d) Maxwell-

Wagner (interfacial) polarisation [129]. 

Dipolar components tend to tend to physically align with the electric field once introduced to 

an electromagnetic field. MW frequencies are low enough to provide sufficient time for 

dipoles to realign to the field, and high enough to stop re-orientation taking place 

simultaneously with the field oscillations. Phase lag between the field charges and dipole re-

orientation (i.e., relaxation time) is attributed to heat generation through molecular friction 

and collision; the amount of heat produced (power dissipation) is directly related to MW 

frequency [128] [130] [131]. 

Permittivity and permeability 

MWs, as with all electromagnetic waves, consist of an electric (X component) and a magnetic 

(Y component) field, oscillating perpendicular to each other, as shown in Figure 16. The fields 

are expressed thusly: 

Equation 7. 

𝐸 = E0 e−𝛾𝑧x̂ 

 

 



 

 

55 

 

Equation 8.  

𝐻 =
E0

√𝜇 𝜀⁄
 e−𝛾𝑧ŷ 

 

 

Figure 16. Travelling Electromagnetic wave through a dielectric loss [132]. 

Permeability is the ability for a material to support the formation of a magnetic field within 

itself. Although, it should be noted that the effect of permeability in non-magnetic materials 

is negligible, and so it plays a less significant role in the heat conversion throughout MW 

heating. And so, the capability of materials in adsorbing the MWs and heat conversion is more 

governed by their dielectric properties in terms of their real dielectric constant or permittivity 

(ε), relative dielectric constant (ε’), effective dielectric loss factor (ε’’), and loss angle (δ). With 

the relative dielectric constant, ε’, being the permittivity of material relative to that of free 

space and represents the ability of a dielectric to store the potential electric energy if placed 

in an electric filed. And the effective loss factor, ε’’, being representative of the efficiency of 

conversion of adsorbed energy to heat [108] [130] [132]. To account for loses, the dielectric 

constant for a real dielectric is expressed in terms of permittivity, ε* [121]: 

Equation 9. 

Where: E0 = Amplitude of the electric field  

 γ = Propagation constant 

 ε = The material’s permittivity 

 μ = The material’s permeability 

 x̂ = Electric field 

 ŷ = Magnetic field 



 

 

56 

 

𝜀∗ =  𝜀′ − 𝑗𝜀′′ 

Characterisation of dielectric material is usually done with their loss angle, which is expressed 

as the ratio of real permittivity and the loss factor [133]: 

Equation 10. 

tanδ =
𝜀′′

𝜀′
 

 

 

Figure 17. Phase diagrams for (a) an ideal dielectric where the energy is transmitted without 

loss; (b) where there is a phase displacement, δ, and the current acquires a component I 3 sinδ 

in-phase with the voltage and consequently there is a dissipation of energy. In (c) the 

relationship between ε*, ε’ and ε’’ is illustrated; tanδ = ε’’/ε’ [133]. 

 

When a dipole is placed in an electric field, it will try to reorient to the variations of the 

alternating voltage of the electric field. This results in an electric current known as the 

Maxwell displacement current. The parameter δ represents the phase displacement caused 

by the dipole lag the electric field i.e., the lag between the re-orientation of dipoles with the 

electric field oscillation.  

As seen above in Figure 17, when an ideal dielectric is placed in an oscillating electric field, 

there is no lag between the electric field and variations of voltage in the electric field. Which 

would imply that displacement current is at a 90o angle with the electric field and energy is 

transmitted without loss due to absence of a component of the current in phase with the 

field. However, in a real dielectric, the phase displacement (δ) acquires a component I x sin δ 

Where: ε = Real dielectric constant 

 ε' = Relative dielectric constant 

 ε'’ = Effective dielectric loss factor 

 δ = Loss angle 

 ε* = Dielectric constant for a real dielectric is expressed in terms of permittivity 
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in phase with the electric field, resulting in the energy dissipation and heat production 

through internal resistance rotation i.e., resistive heating [133].  As such, in addition to heat 

capacity and density of the material, the dielectric loss is helpful in allowing for comparisons 

between materials in terms of their heating rates under the influence of an electromagnetic 

field. 

 

The suitability for microwave heating 

As mentioned in Section 4.2.1, not all materials can be heated via the use of MWs, and the 

ability to do so is usually dependent on dielectric properties of the materials being heated. 

There are two quantitative terms indicative of the suitability of materials to be MW 

processed; power absorbed per unit volume (PA), and depth of penetration (DP). According to 

the power adsorbed per unit volume of the materials, they can be identified to be suitable for 

MW heating as MW receptors [130], as shown in Figure 18 below. 

Equation 11. 

PA = 2πf ε′′ε0Erms
2 

 

Figure 18. The relation between power absorbed per unit volume and dielectric loss [130]. 

Where: Pa = Power absorbed per unit volume 

 f = Frequency, Hz 

 ε'’ = Effective dielectric loss factor 

 ε0 = Permittivity of free space 

 Erms = The Root mean square of electric field strength in material 
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However, it should be known that Equation 11 is only valid for very thin materials, where the 

electric field can be constant, due to the electric field losing its influence as distance from the 

surface increases. As such, the DP value is defined as distance from the surface of the sample, 

where the absorb3ed material is as the specific ratio (I/e) of the power at the surface of the 

material. A simplified version of MW penetration depth is given in Equation 12b [130]. 

However, in their 1995 paper, Thostenson and Chou used the real loss factor (ε’’) rather than 

the relative or effective loss factor [118], thus the equation is modified from Equation 12a, to 

12b: 

Equation 12a. 

DP =
Cε0

2πf ε′′
 

Equation 12b. 

DP =
C

2πf ε′′
 

 

Equation 12b helps to process particularly thick materials as, if the penetration depth of the 

MW is much less than the material thickness, the rest of the material is heated by conduction. 

Microwave heating of non-coupling materials 

For those materials with a low MW heating capacity, there are techniques to allow MW 

heating to occur. A famous example being the 1996 research conducted by Clark and Sutton, 

in which they increased the temperature of the material being heated until MW adsorption 

reached a point at which self-heating was possible, and more uniform heating could be 

achieved [134]. Another example being the introduction of MW heating to non-responsive 

materials whilst said material is coupled with a highly responsive material, such as carbon. 

This can be highly favourable if the additives and mixing ratios are selected properly. 

Where: Dp = Penetration depth 

 C = Speed of light in a vacuum 

 ε'’ = Effective dielectric loss factor 

 ε0 = Permittivity of free space 

 f = Frequency, Hz 
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Although, it should be noted that heating non-susceptible materials using responsive additive 

materials does not necessarily enable the energy transfer benefits of the MW heating (such 

as volumetric heating) to be realised as the heat is initially transferred from one material to 

the other through conventional thermal conduction from receptors with the associated 

inefficiencies. Additionally, as seen with MW heating in general, the heating can cause 

excessive increase in radiation adsorption ability of additives at higher temperatures, which 

may lead to thermal runaway. Under these conditions the temperature of the material raises 

uncontrollably, often irreversibly damaging the material [123]. 

When it comes to the MW processing of biomass the poor dielectric properties are not the 

controlling factor of the heating process. Instead, the selective heating process of MWs allows 

for the heating of the water stored inside the biomass source. Once the water has been 

removed, the biomass often becomes completely MW transparent though. Heating the 

biomass through water molecules is generally not enough to cause initiate pyrolysis, and so 

MW heating receptive additives such as char or inorganic matter are added. However, as 

mentioned above, this brings with it a set of new potential problems [135]. 

2.3.3 Microwave structure 

The structure of a MW oven, as well as the output power, has a significant effect on the 

heating of objects. If any changes occur in the configuration of the system, such as single or 

multimode MW ovens, shape and size of the cavity, shape and type of the reactor and its 

position within the MW cavity, could cause considerable changes in the heating behaviour of 

the materials inside. This characteristic of MW heating can make the process receptive to 

uncontrollable changes, it also provides an element of versatility to the production method 

through making simple adjustments to the above factors. Thus, understanding the 

mechanism through which electromagnetic waves are produced and delivered to the material 

in a MW heating system is indispensable. 

The overall mechanical structure of a MW oven consists of a high voltage power supply, MW 

source, transmission lines, cooling system, and applicator (see Figure 19 below). With the 

power system producing high voltage current which is later converted to electromagnetic 

waves through charge acceleration in the MW source. This section will seek to explain the key 

parts of a MW oven in detail. 
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Figure 19. Schematic diagram of mechanical structure for a typical microwave oven [136]. 

Microwave sources and transmission lines 

The most common MW sources used in MW heating are magnetrons and klystrons. Of the 

two, magnetrons tend to be favoured due to their frequency ability, higher efficiency, and 

lower cost due to mass production. However, klystrons can produce higher powers and their 

lifespan can be up to eight times that of magnetrons [130].  

Magnetrons produce MWs ranging between 1-40 GHz at ~80% efficiency and have an average 

lifespan of 5000 hour. As shown in Figure 20, magnetrons structures consist of a cylindrical 

cathode placed on the axis of a circular copper anode, in a vacuum tube. The high-density 

magnetic field given off by magnetrons is produced by a permanent magnet (or 

electromagnet) placed around the anode [138]. 

 

Figure 20. Schematic diagram of a magnetron [137]. 

Applying a high voltage between the electrodes causes loosely bound electrons to be ejected 

from the tip of the cathode under a strong electric field. However, the high density magnetic 

created by the magnet can cause electrons to follow a spiral path, resulting in a swirling cloud 
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of electrons [130] [139]. When this occurs, cavities inside the anode act as resonators, resulting 

in an acceleration of electrons. And so, the electron cloud starts to swirl more vigorously by 

entering the resonant circuit. Oscillation frequency is dependent on the size of these cavities. 

The high frequency swirling electrons produce electromagnetic waves, which are directed to 

the transmission lines (waves guides), and eventually to the applicator [130] [139] [140]. The 

transmission lines can be made from conductive materials such as copper, brass, silver, 

aluminium, or other similar materials with low bulk resistivity [130]. 

Applicator 

The MW applicator refers to the space in which MW energy is coupled with the subject 

material. MW coupling with the subject material is strongly influenced by the size and 

geometry of the applicator, as well the material size and location, and the size and shape of 

the subject material relative to the applicator, plus the subject material’s dielectric properties 

[141]. 

The geometry of the cavity can determine how electromagnetic waves resonate in the 

applicator to produce standing waves. These standing waves are produced from the reflection 

of waves off the cavity walls, where they will begin to form a three-dimensional stationary 

pattern with high and low-density (known as modes) [131]. As such, cavities are designed to 

operate in single- or a multi- mode manner. Single-mode applicators are made in the size of 

one order of wavelength, which can be calculated by solving Maxwell equations with one 

resonance mode. Single-mode cavities contain non-uniform, but well-defined and predictable 

electromagnetic fields, implying that high and low points of standing waves can be closely 

located. Knowing the location of hot spots in the MW cavity can help with optimisation of 

heating efficiency [130] [139].  

Although single-mode applicators provide higher power densities, their limited cavity size can 

only be used for small samples, especially those with low effective loss factors. Multimode 

applicators (i.e., MW ovens) on the other hand can are built with at least one dimension much 

larger than one wavelength in free space, meaning they can be used on much larger samples. 

However, multimode applicators can result in a non-uniform electromagnetic field and 

multiple heating locations (see Figure 21 below). But, an increased length of the cavity, the 

more uniform the heating is expected to be in multimode cavities [130] [138] [141]. 
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Figure 21. Horizontal mode structure in microwave cavity using infrared thermal imaging, 

while heating thin layer of water on a glass plate [138]. 

In the literature, there have been recorded uses of domestic MW ovens in initial stages of 

experimental work concerning MW heating, often with experiment-specific modifications. 

However, such experiments are often limited by the domestic MW oven drawback i.e., not 

being designed for high temperatures (>~150oC) and having no provision for temperature 

control [142] [143]. Domestic MW ovens also tend to produce multiple hotspots on their subject 

material. There have been some solutions to achieve more uniform heating in the material, 

one of which is the use of mode stirrers; metallic rotating vanes fans with a speed of 1-10 

Rev/s that can be placed near the waveguide input [142].  

2.3.4 Regeneration of activated carbons by microwave heating 

Microwaves have been used in the production, modification, and regeneration of activated 

carbons, however, the level of research into the latter is significantly less than the other two. 

But this does not mean that the research conducted has not been of relevance to this thesis.  

Ania et al’s 2005 paper on the effects of MW and conventional regeneration on the 

microporous & mesoporous network, and the adsorptive capacity of AC, is of note. The 

research group found that the use of MW energy in the regeneration process shortened the 

time required significantly when compared to the thermal regeneration of spent ACs from 

the same source. Additionally, MW heating achieved preservation of the porous structure 

with a higher efficiency than that than those regenerated thermally. Both forms of 

regeneration were cycled several times, with microporosity reducing with each successive 

cycle. However, thermal regeneration shifted the micropore size distribution to pores of 
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narrower size. And the apparent BET surface areas were also reduced significantly over the 

regeneration cycles. A loss of the adsorptive capacity of the carbon material was observed 

after six adsorption-desorption cycles in both systems [144].  

In other studies, rather than conducting the entirety of the regeneration process using MW 

heating, the technique has been paired with conventional thermal heating. This is known as 

MW-assisted regeneration. Although rather than being run in tandem, the ACs are first 

carbonised thermally, before MW are employed for the activation step to remove any latent 

organic volatiles [145]. In studies by the likes of Coss et al and Foo et al, MW-assisted 

regeneration has been carried out with the conventional method being chemical (due to the 

ACs being impregnated). In both studies, the use of MWs in the activation step of 

regeneration allowed for not only removal of volatiles, but also the reclamation of active sites. 

Neither study saw a drop in impregnate number by more than 5% after multiple regeneration 

cycles [146] [147].  

However, the purpose of this study is to apply and study the ability of MW regeneration on 

sulphurous spent activated carbons. This area represents a significant gap in the literature 

where MW regeneration is concerned. But, to address any potential issues, the next section 

will explain the adsorption mechanics of sulphurous carbons and their absorptivity regarding 

ACs. 

2.4 Regenerating spent sulphurous activated carbon 

Sulphur is a multivalent compound that’s widely abundant in nature, and often a component 

of common compounds found in the emissions of industrial processes. Sulphurous 

compounds are one of the major groups of contaminants ACs are used to remove.  

2.4.1 Adsorption mechanics of sulphurous compounds  

Sulphurous compounds such as H2S and SOx have become a key issue in industrial operations. 

Thus, the use of adsorbate materials such as ACs being used to remove them has become 

increasingly popular. As previously discussed in Section 2.4, there are two main forms of 

adsorption that take place when ACs are used as an adsorbate: physisorption and 

chemisorption. This is seen for both sulphurous species groups in question, as well as 

oxidation on the surface of the AC post-adsorption. The following section will go into the 
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mechanisms of how ACs adsorb sulphurous materials, and the issue that arise in the 

regenerations processes. 

Sulphur oxides’ reaction mechanism 

The physisorption of SO2 onto ACs is greater at lower temperatures, as shown in reactions 1 

and 2; with SO2 producing (sulphurous acid) H2SO3 when reacting with H2O only, and sulphuric 

acid (H2SO4) produced when reacting with water and oxygen [148]. 

(1)             SO2 (g) + H2O (ads) → H2SO3 (ads) 

(2)             SO2 (g) + ½ O2 (ads) + H2O (l) → H2SO4 (ads) 

Additionally, in the presence of O2, SO2 can be adsorbed directly onto AC before oxidation to 

SO3, as shown in reactions 3, 4, and 5 [149] [150].  

(3)             SO2 (g) → SO2 (ads) 

(4)             O2 (g) → O2 (ads) 

(5)             SO2 (ads) + ½ O2 (ads) ↔ SO3 (ads) 

Theoretically chemisorption should be favoured in the adsorption of SO2 due to it having a 

trigonal planar geometry, unconducive of the layered packing one might expect in multilayer 

physisorption. As such, higher temperatures would be expected to be conducive to good 

adsorptivity as it would allow the SO2 to overcome the activation barrier and raise the collision 

fraction of sufficient collision energy to react with impregnated alkali metal oxides i.e., 

potassium hydroxide (KOH) [15]. However, literature has shown that the adsorptivity has 

decreased as the temperature increased. In fact, at lower temperatures (300 K), the following 

occurs:  

(a) The H2O produced by the reaction between KOH and SO2 on the surface of the KOH 

impregnated AC (KOH(IAC)) becomes adsorbed to the surface, reacting with SO2 and O2 to 

produce H2SO4, which then goes on to react with KOH to form K2SO4 (a stable crystalline solid). 

At temperatures higher than 600 K decomposition occurs, and so the majority of the H2SO4 

will remain on the surface at lower temperatures. This is due to SO2 being more soluble than 

H2SO4 at lower temperatures, and the reaction between KOH and H2SO4 is superior to the 

direct reaction between SO2 and KOH [149] [150]. 
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(b) The equilibrium of the SO2 reaction with O2 shifts towards the production of SO3 with 

decreasing temperature [151]. Thus, the oxidation of SO2 to SO3 will occur. 

(c) Research by the likes of Lisovskii et al, and Mochida et al, shows that although 

chemisorption is favoured, physisorption does occur at lower temperatures on ACs adsorbing 

sulphurous compounds.  So, whilst K2SO4 and KOH (IAC) are formed are formed simultaneously 

through chemisorption, physisorption is expected to occur at the same time [152] [153].  

And so, at low temperatures, the following reactions are expected to occur as the dominant 

mechanism. The reaction between KOH and SO2 forms K2SO3 and H2O. The formed H2O 

adsorbed to the surface is converted into H2SO4 by reacting with SO2 and O2. Then, with 2 mol 

of KOH, K2SO4 is formed, simultaneously producing 2mol of H2O, circulating mechanism (8), 

and thus creating a repetitive reaction [15]. 

(6)             2 KOH(IAC)+ SO2 (ads) → K2SO3 (ads) + H2O (ads) 

(7)             K2SO3 (ads) + ½ O2 (g) → K2SO4 (ads) 

(8)             SO2 (ads) + ½ O2 (ads) + H2O (ads) → H2SO4 (ads) 

(9)             2 KOH(IAC)+ H2SO4 (ads) → K2SO4 (ads) + 2 H2O (ads) 

When adsorption takes places at higher temperatures (340-370 K), the following occurs: 

(a) Instead of staying adsorbed to the AC surface, the reaction between KOH and SO2 

vaporises contrary to the low-temperature temperature reaction, oxidation into K2SO4 by 

adsorption of SO2 following reaction between KOH and SO2 will take place, which is contrary 

to low-temperature cases (reaction mechanism 10) [15].  

(b) Regardless of H2O being present, SO2 does not readily become H2SO4 (reaction mechanism 

8) as its solubility for H2O at higher temperatures is low [154].  

(c) Because chemisorption of oxygen takes place on the surface of ACs at high and low 

temperatures, oxidation of K2SO3 into K2SO4 is facilitated (reaction mechanism 12), producing 

an O2 by-product which goes on to facilitate SO oxidation [151]. The adsorptivity will show large 

variances from that at low temperature. 

(10) 2 KOH(IAC) + SO2 (g) → K2SO3 (ads) + H2O (ads) 

(11) K2SO3 (ads) + ½ O2 (g) → K2SO4 (ads) 

(12) K2SO3 (ads) + 2 SO2 (g) → K2SO4 (ads) + 2SO (g) + ½ O2 (g) 
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In summary, the reaction mechanism at higher temperature is as follow: no source of H2SO4 

is produced, K2SO3 is formed instead and takes up the selective adsorption sites of K-IAC in 

the form of K2SO4. Reaction mechanisms 6, 7, 10, and 11 are the only mechanism that occur 

at both high and low temperatures.  

Hydrogen sulphide reaction mechanism 

Another particularly common sulphurous contaminant that warrants the use of ACs is 

hydrogen sulphide (H2S). The mechanism for the adsorption of H2S onto AC is somewhat 

simpler than that of SO2, and research literature explains that it is less temperature 

dependent [144]. Due to its two sets of electron pairs producing a greatly electronegative force 

on the bonded hydrogen, the molecular geometry of H2S is bent. The bent formation of the 

molecule allows for an easier layer packing than the likes of SO2, meaning physisorption acts 

as the dominant type of surface adsorption [155] [156].  

In the physisorption, H2S adsorbs directly onto the surface (reaction 1), before dissolution into 

the water/steam film (reaction 2), followed by dissociation of the H2S in an adsorbed in the 

water/steam film (reaction 3).  

(1)            H2S (g) → H2S (ads) 

(2)            H2S (ads) → H2S (ads-liq) 

(3)            H2S (ads-liq) → HS- 
(ads) + H+ 

Additionally, surface oxidation reactions with adsorbed oxygen (reaction 5 and 6), or 

transition metal oxide catalysts (i.e. Fe, Zn, and Cu in carbons) will occur, converting H2S into 

either elemental sulphur (S) or SO2.  Further oxidation of the SO2 to H2SO4 will also happen if 

the reaction system has water/steam present (reaction 7) [16] [156].  

(4)             O2 (g) → O2 (ads) 

(5)             HS-
 (ads) + ½ O2 (ads) → S (ads) + OH- 

(6)             HS-
 (ads) + 1 ½ O2 (ads) → SO2 (ads) + OH- 

(7)             SO2 (ads) + ½ 2O2 (ads) + H2O (ads) → H2SO4 (ads) 

(8)             H+ + OH- → H2O 

Although physisorption may be the more dominant form of adsorption of H2S onto AC, 

chemisorption still takes place. H2S requires an alkali earth metal hydroxide such as KOH to 
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be present for chemisorption. The resulting reactions convert the H2S into either adsorbed 

KHS or K2S, with by-products of H2O (reactions 9 and 10). Moreover, the H2O produced from 

both reactions can aid the oxidation of the SO2 (formed in the physisorption) into H2SO4 (see 

reaction 7) [157]. 

(9)             H2S (g) + KOH(IAC) → KHS (ads) + H2O (ads) 

(10) H2S (g) + KOH(IAC) → K2S (ads) + 2 H2O (ads)  

However, there are notable disadvantages to chemisorption being used for the adsorption of 

H2S: (1) at low temperatures self-ignition can occur due to the exothermic nature of reactions 

between KOH and naturally occurring CO2 in the air, (2) the capacity for simultaneous 

physisorption is limited due to the filling of the pore system with the impregnate, (3) H2SO4 

produced during oxidation is corrosive and can damage equipment, (4) the cost of alkali earth 

metal hydroxides is high and the costs for impregnating ACs with them further increases 

running costs [158] [159].  In summary, the two forms of adsorption happen simultaneously, with 

chemisorption helping to propagate further oxidation reactions from those first achieved 

because of the physisorption.  

2.4.2 The issues with regenerating spent sulphurous activated carbon    

As discussed in Section 3.2.1, during the conventional regeneration of spent sulphurous ACs 

the system is heated to high temperatures of 400-600 oC for the pyrolysis stage, before being 

heated up to 1000 oC during the reactivation stage [91]. The purpose of which is to convert the 

adsorbed sulphurous compounds into gases so that they can be removed. However, heating 

the removal of the adsorbed compounds present several issues, as will be discussed below.   

Gaseous H2S removed from the AC is an extremely odorous and very toxic gas. In terms of its 

toxicity, prolonged exposure to low levels of the gas can induce nausea, tearing at the eyes, 

headaches, or loss of sleep, as well as bronchial constriction in those who suffer from asthma. 

As concentrations increase, exposure can inflict more dangerous effects on persons in its 

vicinity, including loss of smell and even death [160]. However, post-adsorption, some of the 

H2S has been converted to S, which is also an extremely pungent and toxic compound. There 

are also issues pre-regeneration with storage of large quantities of the spent AC: if the storage 

facility for the spent sulphurous ACs is in a close vicinity to members of the public (i.e. 

residential) then the health hazard may be passed along, potentially causing entanglements 
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with and even financial punishments from local governing bodies and/or councils [160]. H2S is 

also extremely flammable, and even explosive. And, when oxidised (shown below), it will 

convert into sulphur dioxide (SO2) exothermically, a gas that causes as many problems as H2S 

in terms of health and safety [161]. Thus, storing the spent sulphurous ACs pre-regeneration 

can become a major problem.  

Additionally, in terms of post-regeneration, SOx and other sulphurous compounds adsorbed 

from the initial sulphur capture (HS-, S, H2S), or produced from heating to high temperatures 

during regeneration, provide their own set of health hazards in a working environment: the 

release of gases into the air which are toxic by inhalation (can cause death), extremely 

corrosive to skin (causing extensive chemical burns), and it is also extremely corrosive upon 

contact with eyes.  

Additionally, although SO2 is not corrosive towards metals or metal alloys, it readily reacts 

with atmospheric water to form H2SO3, which in turn reacts with oxygen molecules to form 

H2SO4 (in this case, acid rain), hence the classification as a greenhouse gas [17] [162]. Plus, H2SO4 

adsorbed onto the AC will also desorb under high temperatures. The metal corrosion rates of 

H2SO4 are not problematic in an industrial setting until the temperature is raised to over 150 

oC, or if the concentration levels are high (shown below in Figure 22). This is due to the H2SO4 

returning to a liquid phase at this temperature as intermolecular attractions between 

sulphurous species and the AC begin to diminish with the increasing temperature. As the 

H2SO4 approaches 337 oC it will begin to turn into a gas and thus the area in which corrosion 

can occur begins to increase [17].  
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Figure 22. ISO corrosion chart for H2SO4 [162][163]. 

However, in addition to H2SO4 acting as a corroding material, H2S itself also influences metal-

alloy framework, especially that which contains iron. Corrosion due to H2S is mainly 

electrochemical in nature; products of dissociation of the H2S gas are aggressive and can 

catalyse electrochemical reactions, especially the dissolution of Fe [164]. Surface scale 

formation is one of the important factors governing the corrosion rate. The scale growth 

depends primarily on the kinetics of scale formation. In contrast to relatively straight forward 

iron carbonate precipitation in pure CO2 corrosion, in an H2S environment many types of iron 

sulphide may form such as amorphous ferrous sulphide, mackinawite, cubic ferrous sulphide, 

smythite, greigte, pyrrhotite, troilite and pyrite, among which mackinawite is considered to 

form first on the steel surface by a direct surface reaction [165] [166]. The poorly known 

mechanism of H2S corrosion makes it difficult to quantify the kinetics of iron sulphide scale 

formation. A probable mechanism for iron dissolution in aqueous solutions containing H2S 

based on the formation of mackinawite film (see Figure 23 below).  
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Figure 23. Proposed mechanism for H2S corrosion of Fe [165]. 

As discussed in Section 3.2.1, he other major issue with conventional thermal regeneration of 

AC the potentially for loss of adsorption capacity due to the changes in pore structure of the 

carbon when heated to such high temperatures for a prolonged period. Often resulting in the 

widening of micropores, reducing the total surface area [91]. This was found by  in research by 

Zain et al, and Feng et al, who used different impregnates (ferric chloride hexahydrate 

(FeCl3.6H2O), and Zinc, respectively) for the regeneration of ACs used previously to adsorb 

H2S , and both sets of research found pore widening and destruction during their post-

regeneration analysis [167] [168]. However, in the study by Bagreev et al, concerning the thermal 

regeneration of spent ACs  impregnated with caustics (KOH and/or NaOH) which had been 

used to adsorb H2S, the issue was not the destruction of pore structure, but instead the loss 

of adsorptivity. Interestingly the loss of adsorptivity in ACs usually attributed to pore 

damage/destruction, but the study found that pore structure could be regenerated 100%. 

However, the cause of the loss of adsorptivity was discovered to be a change in surface 

chemistry; the oxidation and/or incorporation of sulphur into the carbon matrix itself. It was 

believed that this adoption of the sulphur into the matrix had reduced the number of active 
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sites on which further adsorbents could be adsorbed [169]. This was evident after reduction in 

the percentage of total sulphur removed.  

And so, although regeneration provides an alternative to purely disposing of spent sulphurous 

ACs, it does also come with several major disadvantages. The purpose of this study is to 

examine if the regeneration spent sulphurous ACs will not only be possible via MW 

technology, but whether it will abate the issues discussed above.  

2.5 Literature conclusions 

The regeneration of AC has been investigated in numerous works, some of which have been 

summarised in this literature review. The objective of these works was mainly to provide an 

alternative to the production of virgin AC with regeneration methods; increasing access to a 

valuable filter and adsorbent, decreasing the amount of wasted spent materials, and reducing 

the financial costs associated with the production process for both the customer and supplier. 

A plethora of research regarding the adsorption of sulphurous compounds onto AC was 

studied, owing to the growing demand for removal of compounds such as H2S and SOx from 

industrial water and gas streams. The literature showed that the use of AC for the adsorption 

of these sulphurous compounds has been extremely effective. Due to the growing demand 

for ACs as a source of sulphur compounds removal, research regarding the regeneration spent 

sulphurous ACs was studied. The typical methods of regeneration being carried out on spent 

sulphurous ACs were found to be chemical and thermal, with thermal being the favoured 

option by far. Thermal regeneration has been proven to be effective at removing adsorbed 

sulphurous species from AC, although, it has also presented its own problems i.e. corrosive 

and toxic materials produced on the surface of the AC during adsorption are undergoing 

phase change during the regeneration process and being released in a gaseous form.  

This literature review emphasised the importance of the efficiency of heating methods in the 

reduction energy and time requirements for the regeneration of AC. Previous research has 

shown that the unique properties AC (i.e. the high surface area, porosity, and adsorption 

capacity) are strongly affected by the by regeneration conditions such as temperature, 

reactivation time and activating agents. As such, the use of MW heating on AC properties was 

studied in preparation for the research into whether MW heating could act as a suitable 

regeneration method for spent sulphurous AC. Accordingly, the properties of MW heating 
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were studied in comparisons with the traditional conduction-convection heating methods, 

alongside the adsorption and desorption of specifically sulphurous compounds to provide a 

platform for this thesis. The next chapter will introduce the methods by which the research 

was conducted throughout the course of this thesis.   
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3. Experimental methodologies 

3.1 Activated carbon materials involved in this study 

The AC used in this study were identified and selected by this project’s sponsor company, CPL. 

CPL specialise in both the production and regeneration of AC. A large portion of CPL’s clientele 

use AC to remove high levels of sulphurous compounds from waste streams before returning 

the spent AC for regeneration. This presents a problem, as the adsorbed sulphurous materials 

are often desorbed in such a way that they will undergo chemical reactions that lead to the 

production of other materials, such as sulphuric and sulphurous acid. As such, most studies 

presented in this thesis will pertain to activated carbon that has been loaded with sulphurous 

compounds typical to industrial waste processing systems, including hydrogen sulphide and 

sulphur dioxide. 

The samples provided were loaded with high levels of sulphur to emulate the typical returned 

spent sulphurous ACs that CPL receive from customers. In other words, these samples had 

sulphurous compounds adsorbed onto the surface by CPL that are typical of the sulphurous 

adsorbates on AC received by CPL for regeneration. The provided spent sulphurous ACs had 

an average sample sulphur percentage of 41.51 % (+/- 0.93 std). It should be noted that the 

samples provided were taken from the same batch to allow for a fair representation of 

desorption and reducing the possibility of  stark AC composition changes leading to alternate 

effects when processed during experimentation. Other adsorbates have been 

desorbed/processed using the same microwave-based methods to allow for study on 

whether the methods developed are viable for a wider usage in the industry. 

The AC used in this study were produced from several carbonaceous feedstock materials, with 

the majority coming from the same base source of charcoal. This charcoal itself is known to 

have significant iron levels that can be seen in the XRD later. Additionally, the ACs used were 

impregnated with sodium hydroxide and potassium hydroxide during their initial production 

to allow for adsorbate targeting when used in waste stream remediation. 

Additionally, the ACs used were provided in several forms with regards to their shape – 

pellets, large granules, small granules, and powders. The reason for this being that users of 

the AC have different needs and different types of waste streams that may require larger or 
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smaller AC particle size. Thus, the method needed to be tested on different particle sizes to 

understand whether it would be a viable regeneration process for all types of spent 

sulphurous AC being returned to CPL.  

3.2 Material characterisation 

The aim of the experiments described in this section was to study the effects of MW heating 

on spent activated carbon and whether it provided a viable alternative to traditional 

regeneration methods. Material characterisation involved butane analysis to show the 

returned adsorption capacity, XRD analysis to identify adsorbate molecules before and after 

regeneration, and EPMA scanning to help visualise the concentration, location, and 

movement of adsorbed materials before and after analysis.  

3.2.1 Sample preparation 

As previously mentioned, the spent sulphurous activated carbon samples were provided 

directly by CPL. The cylindrical pelletised samples were 5-8 mm in length with a diameter of 

3mm. the large granular samples were more varied in their size distributions, with individual 

granule dimensions being, on average, 8 mm x 6 mm x 4 mm. The small granular samples used 

exclusively for experiments regarding non-sulphurous adsorbates were approximately 0.8 

mm x 0.5 mm x 0.1 mm. The powdered samples were classified as moderately fine, meaning 

the powder particles passed through a sieve with a nominal mesh of 355 microns. Examples 

of the AC particle sizes are shown below in Figure 24.  

 

 

 

 

 

 

 

Figure 24. Spent activated carbon samples – (left to right) pellet, large granule, small granule, 

moderately fine powder. 
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3.2.2 Sample analysis 

Adsorption quantification 

Originally the intention had been to measure the adsorption capacity of samples pre- and 

post-regeneration using Brunauer-Emmett-Taylor analysis (BET analysis). BET analysis is 

traditionally used to characterise surface area, morphology, and subsequent adsorption 

capacity in adsorbents such as AC. However, the sulphurous adsorbates involved in this 

research made it impossible to use BET. The reason being that during the initial phases of BET 

analysis, a sample must be put under a vacuum to allow for accurate pore analysis. The multi-

layered packing of some of the physiosorbed adsorbates had weak intermolecular 

interactions that caused them to be removed into the vacuum line quickly, clogging the lines, 

and causing critical technical errors. After several attempts of trying to avoid this 

phenomenon, it was decided that the technique would not be viable for these samples. 

Carbon tetrachloride analysis was employed as a replacement for BET analysis. CTC being a 

method in which bulk adsorption capacity is characterised by measuring sample mass before 

and after carbon tetrachloride gas is passed over the sample. However, due to CTC’s ozone 

damaging nature, butane gas is used as a replacement. Butane gas is a suitable replacement 

to CTC for the analysis when it comes to analysing AC adsorption ability, correlating to CTC 

activity by a factor of 2.55, with an R2 value of 0.935 [170]. 

 

Figure 25. Carbon tetrachloride activity versus butane activity [170] 
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CTC gas activity is calculated using butane gas as shown below: 

Equation 13. 

𝐶𝑇𝐶 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦, % = 2.55 × ( 
(𝐷 − 𝐶) × 100

(𝐶 − 𝑀)
) 

 

The process itself is setup as shown in Figure 26:  a rubber hose links the butane cylinder to a 

flowmeter, which is then linked to a second rubber hose that attaches directly to the sample 

tube. With this, a controlled flowrate of 250 ml/min of butane over a period of 1200s ensures 

a complete saturation of the sample. The sample itself was dried at 105oC in a muffle oven 

before being placed into a specialised glass sample tube that has a sintered disc base on which 

samples can be places and gas can flow out into a fume cupboard, avoiding pressure build-

up. 

Figure 26. The experimental setup for CTC activity analysis of spent activated carbon. 

 

 

Where: M = Mass of the sample tube and stoppers 

 C = Mass of unsaturated (butane) activated carbon + M 

 D = Mass of butane saturated activated carbon + C + M 
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X-ray Diffraction 

Concerning surface adsorbate identification and characterisation, X-ray diffraction (XRD) has 

been employed widely when analysing the change to adsorbate species via processing, and 

the effects of desorption processing on the adsorbent itself [171] [172]. The XRD device used for 

this research was a Bruker D8 Advance Series 2 with a Cu x-ray tube, parallel beam function, 

and a scintillation counter detector. A key advantage also being that not only can adsorbate 

species be identified pre- and post-regeneration; the molecular geometry and crystalline 

state can be identified. This can be key in identifying whether a molecule has remained 

adsorbed to a surface during heating or has taken part in a reaction and has changed state, 

such as sulphurous compound adsorption and desorption discussed previously.  

In this study, XRD was performed to determine the identity of sulphurous adsorbates and to 

study how the effects of MW heating had changed the geometry of said adsorbents, as well 

as identifying compounds formed during the heating/regeneration of the spent activated 

carbon. For this analysis the sample size was kept consistent for activated carbon forms, and 

a selection of carbons were analysed from each experiment to eliminate anomalous results. 

Additionally, samples were run over longer periods than typical for the instrument – 10 hours 

rather than 20 minutes – to gain a better signal-noise ratio. Essentially, longer scans ensured 

more accurate results as opposed to quicker scans which would be useful only in giving a brief 

impression of the potential compounds available. 

Electron Microprobe Analysis 

Electron microprobe analysis is an x-ray spectrometry based quantitative determination of 

elemental composition for solid samples. It is a non-destructive technique that allows for the 

mapping of concentration distribution for elements and compounds. It is like an SEM 

(scanning electron microscope) and includes electron imaging capabilities, but it is optimized 

for chemical determination. Low-energy electrons are emitted from a tungsten filament and 

before  acceleration by an anode plate at 3-30 electron volts [175]. The anode plate has a 

central opening through which electrons pass and are collimated via a series of magnetic 

lenses. This results in an electron beam which can then be rastered across samples to produce 

several several effects: phonon excitation (heat), cathodoluminescence (visible light 
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fluorescence), continuum x-ray radiation, characteristic x-ray radiation, secondary electrons, 

backscattered electron production, and Auger electron production [175].  

Upon the electron beam interaction with the bound electron shells of the target atoms, they 

scatter the bound electrons producing vacancy and thus ionize the atoms. This ionized atom 

is unstable and must be filled by unbound electrons of low energy. The difference in binding 

energy between electron shell in which the vacancy was produced and the shell from which 

the electron comes to fill the vacancy is emitted as a photon [176]. The energy of this photon 

is on the x-ray region of the electromagnetic spectrum. With each electron structure of each 

element being unique, the x-ray line energies produced from the interaction differ for each 

element [176] [177]. These x-rays can then be analysed and used to identify the elements 

present. Additionally, in the case of EPMA, the number of x-rays produced from each 

quadrant areas can be analysed to show the concentration of the element when compared 

to the quadrants across the rest of the target site [175]. EPMA scans can also be used 

comparatively for samples before and after they have undergone processing to show changes 

in structure – loss of the structure is visible on the scans [175] [176] [177]. 

With this technique the element of sulphur can be selected as a target element and the EPMA 

scan will identify if it is present and what the concentration dispersion is. This technique was 

selected for part of the analytical methodologies to help understand the movement of 

sulphur across the AC before and after processing. This would help to identify the effects MW 

processing had on adsorbed sulphur and to what degree desorption was occurring. 

The electron microprobe analysis was carried out using the EPMA function of the NMRC’s FEI 

Quanta 200 3D Dual Beam FIB-SEM. This use of the device and the techniques required for 

this particular use were supervised by Elizabeth Steer.  

  



 

 

79 

 

4. Method development 

The aim of the experimental and analytical techniques outlined in this section was to study 

the chemical makeup and adsorption capacity of the spent AC, and identify the adsorbed 

sulphurous compounds, before and after conventional thermal regeneration. The thermal 

regeneration performed on the spent AC is detailed in Section 4.4. Conducting the thermal 

regeneration would not only give a standard to which later MW regenerated samples could 

be compared, but also help to identify the reactions taking place when adsorbed sulphur 

species were being heated and oxidised during said regeneration process. 

4.1 Adsorption capability 

Roughly 10 kg of spent sulphurous AC was provided by CPL. The sample provided was 

provided as a representation of the typical spent sulphurous AC the company regenerates 

daily for clients. Following the companies preferred method of testing adsorption capability, 

butane activity analysis was utilised. The samples provided came in two forms: compressed 

cylindrical pellets, and large granules, with approximate dimensions stated in Section 3. Each 

butane analysis run was conducted with 10.00g (+/- 0.02 std) to allow for a fair 

representation. The AC was found to have a butane activity of 2.01 % (+/- 0.11 std). The less 

uniform construct of the granules was believed to have led to less adsorption taking place 

during industrial use. These two numbers would go on to help characterise how much 

regeneration capacity had been regained during any form of regeneration as CPL stated that 

an average thermal regeneration of spent sulphurous AC would yield AC with a butane activity 

of 40-50%. 

4.2 Sulphur species identification and distribution 

XRD is an analytical method used to identify the compounds adsorbed to the surface of AC 

before and after all methods of regeneration to help clarify the physical and chemical 

transformations of the adsorbates. It has been widely used for study of AC adsorbates 

undergoing pyrolysis [178]. XRD can also show changes in the overall carbon structure that 

occur during heating processes such as pyrolysis as the appearance of amorphous humps on 

the diffractogram indicate charring, which is typically indicative of loss of overall structure 

[179].    
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The main sulphurous compounds adsorbed to the surface of CPL’s ACs are H2S, CS2 and SO2. 

XRD was used to confirm the presence of these adsorbates on the surface of the spent AC, as 

well as the presence of impregnates used in these ACs to aid adsorption: the likes of FeOH, 

NaOH, KOH. For SO2, as described by Young-Wahn et al, the adsorption mechanics are 

relatively simple, with SO2 chemisorbing to the surface of the AC via bonds being formed 

between the metal oxide ions from the impregnates and the SO2 directly, resulting in 

potassium sulphite [180]. This potassium sulphite interacts with atmospheric oxygen ions to 

form potassium sulphate. 

2 KOH (IAC)+ SO2 (ads) → K2SO3 (IAC) + H2O (ads) 

K2SO3 (IAC) + ½ O2 (g) → K2SO4 (IAC) 

 

H2S can chemisorb to the surface of the ACs in much the same way as SO2, reacting metal 

oxide impregnates to form metal sulphates. 

 

H2S (g) + KOH (IAC) → K2S (ads) + 2 H2O (ads)  

 

However, owing to its molecular size, H2S also can physisorb directly onto the surface carbon 

via intermolecular forces such as Van Der Waals and London dispersion forces [181]. 

Additionally, the physiosorbed H2S can then react with the metal oxide impregnates to form 

metal hydrosulphides, such as potassium hydrosulphide, allowing for chemisorption to also 

take place [182]. 

H2S (g) → H2S (ads) 

H2S (ads) → H2S (ads-liq) 

KOH (IAC) + H2S (ads-liq) → KHS 
(ads) + H2O (ads) 

H2S (g) + KOH (IAC) → KHS (ads) + H2O (ads) 

 

With CS2, both chemi- and physisorption can take place similarly to that seen with K2S, 

resulting in the formation of metal thiocarbonates and metal carbonates being formed on the 

surface [183]. However, the linear geometry of CS2 also allows for multilayer packing to take 

place, increasing the strength of intermolecular interactions and thus promoting higher rates 

of adsorption. 
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6 KOH(IAC) + 3 CS2 (g) → 2 K2CS3 (ads) + K2CO3 (ads) +3 H2O 

CS2 (g) → CS2 (ads) 

 

The XRD analysis showed signs of all the compounds shown above in the adsorption formulas, 

with particularly intense peaks for sodium sulphate/sulphate analogues, and potassium 

sulphate ions. XRD analysis was performed of both the surface of the pellets and granules, 

and of cross sections to give a fair representation of distribution of adsorbed species. There 

was no discernible difference between the identities of compounds found on the scans taken 

between the adsorbed materials found inside the ACs and those found at on the outside. 

However, there were differences in the peak intensities, suggesting the compounds were 

distributed unevenly throughout the AC. 

 

Figure 27. XRD diffractogram of spent sulphurous AC pellet surface. 

4.3 Electron Micropore Analysis 

The experimental methods for EPMA are detailed in Section 3. Figure 28 shows an EPMA scan 

of the distribution of sulphurous materials across breadth of one of the spent AC pellets. In 

addition to this, Appendix C shows the intensity profile of the scan created using ImageJ – this 

allowed for a more quantitative gauging of the sulphur distribution across the AC. The EPMA 

scans show an uneven distribution of sulphurous compounds, with higher concentrations on 

the outer edges of the pellet. Additionally, the corresponding intensity profile showed an 

uptick in the gray value at the edges of the pellet. This mirrored what was shown with the 

peak intensity in the XRD diffractograms: compounds being more common on the outside of 

PDF 00-037-1465 Na2SO4 Thenardite, syn 
PDF 00-001-1000 Na2SO4 Sodium Sulphate Oxide 
PDF 00-002-0819 Na6(CO3)SO4)2 Burkeite 
PDF 01-080-4870 KS Potassium Sulphide 
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the AC as opposed to being inside. Additionally, as seen in the study by Li et al, impregnates 

tend to be in higher concentrations on the outer edges of AC pellets/granules due to the way 

by which they are implanted into the AC during pyrolysis of carbonaceous materials [184]. With 

the concentration of impregnates decreasing towards the centre of the AC, the number of 

sites onto which chemisorption can occur with the adsorbates decreases, leading to an overall 

decrease in the level of adsorption occurring. 

 

Figure 28. (top) EPMA scan of a cross section of non-regenerated spent sulphurous activated 

carbon with sulphur percentages shown at randomly selected areas across the pellet.  

The distribution of sulphurous compounds could also be indicative of the overall pore 

distribution on these particular AC. As stated in Section 2.1, ACs pore classification is 

characterised by decreasing diameter: Macro (greater than 50 nm); Meso (2 – 50 nm); and 

Micro (less than 2 nm) [52]. CS2 has a linear geometry which allows for molecular packing on 

ACs impregnated with metal oxide impregnates when physisorbing and could allow for 

multilayer adsorption onto the surface of pores with a smaller diameter. However, H2S and 
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SO2 cannot form packed layers in the same way owing to their V-shaped molecular geometry 

causing, promoting weaking interactions intermolecularly. Additionally, as pore size 

decreases, the overall molecular radius effects the ability of molecules to adsorb next to one 

another as they begin to compete for adsorption site space.  

4.4 Thermal Regeneration  

The aim of the thermal regeneration experiments was to create representation of 

conventional regeneration that could be used as a comparison for microwave-based 

regeneration experiments. Additionally, analysing the thermally regenerated samples would 

give information about how thermal regeneration affects the chemical makeup of the 

sulphurous adsorbates – high temperatures and oxidation phase causing the formation of by-

products such as sulphuric and sulphurous acid [15] [16] [156]. 

Spent sulphurous ACs samples were regenerated thermally using the method described in 

Section 2.2.2 .  This method was designed to mimic the setup used by CPL at their Immingham 

facility, albeit a scaled down version that allowed for 5.00g of the sample to be regenerated 

at oner time. The use of a lab scale, as opposed to the full-scale facility, was to allow for a 

more comparable set of results to those from the upcoming MW regeneration experiments.  

The butane activity for both for thermally regenerated samples came to 40.88 % (+/- 0.92 

std), and the mass loss was 50.31 % (+/- 0.95 std) for the granules. This was to be expected as 

the thermal regeneration method has been an industry standard in the removal of sulphurous 

adsorbents from AC for decades. 

When analysing the regenerated samples via XRD there were signs sulphuric and sulphurous 

acid analogues in the form of sodium hydrogen sulphate and potassium sodium sulphate, as 

well as sulphuric acid found on the surface. The formation of sulphuric acid and its analogues 

echoed the information provided by CPL, who themselves had witnessed acid production 

during their industrial regeneration. The reaction for which is well documented by the likes 

of Perry et al in ‘Perry’s Chemical Engineering Handbook’, and several others [181][182][183].  



 

 

84 

 

 

Figure 29. XRD diffractogram of thermally regenerated AC pellet surface. 

However, the prevalence of sodium sulphide analogues indicates carbothermic reactions 

between adsorbed sulphates and elemental carbon that has been charred and removed from 

a larger carbonaceous body (as shown below) [185][186]. This was confirmed with the EPMA 

scans taken of the regenerated granule which shows large dark areas where there previously 

were non and fraying around the edges. The intensity profile (Appendix C) also showed a 

larger number of dark spots in the form of very low gray values, symptomatic of very low 

sulphur concentration areas, or areas of missing carbon because of heat damage. The general 

trend in the intensity profile of vastly decreased gray values showed the decrease in sulphur 

concentration: sulphur concentration originally depicted as blue in EPMA scans indicate a 

lower concentration in the highlighted area and a darker (blue) colour corresponds to a lower 

gray value. Additionally, the XRD diffractogram also showed amorphous humps in the regions 

of 22-27 and 41-47 2Theta (highlighted on diffractogram). This likely occurred due to the high 

temperature required to allow for pyrolysis and reaction to occur. With MW heating being 

volumetric, this requiring lower temperatures to ensure that the entirety of a material is 

heated to the same extent, this should be something that can be avoided. Localised heating 

that comes with MW heating should allow for bonds and interactions between carbon and 

non-carbon species due to polar interactions being present rather than between carbon-

carbon bonds which are not dipolar [128]. However, localised heating with MWs can also 

overheating and what is termed as thermal runaway. This effect occurs when dipolar 

molecules such as H2S exert excessive thermal energy whilst they themselves are being 

heated, leading to thermal damage to surrounding non-polar molecules bonds [129]. 
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Sodium Hydrogen Sulphate 
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Na2SO4 (ads) + 2 C (s) → Na2Sx (ads) + 2 CO2 (g) 

 

Figure 30. EPMA scan of a cross section of the edge of a of thermally regenerated sulphurous 

activated carbon. 

4.5 Processing options for microwave heating 

As discussed in Sections 2.2 and 2.4, one of the main challenges facing MW heating is the 

heterogeneity, which can lead to thermal runaway and localised overheating. Heating 

heterogeneity issues arise because of the nature of standing waves inside the applicator 

which create areas of high electric field intensity and others of low electric field intensity. It 

was theorised that using a narrow waveguide cavity would give a high field intensity and thus 

reduce the likelihood of localised overheating. Additionally, as shown earlier in Section 4.4, 

ACs are susceptible to structural damage when exposed to high temperatures for long 

periods, but a high energy input is required to allow for desorption to occur. With a single-

mode cavity creating a high field intensity, the period of heating can be relatively quick as it 

allows for high energy input quickly. Plus, with short, sharp periods of heating that target only 

the adsorbates, an oxidation step may not be required, eliminating the risk of acid production 

that has been previously discussed with regards to thermal regeneration. 
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Essentially, a balancing act between the energy input and period of exposure had to be struck 

to allow for maximum adsorbate desorption while avoiding overheating that leads to 

structural damage of the AC. The details of a proposed MW-based regeneration system for 

spent sulphurous ACs will be discussed in the following chapters. This will include the initial 

design, and modification made over time to the process and rig design that helped to identify 

the optimum setup required for MW regeneration of spent sulphurous ACs.  
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5. Microwave heating of spent sulphurous 
activated carbon: initial process design 

5.1 Introduction 

The aim of the work reported in this chapter is to develop an initial design for overcoming the 

issues with conventional thermal regeneration of spent sulphurous AC via MW heating. 

Heating via MWs differs from conventional heating in that the process material heats 

volumetrically due to interactions with the electric field. There are several mechanisms by 

which heating can occur, and the overall extent to which a particular component or phases 

will heat depends on the electric field intensity and the dielectric properties [108] [117]. In the 

case of AC with adsorbed contaminants such as adsorbed sulphurous compounds, the 

adsorbed material, carbon and any water that is present will all interact individually with the 

electric field, meaning that the levels of energy dissipation will be different for each 

component. If the thermal conductivity/diffusivity is low, then it is possible for all three 

components to attain different desorption temperatures (i.e. selective heating). Additionally, 

the volumetric nature of this kind of heating can greatly reduce the time required for 

processing, improving the overall energy efficiency, and reducing the potential for by-product 

formation.  

A move away from traditional thermal regeneration provides a benefit from an industrial 

standpoint. In the case of CPL’s regeneration of spent sulphurous AC, the main issues that 

arise are sulphurous acid compounds being formed from interactions between the adsorbed 

sulphurous species (SO2, H2S, C2S) and steam used in the activation step; the length of time 

required to regenerate (upwards of 10 hours per ton); and the energy & financial costs 

incurred from heating at such high temperatures over long periods. Several previous studies 

have reported microwave-based regeneration processes. Numerous key advantages have 

been highlighted such as vast reduction in time required for regeneration, the ability to 

generate favourable levels of returned adsorptivity when processing over short periods, and 

the ability to regenerate without needing further activation with steam/carbon dioxide [145]. 

Coss et al. utilised MW heating as a replacement for the activation step in thermal 

regeneration, resulting in a reduced overall regeneration time whilst maintaining the final 

adsorption capacity [146]. If adsorption capacity could also be restored to the AC by removing 
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the adsorbed material whilst leaving the porous carbon structure intact, MW heating would 

offer a step-change for regeneration and will promote a move away from traditional thermal 

regeneration processes. 

It should be noted here that there are no published studies specifically addressing the use of 

MW heating as replacement for the entire regeneration process, rather only documenting the 

replacement of certain steps such as Coss et al’s work on activation step replacement, and 

the likes of Ao et al,  and Liu et al, who worked specifically on the formation of AC from 

carbonaceous sources. The latter of these studies providing insight into the issues that arise 

with overheating when forming a porous network, but do not specifically address MW heating 

effects on pre-standing porous networks, spent or otherwise [173] [174].  

5.2 Properties influencing microwave heating of porous carbon 

Volumetric heating and deep energy penetration for MW heating is the founding principle 

behind the uniform heating inside materials that Meredith reported in his seminal book, 

‘Engineers Handbook of industrial Microwave Heating’ [128]. However, successful MW heating 

of a material is strongly dependent on power, irradiation time and cavity design, as well as 

the dielectric properties of the materials. These parameters must be controlled to allow for 

efficient MW heating to occur. If they are not controlled then hot spots could occur in which 

areas of a material are heated at a higher rate than others, leading to a reduction in an overall 

efficiency of the process. 

Non-uniformity in MW heating of some materials correlates with dielectric properties such as 

penetration depth (Dp). Additionally, hotspots/overheating can occur when polar molecules 

are in a higher concentration in certain areas as opposed to being spread evenly across a 

larger host material such as a non-polar porous material. As such, even at higher MW 

irradiation powers, power will be at its highest density on the surface of a material, whilst still 

at relatively lower levels towards the centre. Thus, the surface of the material heats, often 

exponentially, whilst transferring to the centre of the material more slowly [143]. As 

documented in section 4.2, the spent sulphurous AC provided by CPL were shown to have 

most of their sulphurous adsorbate concentrated around the edges of the pellet rather than 

having a more even distribution. This was seen to be key to understanding the how the MW 

heating would affect the samples. 
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As such, the following sections of this chapter will seek to analyse the effects of power and 

field intensity on the provided samples, the ability to heat uniformly, and how these factors 

affect the adsorption capability. 

5.3 High Field Density 

Up until the early 2000s commercial scale microwave processing was limited to multimode 

units owing to industrially viable single-mode units being unavailable to industrial practises – 

single-mode units tend to be small and only able to process very limited samples sizes at any 

one time [187]. During the past few decades, the availability and viability of small, fast 

processing single-mode units has expanded after research and development of unit direct 

temperature control via IR sensor probes and software enabled on-line temperature/pressure 

control via microwave power output [188] [189]. The major merit to single-mode cavity MW 

heating is the ability to selectively heat components of materials with a relatively low energy 

input and achieved optimal heating rates within a short period [130 [131]
. This is achieved due to 

the high electromagnetic field density generated and carried through a narrow cavity to the 

target sample, which will be bombarded with a high level of incidence, as discussed in Section 

2.3. However, one of the main drawbacks to using a single-mode waveguide cavity is the 

limitation that comes with such targeted heating in the form of overheating occurring as 

energy passes from MW-absorbing polar molecules (which redistribute the adsorbed MW 

energy as heat energy) to surrounding non-polar molecules via conduction (in this case 

resulting in surrounding carbon charring). 

In the initial work it was decided to start the studies by using a custom-built single-mode 

microwave rig to investigate the effects of single-mode cavity viability as well as the effects 

of power and irradiation time. This was followed alternating irradiation exposure via a pulsed 

method and using solvent bathing to cool samples and avoid overheating. The results of which 

are presented throughout this chapter, with the first being the effects of just the single-mode 

cavity setup. 
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5.3.1 Single-mode cavity – Preliminary experiments  

Design  

The initial stage of the MW heating of the spent sulphurous ACs took place inside a 3.2 cm 

quartz glass tube (the reactor). The quartz tube was then inserted into the cavity via a 40 cm 

long metallic tube with an internal diameter of 5.0 cm, acting as a choke for the 

electromagnetic power. MW power was supplied by a custom-built microwave rig consisting 

of a 2.0 kW generator (~2.45 GhZ) which supplied MWs to the single-mode cavity through 

WR340 aluminium waveguide together with E-bends as shown in Figure 31. An automatic 

three-stub tuner was attached to the waveguide for power analysis. 

 

Figure 31. Experimental setup for spent sulphurous AC regeneration in custom-built MW rig. 

For each of the heating experiments, a weighted quantity of the spent sulphurous AC (10.00g 

(+/- 0.2 std)) was placed in the reactor. During the heating of samples, the cavity was inerted 

using a continuous flow of nitrogen at 2 L.min-1 as a safety feature to avoid fire in case of 

failure in the system such as electric breakdown and/or any breaks in the quartz tube. The 

flow of nitrogen was turned on 3 minutes before experiments took place and remained on 

for 5 minutes after. This was to ensure that the oxygen content inside the cavity was less than 

5%, per the calculated inerting levels shown in Appendix 10.1. A PTFE window was attached 

to the waveguide to ensure nitrogen and any vapours would not flow directly into the 

generator. Off-gases were collected via a cold trap and activated carbon trap, with any excess 

gases being vented out of the building. 
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The MW power was set to various levels (200 W, 400 W, 600 W, 800 W) before the MW was 

turned on. A stopwatch was used to track heating times as well as an automated timer on the 

MW generator itself. At the end of each experiment the MW power was turned off. 

After each experiment a period of 10 minutes was allowed for sample and reactor cooling to 

allow for safe manual handling. The samples were then weighed to allow for a quick look at 

how much sulphurous compounds may have been removed before thorough analysis via 

methods outlined in Section 3. 

Experiments 

The preliminary MW regeneration experiments of spent sulphurous AC were run at varying 

powers and over various periods to establish the effects each would have, respectively, on 

the level of heating, sulphur removal, and overheating that may lead to damage to the overall 

AC. In addition to this, the specific energy input for each experiment was calculated using the 

adsorbed energy data recorded from each experimental run to show the efficacy of the 

method when compared to the laboratory scale thermal regeneration. This was done using 

equations 14a and 14b, shown below. Analysing the specific energy input allowed  

comparisons between differing irradiation time, powers, and samples masses in a single 

parameter. 

Equation 14a 

Enea =  
PrAvg ×  t

1000
 

 

Equation 14b 

𝑒 =
Enea

𝑚
 

 

Where: Enea = Net energy absorbed, KJ 

 PrAvg = Average reflected power, KJ 

 t = Time, s 

 e = Specific energy input, KJ. g-1 

 m = Mass change in sample, g 
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Irradiation time 

As shown in Table 4, the increase in MW irradiation did lead to overall increases in the butane 

activity for the AC samples, with those running for 360s achieving 33.43 % (+/- 0.87 std). 

Although this does not match the levels of butane activity seen achieved in the lab-scale 

thermal regeneration experiments for AC granules, 40.88 % (+/- 0.92 std), the level of butane 

activity symbolised significant value with regards to the time taken for regeneration 

processing. Thermal regeneration in the laboratory set-up required roughly 1 hour (+/- 5 

minutes) to reach the temperature suitable for the oxidation step (600 oC). Once at the correct 

temperature, a 30-minute dwell time with the addition of steam was required to allow for a 

complete oxidation of the samples, followed by roughly 1-1.5 hours for the furnace (and 

samples) to cool to a temperature at which they could be handled. As stated in Section 4.4, 

this follows the procedures conducted by CPL with their current industrial scale thermal 

regeneration unit. As such, although the level of butane activity was lower than that achieved 

thermally, the reduction in processing time represents a significant saving for the project’s 

intentions to scale to industrial processing at this early stage of development. 

 

Table 4. Effects of MW irradiation time on AC butane activity and specific energy input using 

400 W power. Standard deviation (+/- x.xx) shown was calculated for each result from the 

corresponding results in Appendix B. 

 

However, the initial set of data from the first run also hinted at a significant problem with the 

level of heating occurring inside the MW cavity. More specifically potential overheating. 

Time  

(s) 

Mass change  

(%) 

Butane activity  

(%) 

Specific energy input  

(kJ.g -1) 

120 45.58 +/- 2.32 24.65 +/- 1.52 3.75 +/- 0.04 

180 47.11 +/- 2.19 29.63 +/- 1.38 6.26 +/- 0.09 

240 49.34 +/- 2.05 30.86 +/- 1.83 9.37 +/- 0.31 

360 51.43 +/- 2.58 33.43 +/- 0.87 12.90 +/- 0.23 

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 
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When samples were regenerated thermally a typical mass loss to the samples was 51.43 % 

(+/- 2.45 std), symbolising a rough estimate of sulphur/adsorbate removal that had occurred 

during processing as well as carbon charring/loss. With the MW-regenerated samples, the 

level of mass loss was significantly higher, yet the butane activity did no surpass that of 

thermal regeneration. As an initial impression this implied that the mass loss percentage loss 

was indicative of carbon loss at a higher level than that seen in thermal regeneration. It was 

theorised that this would likely be due to overheating - an issue that had been theorised 

would likely be a negative effect of MW regeneration. And it was theorised that the 

overheating was likely taking place on the edges of the pellets due to the higher concentration 

of sulphurous adsorbates being situated there – energy given out in the form of heat energy 

can lead to hotspots and cause damage to surrounding structures such as the surrounding 

carbon porous network in these AC granules.  

Upon examination of the sulphur distribution using the electron micropore analyser, the 

suspicion of localised overheating was confirmed. Although the level of sulphur around the 

edges of the pellets had had been significantly reduced by the MW heating (see Figure 32), 

there were clear signs of fraying, and damage. The same could be seen in the intensity profile 

(Appendix C), where there were noticeable sharp peaks to very low gray values which 

indicated an absence of colour, or, in this case, a lack of sulphur concentration in areas 

previously saturated with sulphurous compounds. The distribution of sulphurous compounds 

was more consistent and homogenous across the entirety of the granules than that seen in 

post-thermally regenerated pellets (relatively flat gray value distribution in intensity profile), 

but the level of sulphur was much higher. This suggested that most of the sulphur being 

desorbed was from the surface of the granule as opposed to the interior. The sulphurous 

compound removal was taking place primarily around the edges of the pellet owing to the 

high sulphurous adsorbate concentration pre-regeneration. 
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Figure 32. EPMA scan of a cross section of the edge of a of MW regenerated sulphurous 

activated carbon at 400 W for 360s. 

It should be noted that the level of mass loss, butane activity and specific energy input all 

increased as irradiation increased. The latter being significant in that it confirmed what may 

be seen as obvious – the longer the irradiation time, the more energy being absorbed by the 

adsorbates, thus the higher the level of MW energy being converted into heat energy and 

thus the higher the level of damage being caused to the carbon structure. With this, the next 

step of this first study was to monitor the effects of MW power on adsorbate desorption, but 

also how it would also be impacted by time: could a high MW power over a shorter irradiation 

time lead to higher level of desorption without causing as much damage to the overall 

surrounding carbon? 

Microwave Power 

With this second part of the initial study the aim was to understand the relation MW power 

had to the desorption of sulphurous adsorbates from the AC samples. In addition, this part of 
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the study also sought to explore whether increasing the power would allow for a reduction 

the irradiation required to remove significant levels of the adsorbate. For this a selection of 

runs were conducted using the same set-up as the first part of the study but running the 

experiments at different MW powers. As the MW power was increased in steps of 200 W, the 

irradiation time was reduced by 60s. This was done to compensate for the damage exhibited 

by increased irradiation time seen in the first step of the study.  

 

The first point of note with the data shown above is there appears to be a trade-off with MW 

power and time. The results for 200 W MW power showed a reduction in butane activity 

when comparing to the result for the run of the same irradiation time seen in Table 4. With 

this, one could have concluded that an increase in power leads to a definite increase in 

adsorbate desorption. This could further be supported by the fact that the specific energy 

input, the energy absorbed by the MW-absorbing molecule/compound, was relatively similar. 

With this information, it was initially theorised that MW power was the determining step for 

the rate of energy dispersed as heat energy from the adsorbate into surrounding non-MW 

absorbing materials, and thus a linear trend for the butane activity could have been predicted. 

However, this was not the case. With the run at 600 W the butane activity decreased in 

comparison to the run at 400 W, as did the mass change. Both of which were closer to that 

seen in the 200 W run than that seen in the 400 W, with the determining factor appearing to 

Table 5. Effects of MW power on AC butane activity and specific energy input. Standard 

deviation (+/- x.xx) shown was calculated for each result from the corresponding results in 

Appendix B. 

Power 

(W) 

Time 

(s) 

Mass change 

 (%) 

Butane activity 

(%) 

Specific energy input 

(kJ.g -1) 

200 240 29.32 +/- 1.20 15.42 +/- 1.49 3.47 +/- 0.02 

400 180 47.39 +/- 1.01 29.50 +/- 0.46 6.23 +/- 0.03 

600 120 31.68  +/- 1.60 16.75 +/- 2.16 5.10 +/- 0.12 

800 60 44.94 +/- 1.26 22.36 +/- 3.02 3.93 +/- 0.16 

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 
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be the MW irradiation time, which had been reduced from 240s to 180s and then to the 120s 

for the 200, 400 and 600 W runs, respectively. What this showed was that there was a trade-

off between the MW power and the MW irradiation time in which an increase in power did 

lead to an increase in overheating, but the irradiation time reduced the level of desorption 

taking place in the form of butane activity achieved. Additionally, although the mass change 

and butane activity were similar between the runs at 200 and 600 W, the latter saw a 

significant increase in specific energy input. This seemingly confirmed that although the MW 

energy absorbed by the sulphurous compounds was higher, with a higher MW power, a longer 

irradiation would be required to remove more sulphurous compounds. But, as shown in the 

first stage of this study, that would lead to overheating and damage to the carbon structure.  

With the run at 800 W, the theory that a power-time trade-off was present was confirmed, 

with results in butane activity and mass change being closer to that seen in the 400 W run 

than that seen in the 600 W run. This would suggest that increasing the power to 800 W had 

increased the rate at which the adsorbate was being removed, considering it had an 

irradiation time of 60s. The specific energy input was smaller than that seen in the 400 and 

600 W runs, which, when paired with the high mass percentage change, suggested 

overheating from MW energy having been absorbed and redistributed as heat energy to the 

surrounding carbon was already taking place.  

Change in sulphur chemistry 

As stated earlier in this section, not all the sulphurous compounds were removed from the 

surface of the AC when regenerated using MW irradiation. This represented a challenge for 

progressing MW regeneration later in this project as optimisation was key for surpassing the 

sulphur removal seen with traditional methods. However, for these preliminary experiments 

the main objective (in terms of sulphur compound chemistry) was to induce the removal of 

adsorbed sulphurous compounds without desorption resulting in the production of acids. 

As shown in Figure 31, the MW rig setup utilised a cold, and an AC trap that caught gaseous 

sulphurous compounds being removed during the process. Figure 33 shows these traps in 

action during the preliminary runs.  
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Figure 33. Cold trap and activated carbon trap used in the experimental setup to trap 

sulphurous compounds being desorbed from the sample sulphurous activated carbon. 

XRD was used on the surface of the sample ACs to identify which compounds were being 

pulled out of the ACs during the MW regeneration. It was noted that the base sample (non-

regenerated) showed peaks corresponding to SO2, CS2 and H2S, the compounds CPL Industries 

declared as the main target compounds of their customers for adsorption, thus the most likely 

to be found on the base sample. As, discussed in Chapter 2, these compounds are those that 

are oxidised to acidic species during the steam/oxidation step. 

In every sample that was regenerated there were no signs of CS2 or H2S, meaning they had 

either been removed or had reacted with other compounds on the surface to produce new 

compounds. Additionally, although compounds such as Fe2SO4 and K2Fe(SO4)3 were found on 

the surface, there were no peaks indicating the presence of sulphuric or sulphurous acid. 

Essentially, the change in sulphur compounds seen in thermal regeneration pre-oxidation had 

occurred.  
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Figure 34. XRD diffractogram of preliminary MW regeneration experiments: base sample - 

black; 200 W– red; 400 W – pink; 600 W – blue; and 800 W – green. 

When irradiated at a lower MW power, intense clusters of peaks between 26 and 32 2theta 

appeared, matching potassium sulphate, sodium peroxide and potassium iron sulphate. As 

the power is increased this cluster disappears and the intensity of peaks matching these 

compounds lessens. This was because the heating at 200 W was insufficient to force these 

compounds out of the pores, they could also be formed at lower temperatures.  

The XRD of AC in the AC trap confirmed that no sulphur-based acids were produced during 

the process. However, the sulphur compound deposited in the cold trap is S8, pure elemental 

sulphur – a side-effect of the surface water having been vaporised via MWs interacting with 

the dipolar O-H bonds. H2S  can adsorb directly onto the surface, before dissolution into the 

water/steam film, followed by dissociation of the H2S in an adsorbed in the water/steam film.  
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Surface oxidation can occur with the metal hydroxide impregnates (i.e., FeOH2), forming SO2 

or S8. However, unlike that of the thermal regeneration process, no further oxidation to acids 

occurs as a steam phase is not required to agitate compound desorption. The formed 

elemental sulphur is physiosorbed to the surface, being desorbed via continuous MW 

irradiation, before being turned into subsequent liquid and solid phases with the cooling 

atmosphere of the cold trap. 

HS-
 (ads) + 1 ½ O2 (ads) → SO2 (ads) + OH- 

FeOH (IAC) + HS- 
(ads) → FeS (ads) + H2O (g) 

8FeS (ads) + 12H2O (ads) + 6O2 (g) → 8Fe(OH)3 (ads) + S8 (ads) 

S8 (ads) → S8 (g) 

Conclusions 

Examining the nature and identity of the sulphur species still adsorbed on the surface, as well 

as that removed, revealed that the use of MW irradiation had stopped the need for a steam 

oxidation phase, eliminating the production of sulphur-based acid compounds. With this, one 

of the most important goals for the project was achieved. However, there were several issues 

relating to the AC structural integrity. 

Although the preliminary MW setup reduced the time and energy requirements for the 

regeneration, it had a negative effect on the reusability of the AC integrity and reusability of 

the carbon. The results of the preliminary study confirmed that the predicted localised 

overheating did occur, resulting in damage to the overall carbon structure. With this, a 

significant mass loss to the sample’s mass was seen. Analysing the effects of MW power and 

irradiation time revealed that both were rate determining steps for both the level of sulphur 

adsorbate being removed and the damage to the overall structure. With this knowledge, the 

foundations were set for the next stages of the research project. 
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5.3.2 Single-mode cavity – Reducing Overheating 

5.3.2.1 Intermittent microwave irradiation 

After the first two stages of study, it was clear that MW power and irradiation time were key 

determining factors in localised overheating and manipulating these factors could be key to 

achieving suitable sulphurous adsorbate removal. MW power was controlled and kept steady 

via the use of the three-stub autotuner in previous experiments which changes tuning 

positions to keep at a constant power output. But MW irradiation time had only been 

analysed in so far as keeping irradiation constant over a set period. The purpose of the next 

study was to analyse whether the use of intermittent MW irradiation over set periods would 

reduce the localised overheating. 

Design  

Much like the design MW rig outlined in Section 5.3.1, the MW heating of the AC samples 

took place inside a 3.2 cm quartz glass tube. This quartz tube was inserted into the MW cavity 

via the 40 cm metallic tube choker, which had a length of 40 cm and an internal diameter of 

5 cm. The MW power was supplied by the custom-built MW rig consisting of the 2.0 kW 

generator (~2.45 GhZ) which supplied MWs to the single-mode cavity through WR340 

aluminium waveguide together with E-bends as shown in Figure 31. The automatic three-stub 

tuner was used to keep the MW power input consistent and for analysis. 

Weighted quantities of spent sulphurous AC (10.00g (+/- 0.20 std)) were placed inside of the 

quartz reactor. A continuous flow of nitrogen, at 2 L.min-1, was introduced into MW 

waveguide 3 minutes prior to each experimental run, remained flowing during the run, and 

continued to flow for 5 minutes after the run had concluded, to ensure that the oxygen 

content inside the cavity was less than 5%, per the calculated inerting levels shown in 

appendix 10.1. A PTFE window was attached to the waveguide to ensure nitrogen and any 

vapours would not flow directly into the generator. Off-gases were collected via a cold trap 

and activated carbon trap, with any excess gases being vented out of the building. 

The MW power was set to 400 W before the MW was turned on – this experiment examined 

the effects of intermittent MW irradiation and so only a single set power was used. The 

intermittent irradiation was achieved by conducting each experiment over a period double 

that of the intended irradiation time, in which the MW irradiation was controlled by turning 
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it on and off at the 2.0 kW generator for periods of 10s. For example, a 120s irradiation 

experiment would run over 240 s: 10 seconds of MW power on, followed by 10 seconds of 

MW power off, followed by 10 seconds on, and so on until the total experimental time of 240s 

(120s irradiation time) was completed. A stopwatch was used to track heating times as well 

as an automated timer on the MW generator itself. At the end of each experiment the MW 

power was turned off. 

After each experiment a period of 10 minutes was allowed for sample and reactor cooling to 

allow for safe manual handling. The samples were then weighed to allow for a quick look at 

how much sulphurous compounds may have been removed before thorough analysis via 

methods outlined in Section 3. 

Experiment  

The MW regeneration experiments of solvent spent sulphurous AC were run at varying over 

various periods of intermittent MW irradiation (120s, 180s, 240s, 360s) to establish the effects 

on the level of heating, sulphur removal, and overheating that may lead to damage to the 

overall AC. The MW irradiation times were kept at the same increments as those in the 

previous studies to allow for reasonable comparison.  As with the previous studies, the 

specific energy input for each sample was calculated using equations 14a and 14b. 

Results 

As shown in Table 6, and much like the preliminary MW regeneration experiments described 

in Section 5.3.1, an increase in irradiation time did lead to an increase in butane activity for 

the AC samples, with those running for 360s achieving 33.62 % (+/- 0.76 std). However, the 

increase in butane activity over with increased irradiation time was much more dramatic, with 

the incremental increase between 120s to 180s being 16.38 %, compared to the analogous 

runs (which were not irradiated intermittently) being 4.98 %. There was a similar, albeit to a 

lesser degree, difference in the increase of butane activity between the samples 

intermittently irradiated over 180s and those intermittently irradiated over 240s, with a 

3.95% increase, compared to the analogous results of the non-intermittently irradiated 

samples which saw an increase in butane activity of 1.23%. Yet, both the intermittently 

irradiated and non-intermittently irradiated samples saw a butane activity increase of approx. 

3% between 240s to 360s. The larger increase in butane activity over initial MW irradiation 
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suggested that the adsorbate removal was linked to not only time, but how much MW energy 

had been absorbed by the dipolar adsorbates and redistributed as heat energy to surrounding 

adsorbates (leading to further desorption). Continuous MW irradiation appeared to have 

caused the point at which excess heat energy exertion caused a cascade of desorption to 

occur. Essentially, the more frequently the samples were exposed to incidents of 

electromagnetic energy in the form of MWs, the more desorption and heat energy exertion 

would occur. 

Table 6. Effects of intermittent MW irradiation time on AC butane activity and specific energy. 

Standard deviation (+/- x.xx) shown was calculated for each result from the corresponding 

results in Appendix B. 

 

However, much like the samples regenerated via MWs non-intermittently in the first study of 

this chapter, the mass loss was an initial indicator that localised overheating was occurring in 

these runs as well, with the samples irradiated over 360s having a mass loss of 44.41% (+/- 

2.41 std). The mass loss was not quite as high as that seen in the non-intermittently irradiated 

samples, but still significantly high considering the butane activity had not reach that seen in 

the thermal regeneration. However, as shown below in Figure 35, when examining the EPMA 

scans for the samples irradiated intermittently over 360s, it showed a much different 

distribution of sulphurous compounds inside the pellet to that seen in the analogous non-

intermittently irradiated sample. Although the distribution of sulphurous compounds echoed 

that shown in Figure 32 – a more even spread across the sample with the pre-regeneration 

high concentrations around the outer edges of the sample having decreased – many of the 

samples showed patches of low concentration within the individual granule. This same 

Irradiation time 

(s) 

Mass change 

 (%) 

Butane activity 

(%) 

Specific energy input  

(kJ.g -1) 

120 19.23 +/- 0.92 8.00 +/- 0.05 18.40 +/- 0.51 

180 40.21 +/- 0.26 26.38 +/- 0.26 20.02 +/- 1.13 

240 44.16 +/- 0.26 30.33 +/- 1.26 22.45 +/- 0.97 

360 44.41 +/- 2.41 33.62 +/- 0.76 25.97 +/- 1.71  

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 
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samples showed many large areas of structural damage (represented by the black cracks 

inside the pellet) in areas where more sulphurous compounds had been desorbed. This 

suggested that the intermittent heating led to high sulphur removal in some areas, but not 

others, and that the areas which had seen large level of sulphur removal had succumbed to 

carbon structural damage.  

 

Figure 355. EPMA scan of a cross section of the edge of MW regenerated sulphurous activated 

carbon at 400 W for 360s intermittently. 

When examining the intensity profile (Appendix C), there is a noticeably large number of 

sharp peaks at lower gray values, indicative of either lower sulphur levels or damage to the 

carbon. Considering other results show the sulphur concentration had not decreased 

dramatically owing to the lower density of electric field, this suggested excessive damage to 

the AC. Additionally, the gray value trend was still mainly between 100-150 – the same area 

as base value – seemingly confirming that the concentration had not decreased dramatically 

across the AC. 
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As shown in Table 6, the specific energy input of the intermittently irradiated samples and the 

analogous non-intermittently irradiated samples is vastly different, with the intermittently 

irradiated samples requiring far more energy to desorb the sulphurous adsorbate. This is likely 

due to the sample cooling between periods of irradiation, and bond vibration decreasing, 

resulting in more energy being required per heating step [194]. Additionally, it should be noted 

that although the experiments were run as outlined, the intermittent process (turning the 

power on and off in relatively quick succession) did cause the 2.0 kW generator to begin to 

heat up. This would be an operational obstacle if this process were to be scaled-up as a much 

larger generator would be required and may result in electrical faults. 

Change in sulphur chemistry 

As one might suspect, the XRD analysis was strikingly like that of the non-intermittently 

irradiated samples, with each analogous run’s diffractogram being able to overlay and show 

the exact same peaks. With this, it was established that the same desorption mechanics (in 

terms of the sulphur compounds transitions and desorption) were happening. The exception 

to this was the samples run for 120s, which did see low intensity peaks for CS2, suggesting 

that time under intermittent irradiation was not sufficient to trigger desorption mechanisms 

for all members of this species that had been previously adsorbed. However, there were no 

signs of CS2 in samples regenerated over longer periods of time.  

 

 

Figure 36. XRD diffractogram of intermittent irradiation MW regeneration experiments: base 

sample – black; 200 W– red; 400 W – pink; 600 W – blue; and 800 W – green.  
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Conclusions 

The samples subjected to intermittent MW irradiation reacted in much the same way as those 

irradiated continuously in terms of increasing irradiation time leading to higher levels of 

butane activity being achieved. As with the continuously irradiated samples, increased 

irradiation time also led to an increase in mass loss and structural damage to the AC itself. 

The intermittently irradiated samples also showed no signs of acid production, having not 

required a further steam oxidation step to cause desorption of adsorbates adsorbed to the 

surface via stronger interactions with the AC itself. 

However, it should be noted that the level of energy required for adsorbate removal was 

significantly higher than that of the analogous samples that had been continuously irradiated. 

This would likely prove to be an issue if the project had been moved forward in this direction 

when it came to scaling up to an industrial level regeneration operation. 

5.3.2.2 Solvent-bathing 

Due to the overheating of the AC samples seen in the preliminary experiments, a study was 

conducted that involved attempting to regenerate samples whilst they were bathed in inert 

solvents. These experiments were conducted to show the effects of heating during 

regeneration whilst the surface temperature was cooled. This method was first shown by Dr 

Mohamed Adam in his thesis regarding optimisation of MW pyrolysis of biomass materials 

[190]. As Mohamed is a colleague in my research group during my research project, he guided 

me through designing the process. 

Materials 

The AC samples used for this experiment were from the same overall batch as the 

experiments outlined in Section 5.3.1. Two hydrocarbon solvents with different boiling points 

were used for these experiments: hexane and kerosene. Table 7 shows the chemical formula, 

molecular weight, and boiling points of both solvents. 
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Table 7.  a obtained from Green and Perry [191], b obtained from the safety data sheet provided 

by the supplier [192] [193]. 

 Hexane a Kerosene b 

Formula CH3(CH2)4CH3 A mixture of C10-C14 naphthenes, 

iso- and n- paraffins c 
Molecular weight 86.18 

Boiling point (oC) 69 200-250 

Design 

The experimental setup was identical to that used in Section 5.3.1, with the key difference 

being that the samples were submerged in solvent inside of the reactor (quartz tube), shown 

below in Figure 37.  

Three-stub 
Autotuner

Sliding short 
circuits

IR sensor

PTFE 
window

Water 
condenser

N2

Cold trap 
(ice)

1
0
0
 c

m

90 cm

Microwave 
generator

Activated 
carbon filter

 

Figure 377. Experimental setup for spent sulphurous AC regeneration, using a solvent bathing 

method, and the custom-built MW rig. 

As with the first experimental setup, the quartz tube was then inserted into the cavity via a 

40 cm long metallic tube with an internal diameter of 5.0 cm. Atop the quartz reactor a 

condenser was stattioned to reclaim any solvent boiled off during the heating process. Again, 

the MW power was supplied by a 2.0 kW generator (~2.45 GhZ) which supplied MWs to the 
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single-mode cavity through WR340 aluminium waveguide together with E-bends. An 

automatic three-stub tuner was attached to the waveguide for power analysis. 

For each of the heating experiments, a weighted quantity of the spent sulphurous AC (10.00 

(+/- 0.20 std)) was placed in the reactor. The samples were bathed in solvent for 24 hours 

prior to experimentation to ensure any tapped air could bubble off. The quantity of solvent 

used was calculated using the method described in appendix A (10 ml of hexane per gram, 20 

ml kerosene per gram, respectively). 

As the MW rig was setup in the same manner as the preliminary experiments, the nitrogen 

flow used to inert the waveguide cavity was calculated and implemented in the same way. 

the off gases were also collected in a carbon and cold trap. 

To allow for comparison between the experiments that utilised solvent bathing, various levels 

of MW power were used (200 W, 400 W, 600 W, 800 W), as well as the same increments of 

MW irradiation. Both were monitored in the same fashion as described for the preliminary 

experiments.  

After each experiment a period of 10 minutes was allowed for sample and reactor cooling to 

allow for safe manual handling. Once the samples were at a comfortable handling 

temperature, they were extracted from the reaction vessel using a sieve. They were then 

dried over 8 hours in a muffle oven at 60 oC to remove the last of the solvent. The samples 

were then weighed to allow for a quick look at how much sulphurous compounds may have 

been removed before thorough analysis via methods outlined in Chapter 3.  

Experiments 

The MW regeneration experiments of solvent spent sulphurous AC were run at varying 

powers and over various periods to establish the effects each would have, respectively, on 

the level of heating, sulphur removal, and overheating that may lead to damage to the overall 

AC.  As with the preliminary experiments, the specific energy input for each sample was 

calculated using equations 14a and 14b. 

Results - Irradiation Time 

Table 8 shows that, much like the preliminary MW regeneration tests, an increase in 

irradiation time lead to an increase in the butane activity for the samples bathed in solvents. 
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However, the level of returned absorptivity, shown by the butane activity, was significantly 

lower than that seen in both the preliminary MW experiments and that of the thermally 

regenerated samples. Also, a much lower level of mass loss was recorded, which represented 

an early indicator of low levels of sulphur compounds desorption before further analysis. This 

is paired with extremely high specific energy inputs. 

Table 8. Table 8. Effects of MW irradiation time on AC butane activity and specific energy input 

using 400 W power whilst samples were bathed in hexane or kerosene. Standard deviation 

(+/- x.xx) shown was calculated for each result from the corresponding results in Appendix B. 

 

When comparing the three MW regeneration methods for the samples irradiated over 360s, 

the mass change for the non-bathed AC was 51.3 % (+/- 0.95 std) (albeit a result from 

overheating), whereas the solvent-bathed samples were 17.40 % (+/- 0.90 std) and 17.43 % 

(+/- 2.34 std) for hexane and kerosene, respectively. The butane activity of the solvent-bathed 

samples was dramatically lower than what had been expected, with the hexane-bathed 

samples only reaching 2.39 % (+/- 0.07 std) and the kerosene-bathed samples recorded at 

2.44 % (+/- 0.23 std). The pre-regenerated spent AC samples butane activity was recorded as 

having been an average of 2.01 % (+/- 0.11 std). This low level of Butane activity increase 

suggested that potentially barely any sulphur has been removed from the surface of the AC. 

Moreover, the cold and AC traps appeared to contain no visible signs of sulphur compounds 

 
Time 

(s) 

Mass change  

(%) 

Butane activity 

(%) 

Specific energy input 

(kJ.g -1) 

Hexane 

120 14.40 +/- 2.30  2.36 +/- 0.13 21.81 +/- 2.62 

180 15.92 +/- 1.40 2.50 +/- 0.25 36.31+/- 5.22 

240 16.69 +/- 2.01 2.48 +/- 0.28 53.79 +/- 3.68 

360 17.40 +/- 0.90 2.39 +/- 0.07 65.05 +/- 5.26 

Kerosene 

120 14.28 +/- 2.48 2.09 +/- 0.02 20.16 +/- 1.86 

180 15.75 +/- 0.67 2.29 +/- 0.08 36.31 +/- 5.05 

240 17.14 +/- 2.20 2.32 +/- 0.04 65.28 +/- 5.71 

360 17.43 +/- 2.34 2.44 +/- 0.23 69.89 +/- 7.87 

 Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 
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having been deposited with a distinct lack of a yellow hue. However, the solvents themselves 

did show some signs of sulphur, having changed from clear colourless solutions to clear 

yellowish fluids. With this, it appeared that at least some of the adsorbed sulphurous 

compounds had been desorbed into the solvent during the process.  

When analysing the hexane-bathed sample’s EPMA scans (Figure 38) it showed that the 

distribution of sulphur had changed, with a more even spread across the sample, but the high 

levels of sulphur compound build-up on the edges of the sample no longer present. However, 

the intensity profile (Appendix C) suggests that there was a slight dip in the gray value in the 

centre of the AC, echoing the trend seen in Figure 28 for the base sample, albeit with lower 

intensity on the edges of the AC. But the level of sulphur was still exceedingly high across the 

AC. It was theorised that some form for desorption had taken place, hence the lower 

concentrations of sulphur around the outside of the samples, and the yellowish tinge to the 

solvent, but that this was to a much lesser extent to that seen in the preliminary MW 

experiments. Additionally, there were signs of less damage having been caused by the process 

than that seen in the preliminary experiments, with less fraying around the edges of the 

sample and a less cracks having been formed internally.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
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Figure 38. EPMA scan of a cross section of the edge of a of hexane-bathed MW regenerated 

sulphurous activated carbon at 400W for 360s. 

 

With the kerosene-bathed samples, although the numerical data appeared to be analogous 

to that of the hexane-bathed samples, the visible changes were different. The solvent itself 

appeared to be closer to its original colourless hue than to the yellow seen with the hexane 

post-regeneration. When examining the sample irradiated over 360s, the EPMA scan 

appeared more like that of the AC pre-regeneration, suggesting that less desorption from the 

edges of the samples, and subsequent reactions had taken place during the MW process. The 

intensity profile (Appendix C) did show large dips to low gray values, indictive of the damaged 

areas (black gaps), as seen in other prior regeneration attempts i.e., Figures 30, 32, 35. 
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Figure 39. EPMA scan of a cross section of the edge of a of kerosene-bathed MW regenerated 

sulphurous activated carbon at 400W for 360s. 

In terms of the specific energy input, as predicted with the solvents being in place to cool the 

surface, far more energy was required to remove even small amounts of sulphur from the 

surface. However, it was not predicted before the experiments that it would take upwards of 

67 kJ.g-1 to remove as smaller amount of sulphur as was removed over 360s. When comparing 

the results with that of Dr M Adam, the effects of solvent-bathing samples that are to be 

processed with MWs appears to have had a similar effect, albeit to a much more significant 

degree [190]. It was theorised that low level of sulphur materials had been due to the solvents 

clogging the pores of the carbon, reducing the mass transfer of desorbed materials closer to 

the surface of the carbon (or those chemisorbed) as those further away on packed 

physiosorbed beds could not move away as quickly and heat transfer through the solvent was 

not as efficient as heat transfer through air.  
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Results – Microwave Power 

The next step of the solvent-bathed AC sample regeneration experimentation was to analyse 

the effects of MW power and whether a similar trade-off between MW power and irradiation 

time, as seen in the preliminary experiments, would be apparent. For this selection of runs 

the same set-up and method was used as that used for the MW power study in Section 5.3.1, 

with incremental steps of 200 W.  

Table 9. Effects of MW power on AC butane activity and specific energy when AC samples were 

bathed in hexane or kerosene. Standard deviation (+/- x.xx) shown was calculated for each 

result from the corresponding results in Appendix B. 

 

As with the experiments in Section 5.3.1, the trade-off between power and time was 

apparent. Both parameters act as rate determining steps for desorption of the sulphurous 

adsorbates – as the power was increased by 200 W, the irradiation time was reduced by 60s, 

resulting in lower butane activity percentages. When the irradiation time decreased too 

much, even after an initial increase with power increase from 200 to 400 W, there was a 

reduction in butane activity achieved between 600 to 800 W. this pattern was echoed by the 

specific energy input.  

 

 
Power 

(W) 

Mass change  

(%) 

Butane activity  

(%) 

Specific energy input 

(kJ.g -1) 

Hexane 

200 15.78 +/- 0.95 2.19 +/- 0.09 27.34 +/- 1.15 

400 16.24 +/- 3.44 2.37 +/- 0.13 33.71 +/- 0,52 

600 18.13 +/- 0.87 2.41 +/-  0.26 22.62 +/- 1.44 

800 17.41 +/- 3.01 2.28 +/- 0.07 22.62 +/- 1.44 

Kerosene 

200 17.11 +/- 3.32 2.25 +/- 0.03 23.01 +/- 1.52 

400 15.43 +/- 0.72 2.30 +/- 0.03 38.43 +/- 1.55 

600 18.40 +/- 2.39 2.33 +/- 0.04 36.26 +/- 0.72 

800 18.43 +/-  3.26 2.28 +/- 0.08 25.34 +/- 3.73 

   Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 
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Changes in sulphur chemistry 

As previous, XRD was used on the surface of the sample ACs to identify what sulphurous 

compounds were being formed during the desorption process.  Much like the previously 

analysed MW-regenerated samples, there were no signs of the adsorbed H2S, CS2, or SO2, 

indicating that although the level of sulphurous compounds removed was low, desorption 

had started to occur. Additionally, as with the 5.3.1 study, there were no signs of sulphuric or 

sulphurous acid on the surface of the ACs.  

With the kerosene and hexane series, there were similarities with the compounds being 

identified in the previous study. Specifically, finding potassium sulphate and sodium iron 

sulphate. However, the sodium iron compounds’ peaks are found in different 2theta positions 

and were classified on the XRD EVA database as having different geometrical positioning. 

Those found in the non-solvent were in orthorhombic crystal structures rather than 

Tetragonal (as was found here), suggesting that although present, they were formed in 

different ways as shown by their differing lattice structures.  

Conclusions 

Much like the preliminary experiments conducted in Section 5.3.1, the MW irradiation of 

solvent-bathed spent sulphurous AC resulted in the desorption of some (not all) of the 

adsorbed sulphurous species. However, the use of solvent-bathing resulted in a dramatically 

reduced level of sulphur adsorbate removal from the outer surface of the AC and even greater 

reduction in the levels of removal from that which was adsorbed within carbon pores. But the 

use of a technique to reduce localised overheating (cooling the surface via solvents in this 

case) did aid in the reduction of localised overheating.  

Although the level of returned AC adsorptivity was poor in relation to other methods tested, 

the idea of reducing carbon structural damage proved to be useful and would inform the 

direction of the project going forward. 
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5.4 Conclusions 

An initial study was undertaken to understand the viability of MW heating/processing for the 

regeneration of spent sulphurous AC. A systematic approach was followed for the process 

design that considered the requirements outlined by the research project’s sponsors, CPL Ltd. 

In this, the ability to reduce the overall time required for regeneration, the 

reduction/elimination of unwanted by-product production,  and the returned level of 

adsorption capabilities (in the form of butane activity) for the AC, were studied. 

Initial experiments with various MW powers and irradiation times were conducted to 

establish the effects of systems utilising high density electric fields as a mechanism by which 

sulphur adsorbate desorption could be achieved. It was found MW irradiation did achieve 

regeneration of the spent sulphurous ACs, desorbing much of the material and returning 

absorptivity to a significant degree with considerable butane activity levels being achieved. 

However, MWs caused localised overheating in areas with higher concentrations of 

sulphurous compounds on/in the AC, leading to damage to the overall carbon structure.  

The MW processing did achieve regeneration of the spent ACs in far smaller period than that 

seen in thermal regeneration, and it did eliminate the need for late-stage oxidation steps used 

in thermal regeneration, eliminating the production of acids. The oxidative steps that did take 

place resulted in the production of elemental sulphur molecules via interactions between 

adsorbed materials reacting with adsorbed water molecules when heated. 

Further studies were conducted with the goals of stopping the localised overheating from 

occurring via the use of solvent bathing target samples and using intermittent heating. The 

former proved to drastically reduce the regeneration efficiency of MW processing, whilst the 

latter did not reduce the overheating when being used at MW powers required for desirable 

butane activity achievement.  

Although the initial studies presented promising results in certain regards (reduced 

processing time, elimination of unwanted by-product production, a degree of regeneration), 

the reduction in localised overheating represented challenges that would be investigated 

further during the development of an adequate process. 
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6. Low-density electric field processing 

6.1 Introduction 

Following on from the work conducted in the previous chapter, the aim of the work 

documented in this chapter was to develop an understanding of the effects of 

electromagnetic field density on AC during regeneration via MW processing. The work in the 

previous chapter established that although MW processing presented positive attributes in 

the form of reducing the overall regeneration processing time (when compared to thermal 

methods), eliminating the production of unwanted by-products, and desorption of adsorbed 

sulphurous species, the localised overheating resulted in damage to the overall carbon 

structure and  had not reached the butane activity levels seen in traditional methods.  

There are several published studies on the effects of microwave field density, such as those 

by Qiao et al, Kesbi et al, and Hassani et al, which document the effects of manipulating 

microwave field desnity and how it affects the heating process as well as structural integrity 

of targeted materials [195] [196] [197]. With each case documenting that the heating rate is 

lowered by decreasing the MW field intensity, but the reduction in heating rate reduces the 

level of localised overheating and thus damage to surrounding materials. 

At the time of experimentation there were no publications detailing the effects of field density 

on spent ACs. The reason being that high field density MW processing units are achieved via 

the use of a narrow waveguide cavity typical of lab-scale units. Field density is reduced with 

the increase in size of the waveguide cavity. One of the overall goals for this project was to 

move towards replacing an industry-scale thermal processing unit. Thus, the following studies 

were justified in that the viability of a large-scale unit could be approximated by using a larger 

waveguide cavity in laboratory experiments.  

6.2 Background 

The localised overheating was due to the density of the MW field being high, owing to the use 

of a single-mode waveguide cavity. Single-mode waveguide cavities are narrow, often narrow 

enough that only a single wavelength can be achieved, thus a directly focused irradiation of 

the target reaction vessel, as shown in Figure 40. This focused irradiation is termed as a high 

MW field density, and effectively results in results in exceedingly fast heating rates, as the 
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faster rates of incidents of MW interaction with dipolar molecules lead to more heat energy 

being dispersed from said dipolar molecules to the surroundings [128] [130] [131]. As was the case 

with spent sulphurous ACs, the fast-heating rates, and thus high levels of heat dispersion, 

proved to be detrimental to the overall carbon structure.  

 

Figure 40. Schematic drawing of the electromagnetic field density distribution in a single-mode 

MW waveguide [198]. 

With multimode waveguide cavities, the cavity in which the reaction vessel is housed is much 

larger so to create slower rates of moments of incidence. Essentially, the purposeful 

avoidance of generating a standing wave pattern inside the cavity, as is the case with single-

mode reactors, results in much greater dispersion on MW radiation in many directions. With 

this the waves can bounce off the walls of the cavity several times before interacting with the 

samples inside the reaction vessel, and it may take more time before each wave does interact 

with the reaction vessel [199] [200] [201] [202]. This can be seen in Figure 41. With the rate of MW 

incidence reduced, the rate of heating is reduced. 

 

Figure 41. Schematic drawing of the electromagnetic field density distribution in a multimode 

MW waveguide [198]. 
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To allow for comparisons with the work in the previous chapter, studies regarding the effects 

of MW power and irradiation time were carried out. With analogous results, the difference in 

field density could then be studied to establish issues that could be encountered if methods 

such as the initial set-up in the previous chapter were to be scaled-up to use a multimode for 

industrial operations. The following study studies a potential method to avoid localised 

overheating seen in the single-mode experiments of the previous chapter. 

6.3 Multimode waveguide cavity design 

The experiments of the previous chapter confirmed that MW power and irradiation time were 

key in controlling the localised overheating. However, these factors alone did not permit 

enough control to heat the samples in such a way that achieved satisfactory butane activity 

levels without causing structural damage to the AC. These experiments utilised a high-density 

MW field, meaning that the moments of incidence of MW interaction with the ACs was high, 

leading to fast heating rates, and localised overheating. The purpose of the next set of 

experiments was to analyse whether the localised overheating could be controlled/reduced 

by reducing the intensity of the MW electric field via the use of a multimode waveguide 

reactor cavity instead. This would be done by using a multimode waveguide reactor cavity 

instead of a single-mode reactor cavity.  

Design 

The following experiments for the study pertaining to the effects of low-density electric field 

fields were conducted as follows: 

The regeneration of the spent sulphurous ACs took place inside a 3.2 cm diameter quartz 

reaction vessel. The quartz vessel was then inserted into the cavity via a 40 cm long metallic 

tube with an internal diameter of 5.0 cm, acting as a choke for the electromagnetic power. 

MW power was supplied by a custom-built MW rig consisting of a 2.0 kW generator (~2.45 

GhZ) which supplied the MWs to a multimode waveguide reactor cavity (measuring 30 cm x 

24 cm x 24 cm) through a WR340 aluminium waveguide together with E-bends, as shown in 

Figure 42. An automatic three-stub tuner was attached to allow for analysis and control for 

MW power. 
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Figure 42. Experimental setup for spent sulphurous AC in custom-built MW rig using 

multimode waveguide reactor cavity. 

For each of the heating experiments, a weighted quantity of the spent sulphurous AC (10.00g 

(+/- 0.20 std)) was placed in the reactor. During the heating of samples, the cavity was inerted 

using a continuous flow of nitrogen at 10 L.min-1 as a safety feature to avoid fire in case of 

failure in the system such as electric breakdown and/or any breaks in the quartz tube. The 

flow of nitrogen was turned on 3 minutes before experiments took place and remained on 

for 5 minutes after to ensure that the oxygen content inside the cavity was less than 5%, per 

the calculated inerting levels shown in Appendix 10.1. A PTFE window was attached to the 

waveguide to ensure nitrogen and any vapours would not flow directly into the generator. 

Off-gases were collected via a cold trap and activated carbon trap, with any excess gases being 

vented out of the building. 

The MW power was set to various levels (200 W, 400 W, 600 W, 800 W) before the MW was 

turned on. A stopwatch was used to track heating times as well as an automated timer on the 

MW generator itself. Increments of time were 120s, 180s, 240s, 360s. At the end of each 

experiment the MW power was turned off. 

After each experiment a period of 10 minutes was allowed for sample and reactor cooling to 

allow for safe manual handling. The samples were then weighed to allow for an initial gauge 

of how much sulphurous compounds may have been removed before thorough analysis via 

methods outlined in Chapter 3. 
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6.4 Effects of low-density electromagnetic field on microwave regeneration of spent 

sulphurous activated carbon 

The multimode MW regeneration experiments of spent sulphurous AC were run at varying 

powers over various irradiation times to create results that could be compared to those runs 

using the single-mode in the previous chapter’s studies. In addition to this, as was done for 

previous experiments, specific energy input was calculated using equations 14a and 14b (page 

94) using absorbed energy data recorded from each experimental run to show the efficiency 

of the method.  

6.4.1 Preliminary study of microwave irradiation time when using a low-density 

electromagnetic field  

The initial study into the effects of MW irradiation time when using a multimode waveguide 

cavity reactor are shown below in Table 10. The results of the study showed that increasing 

irradiation time used for the regeneration process resulted in an increase in mass change, 

butane activity and specific energy input, echoing the pattern of results detailed in the 

previous chapter when a single-mode cavity reactor was used. 

Table 10. Effects of MW irradiation time on AC butane activity and specific energy input using 

400 W power in a multimode waveguide reactor cavity. Standard deviation (+/- x.xx) shown 

was calculated for each result from the corresponding results in Appendix B. 

 

As can be seen from the table, the use of a multimode waveguide cavity decreased the mass 

loss when comparing analogous results from the single-mode study detailed in the previous 

chapter. This trend is also seen with the decrease in achieved butane activity. This is likely due 

Irradiation time 

 (s) 

Mass change 

 (%) 

Butane activity 

(%) 

Specific energy input 

(kJ.g -1) 

120 15.32 +/- 0.17 18.89 +/- 0.10 4.56 +/- 0.03 

180 17.73 +/- 0.08 20.73 +/- 0.19 6.64 +/- 0.12 

240 19.77 +/- 0.55 21.01 +/- 0.12 9.67 +/- 0.05 

360 22.49 +/- 0.44 22.94 +/- 0.04 13.60 +/- 0.13 

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 
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to the decrease in field density having caused a decrease in the moments of incidence in 

which MWs interact with the ACs inside the quartz reactor. With this, the overall heating rate 

would likely decrease and level of heating, leading to less sulphurous adsorbate desorption 

having occurred. Additionally, the visible decrease in elemental sulphur having been 

deposited in the cold trap, and sulphurous compounds having been taken up in the AC trap, 

were a confirming indicator that less desorption had taken place. 

Although less sulphurous compounds were desorbed during the multimode regeneration 

experiments, it was clear that less damage was occurring to the overall carbon structure. The 

preliminary indicator being the reduced mass loss, but also the lack of ash and carbon dust 

that had been seen after the analogous single-mode regeneration processing.  

The specific energy input was marginally higher for samples regenerated using the multimode 

setup than those regenerated using the single-mode, as shown by Figure 49. However, the 

butane activity was significantly less for each comparable run, suggesting that the reduced 

rate and level of heating had reduced the amount of adsorbate desorption.  This may be due 

to the localised overheating having been averted, but that the reduced moments of incidence 

rate had led to less desorption having taken place. This was attributed to the desorption that 

had taken place being the desorption of molecules adsorbed via physisorption, and those 

chemisorbed to the surface with weaker bonds that required less energy to break. 
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Figure 43. Increase in the degree of achieved butane activity with the specific energy input, 

with respects to increasing microwave irradiation time, for spent sulphurous activated carbon 

regenerated using a single-mode waveguide cavity reactor versus using a multimode 

waveguide cavity. 
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6.4.2 Preliminary study of microwave power on desorption when using a low-density 

electromagnetic field  

The initial study into the effects of MW power when using a multimode waveguide cavity 

reactor are shown below in Table 11. The results of the study showed that MW power used 

for the regeneration process results in an initial increase in mass change, butane activity and 

specific energy input, echoing the pattern of results detailed in the previous chapter when a 

single-mode cavity reactor was used. 

Table 11. Effects of MW power on AC butane activity and specific energy using a multimode 

waveguide reactor cavity. Standard deviation (+/- x.xx) shown was calculated for each result 

from the corresponding results in Appendix B. 

 

As with the analogous experiments that utilised a single-mode waveguide cavity reactor, a 

decrease in irradiation time in incremental steps of 60s (240s for 200 W, 180s for 400 W, 120s 

for 600 W, 60s for 800 W) was used to reduce the localised overheating that would occur with 

the increase in MW power. Much like the single-mode runs, this helped to show the trade-off 

between MW and irradiation time: even at higher powers, a reduced irradiation time led to a 

reduction in achievable butane activity. And, as with the irradiation time experiments, the use 

of a multimode cavity served to greatly reduce the mass loss during the experiments as the 

energy absorbed by the adsorbates was lower than that of the single-mode runs due to the 

decreased field density. This ran in conjunction with the butane activity achieved being lower 

than that of the single-mode runs – less energy absorbed resulting in less desorption of 

adsorbates. This was backed up by the large increase in specific energy input required to 

achieve much reduced butane activity levels for comparable runs. 

Power  

(W) 

Mass change  

(%) 

Butane activity 

(%) 

Specific energy input 

(kJ.g -1) 

200 8.69 +/- 0.04 10.53 +/- 0.23 3.42 +/- 0.20 

400 17.76 +/- 0.20 20.88 +/- 0.77 6.70 +/- 0.17 

600 12.18 +/- 0.46 21.19 +/- 1.19 6.74 +/- 0.08 

800 14.38 +/- 0.34 20.18 +/- 0.17 7.02 +/- 0.09 

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 
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Figure 44. Increase in the degree of achieved butane activity with the specific energy input, 

with respects to increasing microwave power, for spent sulphurous activated carbon 

regenerated using a single-mode waveguide cavity reactor versus using a multimode 

waveguide cavity reactor. 

6.4.3 In-depth studies of low-field density effects on microwave regeneration of spent 

sulphurous activated carbon 

Further studies were required into a wider range of MW power and irradiation times to 

establish whether the implementation of a low-density field could allow for an increase in 

MW power that would allow for increased butane activity. This helped to understand what a 

scaled-up MW regeneration process may look like as multimode cavities are far easier to use 

in industrial settings than single-mode waveguide cavities owing to the size restrictions for 

the latter.  

Microwave power 

With this more in-depth study into the effects of MW power on spent sulphurous AC 

regeneration using a multimode waveguide cavity, each experiment was replicated a total of 

3 times to ensure that anomalous results could be identified and that true patterns in the 

data could be identified. As with previous studies on MW power, this was studied in 

increments of 200 W, ranging from 200 – 800 W. Previous experiments had shown that a 

trade-off between MW power and irradiation time factored into butane activity and heating 

levels, so two sets of irradiation times were studied. The results are shown in Table 12. 
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Table 12. In-depth study of the effects of MW power on AC butane activity and specific energy 

input using a multimode waveguide reactor cavity. Standard deviation (+/- x.xx) shown was 

calculated for each result from the corresponding results in Appendix B. 

Power  

(W) 

Time  

(s) 

Mass change 

 (%) 

Butane activity  

(%) 

Specific energy input 

(kJ.g -1) 

200 
120 4.69 +/- 0.05 10.38 +/- 0.03 1.41 +/- 0.08 

240 5.76 +/- 0.13 12.32 +/- 0.11 3.60 +/- 0.10 

400 
120 17.64 +/- 0.54 19.54 +/- 0.13 4.72 +/- 0.15 

240 22.84 +/- 0.19 21.84 +/- 0.06 9.23 +/- 0.14 

600 
120 18.21 +/- 0.10 21.16 +/- 0.13 6.22 +/- 0.10 

240 28.21 +/- 0.24 24.03 +/- 0.03 12.62 +/- 0.13 

800 
120 18.76 +/- 0.21 21.25 +/- 0.09 8.04 +/- 0.04 

240 32.29 +/- 0.09 29.30 +/- 0.08 15.90 +/- 0.05 

   Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 

 

As with the previous studies conducted using a single-mode cavity, the increase in MW power 

did result in an increased mass loss paired with an increase in butane activity. This was to be 

expected as the increase in MW power output results in an increase in the level of MW energy 

absorbed by the target – more energy absorbed leads to more kinetic energy being converted 

into heat energy at a faster rate and thus the level of desorption will increase as that heat 

energy aids in the breaking of inter- and intramolecular interactions between adsorbate and 

adsorbent. Too much power (and subsequently too much heating) would result in similar 

localised overheating effect that had been seen in the previous studies. However, the use of 

the multimode cavity counteracts this to a degree as the more chaotic way the MWs are 

dispersed works to reduce the overall heating rate, as previously discussed. And, when 

comparing the mass losses of the sample to those of samples run in the single-mode at lower 

powers, the multimode ran samples mass loss is significantly less, giving an initial indicator 

that less damage may have been done to the carbon structure during the processing of the 

sample.  
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Additionally, the increase in butane activity to levels close to that achieved at 400 W using a 

single-mode cavity were achieved when increasing the power used to 800 W. In terms of a 

commercial scale unit, more power may be needed for larger samples sizes as the penetration 

depth would be decreased as the size of the cavity increased – a larger cavity would be 

required for the kinds of target sizes required for the regeneration output desired by CPL in 

their daily operations. The butane levels themselves are not at the levels seen with the 

traditional thermal regeneration (see Section 4.4) but are considerably high when the time of 

irradiation is considered.  

The specific energy input significantly increased each time the power was increased by 200 

W. This was not unexpected as the lower density of the magnetic field does mean that energy 

absorbed by the sample is lesser over a set period when compared to the single-mode 

experiments. If the design were to be scaled to a commercial level this could present an issue 

though as the energy cost involved would likely be higher than that of conventional thermal 

regen over shorter periods as the energy for the lab-scale thermal regen was found to be 1.50 

kJ.g-1 (+/- 0.23 std). However, when discussing the energy input required it should be noted 

that the MW regeneration process has been conducted across 120s or 240s here as opposed 

to the 7200s required for thermal regeneration on a lab scale. In addition, when considering 

the time taken for the experiments, it was found that the specific energy input required 

effectively doubles with time. With a larger unit for commercial use likely being much larger 

than the unit used in these experiments, and penetration depth coming becoming a factor 

with larger samples sizes, theoretically the energy input required would increase 

substantially. The MW-based regeneration may be substantially faster than that of thermal 

regeneration, but it would still require a large energy input which could lead to high financial 

costs. 

Irradiation time 

Regarding the in-depth study into the effects of MW irradiation time on spent sulphurous AC 

regeneration using a multimode waveguide cavity, a range of times were studied at a range 

of powers to help better solidify the trade-off between MW power and time of exposure. As 

with the MW power experiments outlined above, each regeneration experiment was 

performed 3 times to ensure anomalous results could be identified and to establish patterns 

in the data collected. The results for the extended irradiation studies are shown in Table 13. 
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Table 13. In-depth study of the effects of MW irradiation time on AC butane activity and 

specific energy input using 400 W power in a multimode waveguide reactor cavity. Standard 

deviation (+/- x.xx) shown was calculated for each result from the corresponding results in 

Appendix B. 

Power 

 (W) 

Time 

 (s) 

Mass change 

 (%) 

Butane activity  

(%) 

Specific energy input 

(kJ.g -1) 

200 

120 8.12 +/- 0.08 10.54 +/- 0.11 2.13 +/-  0.06 

180 9.96 +/- 0.12 11.24 +/- 0.12 3.06 +/- 0.10 

240 8.72 +/- 0.17 12.40 +/- 0.07 3.53 +/- 0.35 

360 10.43 +/- 0.12 13.15 +/- 0.17 5.35+/- 0.26 

400 

120 15.57 +/- 0.48 18.63 +/- 0.43 4.51 +/- 0.31 

180 17.65 +/- 0.11 20.79 +/- 0.16 6.55 +/- 0.38 

240 19.82 +/- 0.06 21.07 +/- 0.24 7.53 +/- 0.24 

360 22.46+/- 0.21 22.84 +/- 0.08 13.43 +/- 0.32 

600 

120 16.44 +/- 0.13 21.62 +/- 0.11 7.62 +/- 0.19 

180 20.02 +/- 0.42 22.93 +/- 0.17 10.74 +/- 0.09 

240 22.36 +/- 0.27 29.36 +/- 0.25 14.53 +/- 0.31  

360 27.70 +/- 0.12 32.78 +/- 0.03 24.23 +/- 0.14 

800 

120 16.44 +/- 0.13 21.62 +/- 0.11 7.62 +/- 0.19 

180 20.02 +/- 0.42 22.93 +/- 0.17 10.74 +/- 0.09 

240 22.36 +/- 0.27 29.36 +/- 0.25 14.53 +/- 0.31  

360 27.70 +/- 0.12 32.78 +/- 0.03 24.23 +/- 0.14 

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 

 

Echoing the single-mode studies conducted on the effects of MW irradiation time, the 

increase in time in which the sample was exposed to MWs led to increases in the percentage 

mass loss, which coincided with an increase in butane activity. Although not all the mass loss 

can be completely attributed to adsorbate desorption, it acted as an initial indicator of the 

level of desorption having taken place. In the case of this study, the butane activity did 

increase as the irradiation time increased for each specific MW power setting. This was to be 

expected as the increase in irradiation time leads to more moments of incidence in which the 
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samples are interacted with by the MW being emitted into the waveguide cavity. Additionally, 

the increase in butane activity after 180s is greater than before it (as shown in Figure 45), 

indicating that although MWs heat volumetrically, time is required for the sample to reach a 

temperature at which more desorption can occur. This is due to the heat energy being 

released from the sulphurous adsorbates being dispersed to such a degree that the heat 

energy aides/starts the chemical reactions compounds adsorbed via stronger interactions to 

begin. In other words, the amount of heat energy required for the severing of intermolecular 

interactions, such as Van der Waals forces in place during physisorption, is less than those 

required for intramolecular interactions in the form of chemisorbed compounds. 

 

 

Figure 45. Increase in butane activity with the increase in microwave irradiation time for spent 

sulphurous activated carbon regenerated using a multimode waveguide cavity reactor. 

When comparing the butane activity with the specific energy input for each experiment it 

became clear that more energy was required to increase the butane activity achieved over 

time. As was to be expected, the longer the irradiation of the sample, the more energy was 

absorbed, leading to higher level of butane activity being achieved, as shown in Figure 46. 

Effectively, if localised overheating could be avoided by reducing the heating rate, as was 

achieved via the use of a multimode cavity, longer runs at higher MW powers could yield 

butane activity closer to that seen in the single-mode runs (33.43 % (+/- 0.87 std) at 400 W 
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over 360s), such as the runs at 800 W for 360s which achieved butane activity of 32.78 % (+/- 

0.03 std). 

 

Figure 46. Butane activity versus specific energy input, with respects to increasing irradiation 

time, using a multimode waveguide cavity reactor. 

However, as noted in the previous study regarding the effects of increasing MW power, when 

increasing the MW irradiation time, the specific energy input increases dramatically. When 

the project was scaled-up to a commercial-scale unit it would require more time per 

regeneration as larger target batches would be desired to ensure that daily quotas could be 

met. Although the time required for MW-based regeneration is much less than that required 

for conventional thermal regeneration, the amount of energy per run would be considerable. 

This would need to be factored in, alongside the penetration depth capabilities of a 

multimode processing cavity, when deciding upon how much AC could be processed in each 

batch, and how many batch would need to be processed each day. 

Sulphur distribution 

When examining the sulphur distribution using the electron micropore analyser it showed an 

altogether different removal of the sulphur than that seen in the experiments conducted 

using a single-mode waveguide cavity. As previously discussed, most of the sulphurous 

adsorbates were situated around the edges of the pellet rather than the interior. With the 

single-mode regeneration experiments conducted in Section 5.3.1, the high concentrations 

of sulphur around the edges were reduced, and the EPMA scans showed that less sulphur was 
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situated in the centre of the AC than the surrounding areas (see Figure 32), showing more 

blue concentration readings than green. This was to be expected as the volumetric and 

selective nature of MW heating means that all the materials with dielectric properties heat at 

the same time as it is not limited by thermal diffusion [108] [117]. With the dispersion of the 

sulphurous compounds across the AC being a far higher concentration on the edges with a 

lower concentration being situated in the centre of the AC, a similar distribution would be 

seen when the volumetric effects of the MW heating take place [108]. 

However, when examining the sulphur distribution of the samples regenerated in a 

multimode waveguide cavity using the electron micropore analyser it showed an altogether 

different desorption profile. Rather than decreasing the concentration of sulphur in all areas 

across the granule, maintaining a higher concentration on the edges and lower concentration 

in the interior, the concentration distribution became more homogeneous (see Figure 47). 

Although, there were many black spots symbolising damage to the AC during the regeneration 

process. This was echoed by the gray value distribution on the intensity profile (Appendix C) 

which saw sharp drops/peaks to low gray values evenly spread across the AC. The overall 

butane activity for the multimode runs, at best, reached  32.78 (+/- 0.03 std) for runs at 800 

W over 360s, compared to the single-mode runs 33.43 % (+/- 0.87 std). at 400 W over 360s. 

This would suggest that the decrease in the field density from the use of the multimode 

reduced the level of sulphur being desorbed from the interior of the AC granule even when 

using a much higher MW power. Essentially, the exterior of the AC was affected by the MWs 

far more, resulting in a reduction of sulphur adsorbates on the edges of the AC, but the 

sulphur adsorbates at the centre of the pellet were likely to be affected to a far lesser degree. 

The intensity profile confirmed this with the gray value being somewhat flat bar the sharp 

peaks symbolising the damage/broken off carbon areas. 
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Figure 47. EPMA scan of a cross section of the edge of a of  sample regenerated at 800 W over 

360s using a multimode waveguide cavity reactor. 

 

Additionally, when comparing the mass changes of those specific single-mode and multimode 

runs (51.43 % (+/- 2.58 std))  and 27.70 % (+/- 0.12 std)), respectively) the initial impression 

was that less damage had been caused by using a lower density field even though a higher 

power was used. This looked likely to be the case when the butane activities for the two 

samples were relatively similar. However, when examining the carbon structure via the EPMA 

scans, many black crevasses/fractures had formed, representing destruction of carbon areas. 

Interestingly these fractures were situated more towards the centre of the AC. The single-

mode run also saw a large degree of damage in the interior of the AC. It was theorised that 

heat energy being dispersed inside the AC was still enough to cause damage if it could not be 

dispersed out of the pellet quickly enough to reduce the damage. If desorbing materials were 

not transferring out of the AC at a fast enough rate, then they were causing damage to the 

interior. With this information, it was discovered that a key factor in damage to the AC was 
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the rate of desorbed material mass transfer. This would lead to subsequent reduction in 

butane activity after carbon structure destruction resulted in pore channels, and subsequent 

surface area available for later adsorption, decreasing.  

It should be noted that the level of damage to the exterior of the AC was less than that seen 

with the single-mode. The decrease in field density having reduced the overheating to an 

extent, but not having reduced the damage seen to the interior of the AC. 

Sulphur chemistry 

In terms of the sulphurous compound desorption the multimode MW regeneration process, 

the chemical changes were like that seen in the single-mode regeneration runs. The adsorbed 

SO2, H2S, and CS2 were not found on the surface of the AC in XRD scans, having reacted to 

form the likes of metal sulphate and sulphides representative of the target adsorbates having 

been reacted with the impregnate molecules before being desorbed. As with the single-mode 

experiments, S8 was deposited in the cold trap. Additionally, there was no sign of sulphuric or 

sulphurous acid having formed. This would have been unlikely given the lack of steam 

oxidation phase required for MW-based regeneration. The XRD confirmed that the use of a 

low-density field did not affect the chemical reactions occurring during desorption, but 

instead effected the level of desorption having occurred.  

6.5 Conclusions 

A study was carried out to understand the effects the use of a low-density MW field would 

have on MW-based regeneration of spent sulphurous AC. A systematic approach was 

followed for the process design which allowed for comparisons between the results from the 

previous study that documented the use of a single-mode design. This study was also carried 

out with the explicit goal of not only meeting the criteria for a thermal regeneration 

technology replacement outlined by the sponsor company, CPL Ltd, but also reducing the 

damage caused by localised overheating which had been documented in the single-mode 

waveguide study.  

For this study, initial small-scope studies were first carried out that followed the same 

parameters for studies of the single-mode waveguide cavity in terms the MW powers and 

irradiation times being studied. Following on from this, extended in-depth studies were 

carried out with larger ranges of irradiation time and MW power. During these initial studies 
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it was found that, like the high-density field studies, regeneration was achievable. Sulphurous 

materials were desorbed from the AC surface, albeit to a lesser degree than during the high 

field density studies. Adsorptivity (documented in the form of butane activity) was returned 

to the ACs, again, to a lesser degree than that of the high field density experiments. This being 

a result of heating rates being slower and penetration depth being less than that seen in the 

high-density field study.  

Utilising extended irradiation times for increased MW power (800 W) yielded similar butane 

activity to the best of the high-density field experiments. However, this led to a different 

heating profile in which the desorption mainly occurred on the edges of the AC as opposed to 

throughout - linked to the reduced penetration depth associated with low field density 

irradiation. Additionally, the high MW power also led to similar carbon structure damage/loss 

in the AC interior as that which had been seen with the high field density. It was theorised 

that this was due to a mass transfer issue in which the desorbed material was moving out of 

the AC at a rate where the energy being dispersed was damaging the surrounding carbon 

structure. This is likely a factor in internal carbon structure damage seen in the high field 

density experiments as well. 

Following the findings of this study it was decided that a method would be designed to 

increase the rate of mass transfer with the goal of reducing internal carbon structural damage.  
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7. Manipulating mass transfer mechanics via 
inert gas flow 

7.1 Introduction 

The results from the previous chapter suggested that part of the reason for the damage 

towards the interior of the AC during MW regeneration was due to mass transfer rates – 

desorbed material emitting heat energy causing damage to the overall carbon structure. The 

aim of this next study was to establish whether that was the case, and, whether mass transfer 

could be controlled/manipulated. In addition, it was theorised that if material desorbed at 

lower temperatures earlier in the process it could aid in the removal of those chemisorbed to 

the surface as there would be a reduced influence of intermolecular forces brought on by 

physiosorbed material packed on top. 

Most of the literature pertaining to the effect of mass transfer involving activated carbon 

pertains to the adsorption. Research such as that conducted by the likes of Díaz-Blancas et al 

and Eder et al discuss how the use of an inert gas flow, like nitrogen or carbon dioxide (in 

some cases) can aid the rate of movement of adsorbates to active sites, resulting in faster 

rates of complete adsorption [203] [204]. In converse studies, such as those by Junjie et al and 

Cai et al, gas flow systems were used during regeneration to great effect, reducing the 

damage to the carbon structure during a thermal regeneration process by increasing the rate 

at which adsorbates desorb and move out of the micropore system of the AC [205] [206]. It is the 

latter two of these studies which served as a basis for the following work, with the idea being 

to mimic the introduction of an inert gas flow seen in their experiments.  

If the work proposed could aid in the reduction of damage to the interior of the AC, as well as 

maintain the short irradiation periods, and avoid the production of acidic by products, it 

would represent the basis for a scaled-up unit that could replace the existing thermal units 

used by CPL Ltd.  

7.2 Background  

The rate at which the adsorbates were moving out of the AC following desorption is 

determined by the MW power input as well as irradiation time, or, in other words, the power 

density effect. In which the power absorbed per unit volume, Pd (in Wm-3) is calculated thusly 

[207] [208]: 
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Equation 15. 

𝑃𝑑 =  𝜌𝐶𝑝

∆𝑇

∆𝑡
= 2𝜋𝑓𝜀0𝜀′′𝐸2 

 

Using equation 15, the heating rate of a specific material is determined by the dielectric 

component as well as the electric field intensity, which is increased by increasing the power 

input at equivalent energy. This in turn gives rise to a higher internal pressure and vapour 

velocity, further promoting efficient removal of adsorbates from the carbon surface, creating 

new adsorption capacity without adversely affecting the mass loss. Moreover, the increasing 

of vapour velocity and internal pressure serves to perpetuate removal of other adsorbates 

with stronger chemisorption interactions [209] [210]. This has been the reason for successful 

desorption with high butane activity being achieved in earlier studies documented in this 

report.  

However, as previously discussed, the flow of desorbing materials is not fast enough to avoid 

damage to the interior of the AC. This is due to the Biot number (Bi), which reflects the ratio 

of internal and external transfer resistances of the adsorption/desorption process [204]. The 

Biot number for porous media such as activated carbon can be defined by the following: 

Equation 16. 

𝐵𝐼
= 

𝑘𝐹𝑟𝑝𝐶0

𝐷𝑝𝐶0+𝐷𝑠𝜌.𝑝𝑞𝑒𝑞

 

 

Where: Pd = Power absorbed per unit volume, Wm-3 

 ρ = Density of the heated material, kg/cm3 

 Cp = Specific heat capacity of the heated material in J/kg oC 

 t = Time, s 

 ∆T/∆t = Heating rate 

 f = Frequency of applied field, Hz 

 ε0 = Permittivity of free space (8.854 x 10-12 F/m) 

 ε'’ = Effective dielectric loss factor 

 E = Root mean square of field intensity, V m-1 
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The rate of film diffusion in comparison to the intraparticle diffusion resistance becomes 

faster as the Bi value increases. And the way in which the Bi value can be increased is to 

increase the velocity of desorbing material by increasing liquid, or gaseous in this case, media 

flow within the pores. Thus, introducing an inert gas flow that will not chemically interact with 

the AC, the desorbing material, or the MWs. Effectively, an inert gas used in this way will help 

to carry the desorbing material out of the porous network at a faster rate. 

7.3 Mass transfer experimental design 

The following experimental MW rigs were designed with the intention of increasing the rate 

of mass transfer of desorbing materials from inside the AC with the desired effect being the 

reduction of latent emitted heat energy causing damage to the surrounding carbon structure. 

The design of the of the MW rig that would utilise inerting gas to aid mass transfer. All the 

variations of the rigs described over the following chapter are like those that have been used 

before baring changes that allow for the inerting gas to flow directly over the AC samples 

during the regeneration process. This includes both the high-field density and low-field 

density waveguide cavity rigs. 

Design 

The first change to the original design is the quartz tube. Although being the same diameter 

and length, it was re-designed to include a sintered disc 2 cm from the main base with a 

porosity grade of 1 (allowing for gas dispersion). The sample would be placed on the sintered 

disc. The rounded base/bottom included a spout to which a direct nitrogen inlet line could be 

attached. This allowed for nitrogen to pass directly over the AC samples before, during and 

Where: BI = Biot’s number 

 KF = External mass transfer coefficient 

 rp = Adsorbent particle radius, cm 

 Co = Adsorbent initial concentration 

 Dp = Damköhler number  

 Ds = Surface diffusion coefficient 

 ρ = Density of the heated material, kg/cm3 

 qeq = Equilibrium concentration on adsorbent, g/g 
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after experimentation. The nitrogen line was passed through a flowmeter with a range of 0-5 

L.min-1- (with 1 L.min-1 increments). Most experiments were carried out at 2 L.min-1, but a 

second flowmeter was used in place of the first with a range of 0-2 L.min-1 (0.25 L.min-1 

increments) when analysing the effects of flowrate. An initial flowrate of 2 L.min-1 was used 

to not only test how the use of an inert gas could aid regeneration, but also purge the 

environment. The gas was allowed to flow for 3 minutes before each experiment ran, during 

the entirety of each experiment, and for 5 minutes afterwards to help purge the system. 

As with the original MW design, the quartz tube was then inserted into the waveguide cavity 

via a 40 cm long metallic tube with an internal diameter of 5.0 cm, acting as a choke for the 

electromagnetic power. However, the waveguide had a second choke directly below the 

original that allowed for the spout of the quartz tube to be fitted to the nitrogen line. MW 

power was supplied by the 2.0 kW generator (~2.45 GhZ) which supplied MWs to the single-

mode cavity through WR340 aluminium waveguide together with E-bends as shown in Figure 

48. An automatic three-stub tuner was attached to the waveguide for power analysis. 

 

Figure 48. Experimental setup for spent sulphurous AC regeneration in custom-built MW rig 

utilising inert gas flow directly over the samples to aid in mass transfer of desorbing material. 

For experiments involving the multimode waveguide reactor the exact same design was 

followed in terms of the same quartz reactor being used, the same flowrates, the same MW 
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powers, and MW irradiation times. This was done to allow for a fair comparison between 

results between the two waveguide designs. 

As with before, for each experimental run a weighted quantity of spent sulphurous AC (10.00g 

(+/- 0.20 std)) was placed in the reactor (on the sintered disc). A PTFE window was attached 

to the waveguide to ensure nitrogen and any vapours that accidentally escaped from the 

reaction vessel would not flow directly into the generator. Off-gases were collected via a cold 

trap and activated carbon trap, with any excess gases being vented out of the building. 

As before, the MW power was set to various levels for testing (50-400 W). after each 

experiment was completed, the MW was immediately turned off. A stopwatch was used to 

track irradiation times as well as an automated timer on the MW generator itself. 

After each experiment a period of 10 minutes was allowed for sample and reactor cooling to 

allow for safe manual handling. The samples were then weighed to allow for a quick look at 

how much sulphurous compounds may have been removed before thorough analysis via 

methods outlined in Section 3. 

7.4 Manipulating mass transfer of sulphurous compounds desorbing from activated 

carbon – preliminary experiments 

The MW regeneration of spent sulphurous AC utilising inert N2 gas flow directly over the 

samples were run at varying powers and over various irradiation times. This was done to 

allow comparison with previous experiments from previous chapter, analysing the difference 

that the gas flow would make. And, as previously, specific energy input was calculated using 

calculations 14a and 14b using absorbed energy data recorded from each experimental run 

to show the efficiency of the method.  

7.4.1 High-density field 

Microwave power and irradiation time 

It was theorised that the use of the inert gas flow would aid the regeneration to such a degree 

that MW powers previously used (i.e., 400+ W) would be too high and could lead to 

overheating where adsorbates were still adsorbed to the surface. As such, a much lower 

power range was used. Each sample run was conducted in triplicate to reduce the impact 

anomalous results could have on the data patterns. The initial study into the effects of MW 
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power and irradiation time on the regeneration process whilst using a single-mode waveguide 

and utilising inert gas (N2) flowing directly over the AC samples is shown below in Table 14. 

Table 14. Preliminary study of the effects of MW power and irradiation time on regeneration 

when utilising inert gas flow directly over the AC samples in a single-mode waveguide cavity. 

Standard deviation (+/- x.xx) shown was calculated for each result from the corresponding 

results in Appendix B. 

 

As seen with the experiments that did not involve the use of inert gas flow directly over the 

samples, increasing the MW power and irradiation time resulted in increased mass change, 

butane activity and specific energy input. This was not unexpected. However, the extent to 

which the butane activity increased whilst utilising a relatively low MW power setting (200 

Power 

(W) 

Time 

(s) 

Mass change  

(%) 

Butane activity 

(%) 

Specific energy input 

(kJ.g -1) 

50 

360 5.05 +/- 0.07 5.46 +/- 0.03 1.59 +/- 0.18 

480 6.17 +/- 0.24 10.19 +/- 0.08 2.00 +/- 0.10 

960 7.38 +/- 0.27 12.90 +/- 0.12 4.23 +/- 0.13 

1200 7.97 +/- 0.28 13.04 +/- 0.06 5.43 +/- 0.43 

100 

360 12.45 +/- 0.29 10.68 +/- 0.26 2.81 +/- 0.35 

480 14.34 +/- 0.47 16.49 +/- 0.26 3.56 +/- 0.11 

960 14.01 +/- 0.17 17.21 +/- 0.23 6.12 +/- 0.13 

1200 13.11 +/- 0.30 21.45 +/- 0.30 7.62 +/- 0.24 

150 

360 18.32 +/- 0.49 20.67 +/- 0.18 3.45 +/- 0.08 

480 20.58 +/- 0.14 27.13 +/- 0.11 4.74 +/- 0.04 

960 21.33 +/-  0.04 31.43 +/- 0.03 9.92 +/- 0.09 

1200 21.77 +/- 0.32 31.65 +/- 0.32 13.94 +/- 0.05 

200 

360 29.24 +/- 0.12 33.81 +/- 0.16 6.34 +/- 0.05 

480 24.72 +/- 0.07 34.09 +/- 0.14 7.89 +/- 0.39 

960 28.69 +/- 0.09 40.31 +/- 0.13 16.26 +/- 0.20 

1200 28.97 +/- 0.10 40.73 +/- 0.11  19.31 +/- 0.22 

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 
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W) was incredibly positive in terms of reaching the levels seen in conventional thermal 

regeneration (40.88 % (+/- 0.92 std)). This increase in butane activity with MW power and 

irradiation time was paired with a much lower mass change. When comparing samples run 

without the inert gas flow at 400 W over 360s resulted in 33.43 % (+/- 0.87 std) butane activity 

and a mass change of 50.31 % (+/- 0.95 std),  those run with the inert gas flow at 200 W over 

1200s resulted in 40.73 % (+/- 0.11 std) butane activity with a 28.97 % (+/- 0.10 std) mass loss, 

the difference was stark. This was the first indicator that the use of an inert gas flow had aided 

in the rate of mass transfer, reducing the damage to the carbon structure caused by localised 

overheating. 

Before this study it had been theorised that an increase in energy absorbance by the target 

compounds would result in an increased level of desorption. This would be achieved with an 

increase in MW power. But, because of the localised overheating from the insufficient mass 

transfer rate, higher MW powers also presented a problem. However, increasing the rate of 

mass transfer was theorised to help to reduce the overheating effect, thus allowing for higher 

rates of energy absorbance, and thus allowing for higher returned adsorptivity in the form of 

higher butane activity levels. When analysing the results from this preliminary study there is 

a clear trend in the increase in absorbed energy (shown as specific energy input) leading to 

an increased level of butane activity. In Figure 49, this was confirmed to be the case.  
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Figure 49. Increase in butane activity with the increase in specific energy input for spent 

sulphurous activated carbon regenerated using a single-mode waveguide cavity and inert gas 

flow directly over the samples. 

Additionally, this study used longer irradiation times than those that came before as it was 

believed that this would aid regeneration when using lower MW power settings. The results 

from Table 14 showed that the increase in time did not increase the mass change too much, 

but higher butane activities were achieved (as seen in Figure 50). Although the increase in 

time to obtain the best butane activity results (1200s) was substantial compared to previous 

MW regeneration studies, it was far less than the time required for thermal regeneration. As 

such, with times greatly reduced the technology being developed represents a way in which 

costs can be saved in terms of time and energy required. However, as stated before, the use 

of a single-mode waveguide cavity would likely be unsuitable for scaling up due to wave 

dispersion from the MW generator itself. 
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Figure 50. Increase in butane activity with the increase in irradiation time for spent sulphurous 

activated carbon regenerated using a single-mode waveguide cavity and inert gas flow 

directly over the samples. 

Sulphur distribution 

When examining the sulphur distribution using the electron micropore analyser it showed 

how dramatically the sulphur has been reduced during the regeneration method involving 

the inert gas flow. Examining the EPMA scan for a run at 200 W over 1200s (Figure 51), the 

level of sulphur had been reduced to a level not seen before in this research project, with 

most of the sulphur distribution now being blue, signifying the level of sulphur was now below 

10% in most areas, with the average being 7.55%. additionally, the higher levels of sulphur 

were seen towards the interior of the AC rather than the exterior, suggesting that penetration 

depth of the MWs was the limiting factor to the sulphur removal. The previously high 

concentrations of sulphurous compounds from around the edges of the AC were dramatically 

reduced, often being the lowest areas of concentration. There was, however, signs of damage 

to the interior in the form of black scars, likely still caused by heat energy being emitted from 

desorbing materials during the regeneration process, but the level of scarring was much less 

than that seen before in the MW-based regeneration. This was reflected in the intensity 

profile (Appendix C) in which the gray value remained relatively flat across the distance 

measured, apart from occasional sharp peaks to low values, indicating dark/black areas. 
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Figure 51. EPMA scan of a cross section of the edge of a of  sample regenerated at 200 W over 

1200s using a single-mode waveguide cavity reactor and continuous inert gas flow over the 

sample bed. 

Sulphur chemistry 

In terms of the sulphurous compound desorption this single-mode regeneration process that 

utilised the inert gas flow over the samples, the chemical changes were like that seen in the 

single-mode regeneration runs that did not utilise an inert gas flow. However, being able to 

reduce the power and thus increase the irradiation time allowed for examination of what 

compounds were desorbing at what stage of the regeneration. The inert gas flow not only 

aided mass transfer, it reduced overheating, meaning that the desorption process was 

effectively being drawn out as it was happening a lower temperature. With this, it was 

possible to identify which compound desorbed earlier or later in the process. In Figure 52, a 

run performed at 200 W over 360s, the red peaks indicate sulphur atoms bonded directly to 

the impregnate in the form of FeS2, as well as other compounds such as Na2SO4. Whereas 
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Figure 53 (run at 200 W over 960s) shows elemental sulphur and evidence of impregnates 

which were not bonded to any sulphurous compound, in the form of Na (the blue peak).  

 

 

Figure 52. XRD analysis of sample regenerated at 200 W over 360s using a single-mode 

waveguide cavity and inert gas flow directly over samples. 

 

 

Figure 53. XRD analysis of sample regenerated at 200 W over 960s using a single-mode 

waveguide cavity and inert gas flow directly over samples. 
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The XRD analysis also confirmed that, although overheating had been reduced, longer 

irradiation times did lead to some level of overheating with the emergence and increase in 

size of an amorphous hump between 20-28 2theta, which signified charring being present on 

the sample surface.  

7.4.2 Low-density field 

Microwave power and irradiation time 

In previous studies conducted as part of the overall research for this thesis, low-density fields 

showed potential for reducing the damage to the carbon structure by reducing the heating 

rate and thus reducing the localised overheating. With this iteration employing the inert gas 

flow system directly over the samples being regenerated, the aim was to reduce the damage 

to the interior of the AC whilst maintaining similar levels of butane activity. As with the 

previous study, each sample parameter was used in triplicate to try to reduce the effects of 

anomalous results on the dataset. The study into the effects of using a low-density field for 

MW regeneration with inert gas flow directly over the samples during processing are outlined  

in Table 15. 

In a similar fashion to the studied presented in Section 7.4.1, the increase in MW power and 

irradiation time mimicked the pattern seen in the analogous study (chapter 6) which did not 

utilise the inert gas flow directly over the sample, resulting in creases in butane activity, mass 

change and specific energy increased. Much like the results seen in the 7.4.1 study, the butane 

activity achieved whilst using relatively low MW power was incredibly positive, reaching 38.72 

% (+/- 0.24 std). This was almost as high as that achieved when a single-mode waveguide 

cavity was used (40.73 % (+/- 0.11 std)). This came with a lower mass change, suggesting that 

the use of the multimode waveguide cavity may have reduced the damage/loss to the carbon 

structure during processing. The slightly lower achieved butane activities (compared to those 

achieved using a single-mode) were attributed to the reduced rate of moments of incidence 

between the MWs inside the waveguide cavity and the samples themselves. As stated 

previously, this is due to the distance needed to travel within the cavity being larger with the 

waveguide cavity reactor being larger. The ability to reach butane activity levels like that of 

the single-mode cavity were promising even before further analysis had taken place.  
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Table 15. Preliminary study of the effects of MW power and irradiation time on regeneration 

when utilising inert gas flow directly over the AC samples in a multimode waveguide cavity. 

Standard deviation (+/- x.xx) shown was calculated for each result from the corresponding 

results in Appendix B. 

Power Time Mass change  

(%) 

Butane activity  

(%) 

Specific energy 

input (kJ.g -1) (W) (s) 

50 

360 3.64 +/- 0.10 3.97 +/- 0.15 1.19 +/- 0.03 

480 4.40 +/- 0.09 7.32 +/- 0.13 1.45 +/- 0.04 

960 5.35 +/- 0.07 9.59 +/- 0.13 3.08 +/- 0.02 

1200 5.80 +/- 0.09 9.66 +/- 0.07 3.72 +/- 0.08 

100 

360 10.39 +/- 0.21 8.85 +/- 0.14 2.28 +/- 0.22 

480 11.53 +/- 0.15 13.46 +/- 0.25 2.90 +/- 0.05 

960 11.42 +/- 0.02 14.08 +/- 0.13 5.14 +/- 0.17 

1200 10.49 +/- 0.28 17.62 +/- 0.08 6.18 +/- 0.13 

150 

360 15.78 +/- 0.20 18.10 +/- 0.11 3.05 +/- 0.07 

480 17.94 +/- 0.11 23.51 +/- 0.10 4.04 +/- 0.14 

960 18.43 +/- 0.11 27.53 +/- 0.33 8.69 +/- 0.11 

1200 18.98 +/- 0.11 27 .59 +/- 0.13 12.34 +/- 0.41 

200 

360 20.40 +/- 0.15 24.41 +/- 1.70 5.19 +/- 0.08 

480 20.79 +/- 0.14 29.43 +/- 0.13 7.05 +/- 0.12 

960 22.31 +/- 0.13 35.43 +/- 0.44 13.76 +/- 0.08 

1200 24.95 +/- 0.05 38.72 +/- 0.24 17.18 +/- 0.19 

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 

 

As shown in the previous study with Figure 49, the increase in power absorbed results in the 

increase in adsorbate desorption - see Figure 54. Essentially, increasing the MW power would 

increase the level of energy being absorbed by the target materials, allowing for greater level 

of desorption. Increasing the rate of heat transfer would allow for this to happen without 

energy being dispersed by the adsorbates which would lead to as much damage happening 
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to the carbon structure. As with the previous study, the increase in specific energy input leads 

to an increase in the butane activity achieved.  

 

Figure 54. Increase in butane activity with the increase in specific energy input for spent 

sulphurous activated carbon regenerated using a multimode waveguide cavity and inert gas 

flow directly over the samples. 

Unlike the study conducted using the single-mode waveguide cavity, the effects of increased 

irradiation time were more apparent after a certain point when using certain MW powers. In 

Figure 55, those run at 100 W and 200 W saw a significant rise in butane activity when 

irradiating over 960s, but not for those samples irradiated at 50 or 150 W.  This is in contrast 

with the pattern seen when using a single-mode waveguide cavity. It could symbolise energy 

inputs at which desorption of specific materials can only be achieved when surpassing 960s. 

However, it could also signify that triplicating each run was not sufficient and that each run 

should have been conducted several more times to rule out reduce the impact of anomalous 

results even further. Further study would be required here.  
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Figure 55. Increase in butane activity with the increase in irradiation time for spent sulphurous 

activated carbon regenerated using a multimode waveguide cavity and inert gas flow directly 

over the samples. 

Regarding processing time, as with the single-mode generations using inert gas flow directly 

over the target samples, the butane activity achieved is like that achieved via conventional 

thermal regeneration in a fraction of the time. With this study having been conducted using 

a multimode waveguide cavity, a waveguide cavity much more typical of large-scale MW 

processing, this represents what could be a more realistic starting point for scale-up as a 

multimode would be far more likely to be used in such large-scale operations. 

Sulphur distribution 

The sulphur distribution for the samples run at 200 W over 1200s using a multimode 

waveguide cavity and an inert gas flow directly over the samples was somewhat like that seen 

in in the previous study when a single-mode waveguide cavity was used. Although the heating 

rate was slowed via the use of a low-density field, this did not stop all damage to the carbon 

structure in the interior of the sample, nor did it remove more sulphur compounds in the 

same area. In fact, the level of scarring appeared to be more so than that using the single-

mode waveguide cavity reactor. This is due to the energy input being lower, extending the 

time required to remove compounds at lower desorption temperatures, allowing heat to emit 

and resonate for longer periods. The single-mode reactor appears to have removed the 

samples quickly enough that this kind of damage from slower desorption rates was avoided. 
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Additionally, as previously discussed, one of the side effects of using a low-density field is the 

potential reduction in MW penetration depth. This is likely the cause of the concentration 

being still significant in the centre of the AC. This is also shown by the reduction in energy 

absorbed which results in a reduced specific energy input, as seen when comparing analogous 

results from Tables 11 and 12. 

 

 

Figure 56. EPMA scan of a cross section of the edge of a of  sample regenerated at 200 W over 

1200s using a multimode waveguide cavity reactor and continuous inert gas flow over the 

sample bed. 

The corresponding intensity profile (Appendix C) for Figure 56  showed a general reduction in 

the gray value, with the main trend being 100-140 as opposed to 100-150 seen in the base 

sample. This was indicative of the reduction in the level of sulphur, as seen in the EPMA scan. 

However, as had been the case before in previous experiments, there were instances of 

damage, which was represented by the sharp peaks to low gray values. These lesions are clear 

in Figure 56, and were a result of the heating method, as already discussed above. 
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Sulphur chemistry 

With the XRD analysis of samples run over 360s and 960s there were differences in the 

sulphur chemistry, suggesting which compounds were being desorbed at which part of the 

process. In Figures 57 and 58 the green and brown lines, respectively, signify the presence of 

Na2SO4. However, the intensity of the peaks increases over time, indicating the increased 

presence of the compound on the surface. This is a result of the Na2SO3 (formed from SO2 

adsorbing to the surface via a known impregnate, NaOH) being oxidised into Na2SO4 before 

desorption of SO2, resulting in NaO2, Na and Na2O2 on the surface, as seen in Figure 58. 

Additionally, signs of S8 in the sample run over 960s were not apparent, suggesting that the 

desorption of the molecule had already happened.  

 

 

Figure 57. XRD analysis of sample regenerated at 200 W over 360s using a multimode 

waveguide cavity and inert gas flow directly over samples. 
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Figure 58. XRD analysis of sample regenerated at 200 W over 960s using a multimode 

waveguide cavity and inert gas flow directly over samples. 

Additionally, as with the single-mode runs, the presence of an amorphous hump between 20-

28 2theta shows the signs of charring having occurred where the sample was overheated. 

7.5 Manipulating mass transfer of sulphurous compounds desorbing from activated carbon 

– heated gas flow 

Throughout literature concerning mass transfer of particles from one space to another there 

have been several methods used to aid movement including the use of inert gas and heat. 

Previously in this chapter, the effects of mass transfer manipulation via inert gas flow through 

a system have been documented and proved successful in increasing the butane activity of 

the regenerated sample, as well as reducing the damage to the AC structure from localised 

overheating. However, there were still issues regarding the damage that can be caused by the 

heat energy being emitted during the desorption process by adsorbates, and when said 

desorbed materials exit the porous system. Studies on the Baskakov-Palchonok correlation 

by the by Leckner et al and Ma et al  document the effects of heating an inert gas flow to aid 

in the mass transfer effect [213] [214]. In both studies, small compounds physiosorbed to a 

porous media can be removed at a faster rate when heat energy from a heated gas flow helps 

to weaken intermolecular interactions, such as Van der Waals, in packed layered scenarios. 

This is done by first weakening intermolecular forces between the top layer adsorbates and 

those below, allowing them to desorb, and then progressive layers below can follow suit [214] 

[215]. When this is applied to a system in which a source of energy is employed for desorption 

has a heated inert gas/liquid flow over the adsorbent and adsorbate, desorption occurs at a 
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faster rate [216]. In the case of MWs, the localised energy source is the MWs as they interact 

only with the target dipolar molecules. A heated gas flow would remove the physiosorbed 

layer at a faster rate, reducing further the damage caused by heat energy being emitted 

during the desorption process by the desorbing materials, as well as during the time in which 

they exit the AC. Essentially, the heating of the inert gas flow would aid in desorption of 

physiosorbed materials faster than that of the inert gas flow when it not heated. 

For this, the inert gas was kept as nitrogen. It would be heated via passing through a coiled  

copper tube which itself had been heated inside a bath of silicone oil. The temperature of the 

oil would be taken as representative, albeit not one-to-one, of the gas temperature. The gas 

was heated for 10 minutes before being allowed to flow through the reactor for 3 minutes 

before the MW was turned on. The gas flow was continuous, as was the heating of the gas, 

during the entirety of the process. The oil bath was turned off immediately after the MWs 

were, but the nitrogen was allowed to flow for a further 5 minutes to allow the system to be 

purged. 

7.5.1 Gas flowrate 

When establishing the optimum flowrate for the heated inert gas flow setup a range of 

flowrates (0.25-2.00 L.min-1) were analysed in triplicate. This was done at 200 W, over 180s 

with the gas temperature being 160 oC. At lower flowrates the variation between replicated 

samples was significantly large, with the experiments run at 0.25 L.min-1 seeing standard 

deviation of over 3 for both the mass change and butane activity. As the flowrate was 

increased the converse was seen, with the standard deviation being significantly lower. This 

would suggest that lower flowrates may have led to localised overheating and thus damage 

to the carbon structure which limits the achievable butane activity. Additionally, the variation 

seen at lower flowrates shows an insufficient control of the processes outcome when gas flow 

is not used or at a lower rate. 
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Table 16. Analysis of the effects of flowrate of heated inert gas  on butane activity and mass 

loss from MW regeneration of the spent sulphurous AC. The MW being set to 200W, irradiated 

over 180s, with the N2 temperature being 160 oC. Standard deviation (+/- x.xx) shown was 

calculated for each result from the corresponding results in Appendix B. 

 

 

However, the butane activity achieved when using a flowrate at 2.00 L.min-1 was 42.50%. This 

figure provided a reassurance that the technique was going to be important going forward as 

the runs at this flowrate had already surpassed the butane activity of thermal regeneration 

at a fraction of the time. When this project was scaled-up, the cost of nitrogen will had to be 

factored into operational costs, however. 

7.5.2 Gas temperature 

A study was undertaken to analyse the effect the temperature of the inert gas flow would 

have one the efficiency or the regeneration process. For this, two irradiation periods were 

monitored, 360s and 960s. The idea being that increased gas temperature may increase the 

butane activity and mass change, but as shown in previous studies, it may be marginal or even 

detrimental to the regeneration after a certain period. To give a wide scope of possible 

suitable temperatures a range of temperatures between 100-200 oC was studied. This range 

was chosen as literature regarding thermal regeneration shows that light volatiles 

physiosorbed to the surface can be removed in initial heat up phases at low temperatures 

during heating [15]. Although this process does not mimic the traditional thermal regeneration 

method, it does emulate the early stages of heating in that a low temperature environment 

is being introduced by the gas flow which is then followed up by the introduction of a 

N2 flowrate (L.min-1) Mass change 

 (%) 

Butane activity  

(%) 

0.25 22.00 +/- 2.92 31.65 +/- 2.34 

0.50 24.93 +/- 2.57 36.50 +/- 3.80 

0.75 22.07 +/- 0.73 36.13 +/- 1.28 

1.00 23.14 +/- 0.28 36.51 +/- 0.45 

2.00 42.50 +/- 0.18 42.50 +/- 0.18 
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secondary heating mechanism (MWs in this case). As with other studies, each experiment was 

performed in triplicate to help eliminate/reduce the impact of anomalous results on the 

dataset produced. The dataset collected is shown in Table 17. 

Table 17. Analysis of impact of inert gas flow temperature on the mass change and butane 

activity. Experiments run at 200 W MW power, with a N2 flowrate of  2.00 L.min-1. Standard 

deviation (+/- x.xx) shown was calculated for each result from the corresponding results in 

Appendix B. 

 

The overall mass change in the samples did not vary much with an increase in gas flow 

temperature for both the 360s and 960s studies. The 360s series seeing increase of 0.76 % for 

the entire dataset, and the 960s series and increase of 1.27 %. There was no linear increase 

in mass change as temperature increases for either study. There was an increase in the mass 

change when the irradiation time was increased of around 1.23 %, suggesting, as seen before, 

that material desorption is dependent on the temperature of the adsorbate and AC – 

temperature increasing over time as more energy is absorbed. 

Irradiation time 

(s) 

N2 temperature  

(oC) 

Mass change  

(%) 

Butane activity 

 (%) 

360 

100 28.08 +/- 0.13 39.62 +/- 1.53 

120 28.62 +/- 0.53 40.73 +/- 2.20 

140 29.35 +/- 0.20 42.73 +/- 0.34 

160 29.57 +/- 0.46 42.95 +/- 0.92 

180 28.77 +/- 0.19 43.55 +/- 0.23 

200 28.84 +/- 0.62 45.20 +/- 1.15 

960 

100 29.62 +/- 1.21 46.47 +/- 0.40 

120 29.73 +/- 0.32 45.74 +/- 0.04 

140 30.75 +/- 0.16 46.63 +/- 0.23 

160 30.38 +/- 0.10 47.08 +/- 0.12 

180 29.20 +/- 0.30 47.36 +/- 0.12 

200 30.89 +/- 0.17 47.50 +/- 0.10 

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 
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With regards to the butane activity there was a clear linear progression as the inert gas flow 

temperature increased (see Figure 59). This followed the findings by Leckner and Ma et al in 

that heated gas flow increased the heat and mass transfer rates of desorbing materials, and 

increasing the temperature increased the mass and heat transfer rate [214] [215]. Although, it 

should be said that the increase of butane activity began to level off after 160 oC for both 

irradiation time datasets. Considering the next stage of this research following the completion 

of the EngD would been to scale-up and thus factor in operational costs, a costs benefits 

analysis would have to be conducted. This would establish whether heating the gas to a higher 

temperature, which would incur higher financial costs associated with the increased energy 

requirement, would be beneficial for what is a fractional gain in butane activity after this 

point. 

 

Figure 59. Effect of increasing inert gas flow temperature on the butane activity achieved 

during MW regeneration. MW power set to 200 W, with a N2 flowrate of 2 L.min-1. 

Finally, it should be noted that the butane activity achieved for the samples run across the 

range inert gas flow temperatures was much higher than that seen in both conventional 

thermal regeneration methods and in any of the previous studies conducted as part of this 

research project – being at least 7% higher than both respectively. This was only improved 

when an increased irradiation time was used employed. Further study into the true effects of 

irradiation time are shown later in this chapter. 
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7.5.3 Microwave power 

This study focused on the effects of MW power in the experiments involving heated inert gas 

flowing directly over the sample during the regeneration process. With this a range of powers 

between 200 – 800 W were studied at two set irradiation times, 120s and 360s. This power 

range was chosen over the use of lower power ranges as the study on the effects of power 

when using an ambient temperature inert gas flow showed 200 W to have been the optimum 

power setting, and previous studies had shown that increasing power beyond that may yield 

an even greater butane activity. During each experiment the gas was kept at a constant 

flowrate of 2 L.min-1 with a temperature of 160 oC. As with previous, each experiment was 

replicated in triplicate to reduce/eliminate anomalous results from the dataset. 

In Table 18, the resulting mass changes, butane activities and specific energy inputs are 

documented for the MW powers studied. The table shows that mass change increases linearly 

for runs at corresponding irradiation times as the MW power is increased. This trend is not 

dissimilar to that seen in previous studies when analysing mass changes of the samples 

regenerated. However, the mass change reaches levels seen in the experiments conducted 

without the inert gas flow directly over the samples. Pairing this with the fact that the increase 

in power sees an initial increase in the butane activity before decreasing to lower levels - the 

samples run at 800 W recorded average butane activities lower than that of the samples 

regenerated at 200 W whilst the mass change increased by over 10% - suggested that damage 

to, and subsequent loss of, carbon structure had occurred. This was not altogether surprising 

as previous studies in this project had shown that higher MW power resulted in increased 

heating rates, or increased levels of localised overheating. Although the technique yielded 

promising results in terms of reach new heights of butane activity, it also reflected that MW 

power was as much a limiting factor as it had been seen to be in previous studies. 
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Table 18. Effects of MW power on mass change, butane activity, and specific energy input 

when utilising heated inert gas flow. The gas flowrate was at 2 L.min-1 and the gas 

temperature was at 160 oC. Standard deviation (+/- x.xx) shown was calculated for each result 

from the corresponding results in Appendix B. 

Power  

(W) 

Time  

(s) 

Mass change  

(%) 

Butane activity  

(%) 

Specific energy input 

(kJ.g -1) 

200 
120 28.32 +/- 0.47 40.57 +/- 0.35 2.30 +/- 0.06 

360 30.27 +/- 0.48 43.55 +/- 0.38 6.68 +/- 0.08 

400 
120 29.14 +/- 0.52 42.72 +/- 0.16 5.50 +/- 0.05 

360 30.69 +/- 0.38 45.52 +/- 0.48 14.60 +/- 0.34 

600 
120 32.79 +/- 0.29 42.19 +/- 0.84 7.77 +/- 0.09 

360 33.43 +/- 0.77 45.39 +/- 0.63 18.13 +/- 0.17 

800 
120 38.32 +/- 0.78 41.26 +/- 0.11 9.41 +/- 0.06 

360 40.44 +/- 0.23 40.27 +/- 0.01 22.75 +/- 0.12 

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 

 

When examining the specific energy input there was a clear trend showing an increase  as the  

MW power increased. Again, this was not unexpected as this had been seen before with 

extended examinations of MW power in previous studies in this project. However, the  rate 

of increase in specific energy input was much higher than that seen in the studies involving 

the effects of using a cold inert gas flow were employed (see Tables 14 and 15). Again, this 

was caused by an increased heating rate provided by the increase in MW power – the increase 

in MW power caused an increase in energy absorbed by target molecules at a faster rate. This 

energy would then be dispersed as heat energy during desorption and during the mass 

transfer itself, causing damage and loss of the carbon structure. The increased specific energy 

input levels paired with the decreasing butane activity, and increasing mass change, as MW 

power was increased were indictive of this. 

Additionally, although a more expanded study into the effects of irradiation time follows on 

from this study, there were clear signs that as it increased, the butane activity increased (up 

until a point). Those samples regenerated at 600 W represented the incidents at which 
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localised overheating was starting to increase and carbon structural loss was occurring. With 

those at 400 W it is likely that this would have occurred with longer irradiation times as the 

absorbed energy beginning to increase dramatically when as irradiation time increased. As 

such, the next study following on from this, the study regarding an in-depth analysis on 

irradiation time was set to be studied at 200 W. 

7.5.4 Irradiation time 

The following study analysed the effects of irradiation time during the MW regeneration 

process in which the inert gas flowing directly over the samples throughout was heated. As 

has previously been discussed in this chapter, there was a decline in performance when using 

MW over 400 W for extended periods and, and it was suspected the same decline in 

achievable butane activity would be seen if experiments were conducted for longer periods 

at 400 W. As such, the following experiments were all carried out with the MW power being 

set at a continuous 200 W. During all the experiments the inert gas flow was kept continuous 

at 2 L.min-1 at a temperature of 160 oC. As previous, each experiment was replicated in 

triplicate to reduce/eliminate anomalous results from impacting the dataset to a distinct 

degree.  

Table 16 shows the effects of prolonged irradiation time and how it affects the mass change, 

butane activity, and specific energy input. Trends that had been seen before in previous 

studies regarding increasing irradiation time leading to an increase in increases in mass 

change, butane activity and specific energy input were present. The increase in mass change 

over time paired with the increase in butane activity signified the desorption happening in 

stages – as the material heats up over time in conjunction with prolonged exposure to MWs, 

desorption of different materials occurs. In other words, certain materials desorb when they 

have absorbed specific amounts of energy from the MW interactions. During the desorption 

process the energy absorbed is transferred to the surrounding as heat energy, propagating 

other dipolar materials to reach a level of energy absorbed at which they too can desorb. The 

inert gas flow helps to remove these desorbing materials before they can transfer enough 

energy in the form of heat that damages/destroys the surrounding carbon structure. This, in 

turn, gives rise to higher internal pressure within the pore, which, when paired with the inert 

gas flow, increases the vapour velocity to further promote removal of adsorbates from the 

surface.  In addition, as previously stated in Section 7.5.2, the heated gas also helps to remove 
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adsorbates physiosorbed to the surface and in packed layers. Essentially, the mechanisms 

feed into, and aid one another. 

Table 19. Effects of irradiation time on mass change, butane activity, and specific energy input 

when utilising heated inert gas flow. The gas flowrate was at 2 L.min-1 and the gas 

temperature was at 160 oC. Microwave power was kept constant at 200 W. Standard deviation 

(+/- x.xx) shown was calculated for each result from the corresponding results in Appendix B. 

 

When comparing the runs with ambient temperature for the inert gas flowing over the 

samples during regeneration, and those running the inert gas flow at 160 oC (as show in Figure 

60), that were both run for the exact same irradiation times, the specific energy input is 

roughly similar, yet the heating of the gas has led to a direct increase in butane activity. This 

comparison helped to confirm the approach modified from Leckner and Ma et al’s approaches 

regarding the effects heating an inert gas flow through a system and how it aids with 

desorption of adsorbates directly [213] [214]. Additionally, when comparing the mass changes 

for the analogous results, the mass changes were marginally higher even though the butane 

activities had increased dramatically. This would suggest that the increased mass change was 

due to adsorbate desorption as opposed to damage to the overall carbon structure. 

Time 

(s) 

Mass change 

 (%) 

Butane activity  

(%) 

Specific energy input 

(kJ.g -1) 

30 9.10 +/- 3.65 12.45 +/- 1.28 0.53 +/- 0.05 

60 13.96 +/- 0.89 23.50 +/- 2.90 1.14 +/- 0.16 

90 18.36 +/- 2.37 31.64 +/- 2.41 1.56 +/- 0.09 

120 24.62 +/- 0.39 41.92 +/- 1.46 2.10 +/- 0.18 

360 29.38 +/- 0.60 43.01 +/- 0.71 6.23 +/- 0.21 

960 30.35 +/- 1.26 47.06 +/- 1.71 16.01 +/- 0.21 

1200 32.67 +/- 0.61 48.34 +/- 1.20 20.30 +/- 0.28 

Thermal 50.31 +/- 0.95 40.88 +/- 0.92 - 
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Figure 60. Comparison of butane activity – specific energy input relationship when utilising 

inert gas flow at 160 OC as opposed ambient temperature. MW set to 200 W, with the N2 

flowrate at 2.0 L.min-1. 

The results from this study were seen to be extremely positive in that the butane activity 

achieved resulted in the highest level seen in any if of the studies recorded during this 

research project, 48.34 % (+/- 1.20 std) . This level of butane activity is almost 8 % higher than 

that seen in the thermal regeneration experiments performed as standard to which the MW 

research could be set against. Additionally, when comparing this result to thermal 

regeneration, the mass change was reduced dramatically (from 50.31 % (+/- 0.95 std)  to 32.67 

% (+/- 0.61 std)), signifying that the return of adsorptivity via MW regeneration had not 

caused significant damage/loss to the overall carbon structure. 
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7.5.5 Effects on sulphur chemistry and distribution 

Sulphurous compound distribution 

The EPMA analysis for the regeneration experiments involving the use of heated inert gas 

flow directly over the samples during the regeneration process showed the distribution of 

sulphurous compounds across the AC, and how the concentrations of said sulphurous 

compounds had been greatly decreased. This is shown in Figure 61 – the EPMA scan of a 

sample regenerated over 960s at 200 W with a continuous N2 flow of 2.00 L.min-1at 160oC.  

 

Figure 61. EPMA scan of a cross section of activated regenerated at 200 W over 960s using a 

single-mode waveguide cavity reactor that utilised inert gas flow (N2 at 2.00 L.min-1, 160 0C) 

directly over the sample. 

Unlike previous scans of MW regeneration experiments there was no sign of the distinctly 

higher concentrations of sulphurous compounds in the interior of the AC, instead it was the 

exterior that showed a slight increase in concentration – a slightly lighter shade of blue on the 

scan. Moreover, the damage seen in all pervious regeneration experiments (low- or high-

density MW field, or thermal) was not replicated here. This showed that the heating of the 

inert gas had not only aided the mass transfer of the desorbing materials, but it had also aided 

in the heat transfer during the process. With this the heat energy being emitted during the 
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desorption process by the sulphurous compounds desorbing, and by those having already 

been desorbed that are moving out of the AC, was not overly affecting the carbon structure. 

The heated gas flow having effectively sped up the rate at which physiosorbed materials were 

desorbed before they could be overheated via MW interactions that would propagate 

overheating in localised areas. This in turn then creating increased vapour pressure inside the 

pore (aided by the flow of the gas), which only served to propagate further desorption. 

The intensity profile of Figure 61 (Appendix C) showed a dramatic reduction in the gray value 

to reflect the reduced sulphur concentration, with all but three peaks being below 100. Unlike 

previous experiments, these low gray values were clearly not due to damage in the carbon 

structure. Thus, confirming the success found in the technique. 

The reduced/lack of damage to the carbon structure aided the increase return in adsorptivity 

in the form of a butane activity much higher than even that seen in thermal regeneration (as 

shown in by the results in Table 16). And, unlike the EPMA scan of thermal regeneration 

(Figure 30), the edges appear to have been subject to less fraying. This occurring with the 

exterior edges having been the areas of highest concentration pre-regeneration, and still 

slightly higher concentrations post-regeneration, suggests that the MW heated the sample 

volumetrically. Essentially, the sulphurous contingent of the spent AC was heated evenly and 

at the same rate rather than being subject to thermal diffusion. Thus, the desorption of each 

specific species occurred at the same rate across the AC. With this and an efficient removal 

mechanism in the form of the heated inert gas flow, the localised overheating was 

reduced/eliminated. 

It should be noted however that the scans did show small pockets of sulphurous compounds 

still being present (small green/yellow areas). It is likely that these are sulphurous compounds 

that would require more energy, or higher temperatures to remove. This is not something 

that was seen in thermal regeneration. But, the increased level of achievable butane activity, 

and reduced damage to the carbon structure makes up for this. Additionally, as the thermal 

regeneration EPMA scans show, the removal of all adsorbed material is all but impossible. 

Sulphur chemistry 

When analysing the XRD diffractograms of samples run in the single-mode MW waveguide 

cavity that utilised a heated (160 oC) inert gas flow directly over the samples during the 
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regeneration process, the results were somewhat like those of the samples run using ambient 

temperature inert gas flow directly over the samples. However, at the lower irradiation times 

(360s) the heated gas samples showed intense peaks for Metal (II) sulphides (shown by the 

large pink peaks in Figure 62), suggesting that the adsorption reaction in which metal 

hydroxide impregnates react with adsorbed hydrogen sulphide ions to form the metal 

sulphide is occurring around this time in the process. This process was not happening to this 

degree as early into the process with the ambient gas flow samples, with the corresponding 

peaks being much less intense. Following this, the sulphurous compounds such as metal 

sulphates and elemental sulphur molecules were present as the irradiation time progressed, 

as was the case with the samples that had been regenerated using cold inert gas flow directly 

over the samples (see Figures 63 and 64). These peaks were less intense, suggesting that the 

concentrations of these compounds may be lower. Essentially, the XRD analysis appeared to 

confirm that certain desorption reactions were taking place faster, at lower levels of energy 

absorbed, thus less heat energy was being exerted by the desorbing materials during the 

desorbing materials which resulted in the destruction/damage to the overall carbon 

structure. It is this that allowed for a higher butane activity to be achieved as there was more 

of the carbon structure remaining intact that could be regenerated and contribute to the 

overall adsorptivity ability. 

 

 

Figure 62. XRD analysis of sample regenerated at 200 W over 360s using a single-mode 

waveguide cavity and heated inert gas flow directly over samples. The gas flowrate was 2.00 

L.min-1, at 160 .C. 
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Figure 63. XRD analysis of sample regenerated at 200 W over 960s using a single-mode 

waveguide cavity and heated inert gas flow directly over samples. The gas flowrate was 2.00 

L.min-1, at 160 0C. 

 

 

Figure 64. XRD analysis of sample regenerated at 200 W over 1200  using a single-mode 

waveguide cavity and heated inert gas flow directly over samples. The gas flowrate was 2.00 

L.min-1, at 160 0C. 

It should be noted however that at a point after 360s of irradiation a degree of charring had 

occurred on the carbon itself. This is shown by the emergence of amorphous humps between 

20-28 2Theta. This suggests that some degree of damage has occurred to the AC, albeit to a 

much lesser degree than that seen in previous studies. This would explain why the butane 

activity, although high, was not even higher – some level of adsorption site loss. It would also 

suggest that any form of regeneration using a MW system would result in some structural 

PDF 003-065-2926 CaS Oldhamite, syn 
PDF 00-024-1132 Na2SO4 Sodium Sulphate 
PDF 01-083-0437 Ca(SO)4 Anhydrite III, syn 
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damage, but that using the heated inert gas flow directly over the samples during the process 

limits the damage to a degree. And, with the butane activity being as high as was achieved 

here, and with it having been achieved over such a short period compared to that of thermal 

regeneration, the level of damage incurred is acceptable at this stage of development. 

7.6 Conclusions  

The studies outlined in this chapter were conducted to establish the effects of increasing mass 

transfer rates during MW regeneration, with the intention being that it would reduce the 

overheating caused by heat energy being emitted to the surrounding carbon structure during 

the desorption process. This was done inserting a continuous flow of inert gas through the 

reaction vessel, passing directly over the target samples throughout MW irradiation. A 

systematic approach was followed to allow for comparisons between previous experiments 

which had not utilised inert gas flow directly over the samples during processing and those 

that had. The aim of this approach, and thus this study, was to outline the effects of increasing 

mass and heat transfer would have on the validity and efficiency of MW-based regeneration 

for spent sulphurous AC.  

The first part of the study outlined the effects of using ambient temperature inert gas flow 

directly over the samples during processing would have in high-density and low-density 

microwave fields. Although the low-density field would be more suitable for a scale-up 

process, lower levels of energy were being absorbed by the target compounds, translating 

into butane activity lower than that of the high-density field. This was also, in part, due to the 

low-density field resulting in a shallower penetration depth, thus higher sulphurous 

compounds concentrations remaining in the interior of the compound. The high-density field 

study saw higher levels of butane activity achieved due to higher levels of energy having been 

absorbed during the process. However, both the high- and low-density field experiments saw 

damage to the carbon structure due to mass transfer rates not being sufficient, and thus a 

level of heat transfer occurring between the desorbing material and the surrounding carbon 

structure. This resulted in damage to said carbon structure. 

The second half of the study was an in-depth analysis of the effects of heating the inert gas 

flow, with the express purpose being to increase the speed at which more readily desorbed 

material were desorbed, and subsequently removed from the AC. The theory being that if 

physiosorbed layers could be desorbed at a faster rate than the heat energy emitted from 
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their desorption would not impact the surrounding carbon structure as dramatically. A series 

of flowrates, inert gas temperatures, MW powers and MW irradiation times were studied. 

The theory proved to be fruitful and damage to the carbon structure was reduced 

dramatically, leading to butane activity levels higher than any other experiment and higher 

than that seen in thermal regeneration methods. Heating the inert gas flow had allowed for 

an increased vapour pressure and increased mass transfer rate, which reduced the level of 

heat energy being transferred to the carbon structure as the desorbing material exited the 

AC at a much faster rate. The process has been deemed a major success, having achieved 

butane activity of 48.34 % (+/- 1.20 std) and a mass loss of 32.67 % (+/- 0.61 std). This being 

major improvement on the thermal regeneration, which reached only 40.88 % (+/- 0.92 std) 

butane activity and mass loss of 50.31 % (+/- 0.95 std). 

The study and experimentation into controlling the rate of mass transfer proved to be 

successful in displaying the efficacy of MW-based processing for the regeneration of spent 

sulphurous activated carbon. The process reduced the processing time immensely from 

several hours to 20 minutes. It also yielded higher butane activity levels than possible via 

thermal regeneration. And, as was seen in previous MW regeneration experimentation in this 

thesis, it eliminated the need for a steam oxidation phase and thus stopped the production 

of unwanted acidic by products. 
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8. Conclusions & Future Work 

The aim of this thesis was to study the effects of MW heating on spent sulphurous activated 

carbon and whether it would provide a sufficient replacement for the traditional thermal 

regeneration technique used by the project’s industrial sponsor, CPL Ltd. 

MW heating and MW regeneration was studied with a variety of parameters to understand 

the efficacy of using an alternate heating source to replace that which is used in current 

methods. This included: initial testing in which the effects of MW power and irradiation time 

had on adsorbate desorption mechanics; the effect of high- and low-density MW fields had 

on adsorbate desorption; and the effects of manipulating mass transfer rates via the use of 

inert gas flow directly over the target samples during irradiation. 

With this a MW regeneration technique was developed capable of achieving greater levels of 

returned adsorptivity for spent sulphurous AC than that seen with thermal regeneration. This 

following chapter will offer the conclusions of each chapter studied and what was discovered. 

8.1 Effects of MW irradiation 

Spent sulphurous AC provided by the project’s sponsor company, CPL Ltd, were subjected to  

irradiation with a variety of MW powers and over a variety of periods of time to analyse the 

effects MWs would have. The study was funded and pursed owing to the negative side-effects 

of the thermal regeneration process used by the sponsor in their industrial operations. These 

included: long processing times which incurred high energy and financial costs; and the 

production of unwanted by-products in the form of sulphuric and sulphurous acids. The 

recorded butane activity for which bring 40.88 % (+/- 0.92 std), and the mass loss was 50.31 

% (+/- 0.95 std). 

It was found that exposure to MWs caused the dipolar sulphurous compounds emit energy in 

the form of heat, which resulted in damage/loss to the surrounding carbon structure. Butane 

activities recorded for MW regenerated samples were relatively high (33.43 % (+/- 0.87 std)) 

when compared to those recorded for thermal regeneration, but not at the same level. It was 

discovered that increased MW power and irradiation time was a key parameter in the level 

of energy absorbed, which in turn increased the butane activity. However, if the MW power 
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was too high, or if irradiation time was too long, this resulted in an increase in detrimental 

effects to the carbon structure. 

However, the processing times recorded for these experiments were significantly lower 

(minutes rather than hours), and the lack of a need for a steam activation stage, which is 

required in thermal regeneration, resulted in no sulphurous or sulphuric acids being produced 

(as had was the case with the traditional thermal method). 

Several novel adaptations were attempted to the initial design for the MW processing unit 

and mechanism with the explicit purpose of reducing overheating methods. This included the 

use of solvents in which the samples were bathed before and during irradiation. This 

technique resulted in poor desorption and butane activities. Another technique used was 

alternating the irradiation over a set time, to which similar positive and negative effects of 

the initial study were replicated. 

With the initial method it was found that using a MW power of 400 W from a 2-kW generator 

at 2.45 Ghz, over a period of 360s, was the most efficient at producing high butane activities. 

However, this did lead to destruction of carbon structure via localised overheating. 

8.2 Low-density field 

A low-density field environment was created by using a multimode waveguide cavity reactor 

as opposed to a single-mode reactor with the intention being that the chaotic way MWs 

would be dispersed would result in a slower rate of heating, reducing the localised 

overheating seen in the initial study. A systematic approach was followed in which MW power 

and irradiation times were analysed to establish whether the lower MW field density would 

provide a more adequate approach for retaining the carbon structure.  

The first sets of experiments carried out acted as an initial comparison to the experiments 

carried out in the previous chapter which had used a single-mode waveguide reaction cavity. 

It was found that the use of a multimode cavity reduced the level of damage done to the 

overall carbon structure by reducing the rate of heating. However, the results from these 

initial studies also showed that the level of achievable butane activity was reduced compared 

to the analogous single-mode runs - 22.94 % (+/- 0.04 std) when using 400 W over 360s, 

compared to analogous single-mode run having achieved 33.43 % (+/- 0.87 std). This was due 

to the reduction in absorbed energy over the short relatively short periods of irradiation. 



 

 

168 

 

With the level of absorbed energy being lower when using a multimode waveguide cavity 

reactor for processing, it was theorised it would allow for exposure at higher MW powers. To 

analyse this, extended irradiation periods were analysed for a range of MW powers between 

200-800 W. The best butane activity achieved was at 800 W over 360s at 32.78 %  (+/- 0.03 

std), comparable to that achieved using the single-mode waveguide cavity at 400 W for 360s. 

However, this led to a different heating profile than that seen in single-mode experiments 

where the concentration of sulphurous compounds around the edges of the AC were reduced 

dramatically, but the level around the interior of the AC remained like its pre-regeneration 

state. This irradiation of the AC using this method still led to significant damage to the carbon 

structure. It was theorised that this was being caused by a mass transfer related issue in which 

the desorbing material was not desorbing and exiting the AC at a rate fast enough to avoid 

the heat energy being emitted from the desorbing adsorbates from affecting the 

surroundings detrimentally. This informed the direction of the project going forward as mass 

and heat transfer manipulation would become a key path towards enhancing the technique. 

Much like the high-density field experiments, the low-density field experiments also did not 

require a steam activation stage for the desorption of adsorbed material bonded to the 

surface via chemisorption. Thus, no sulphur-based acids were produced. The low-density field 

technique also didn’t require long processing times. As such, two of the key criteria set out by 

CPL Ltd were still met – removing the steam activation phase which resulted in sulphurous 

and sulphuric acid production, and reducing the long processing time which can take upwards 

of 3 hours in on a laboratory scale. 

The additional reasoning behind this study was to emulate what would be a typical design 

aspect were this process to be scaled up. Single-mode waveguide cavity reactors are single-

mode owing to a single-mode of MW energy wavelength being transmitted from the cavity, 

along the waveguide, to the target. When a waveguide cavity is increased then the number 

of modes increase, thus multimode. Most industrial  units used for MW processing use a 

multimode waveguide cavity set up as large targets are processing at a time to ensure that 

production of a product can be met to an industrial scale. With CPL Ltd, there current thermal 

regeneration unit processes several tonnes a day. A single-mode unit would not be viable to 

process such large target at a single time, but a multimode would if it were scaled up alongside 

a scaled-up generator.  As such, even though the use of a multi-mode waveguide cavity 
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proved to not be as efficient as a single-mode unit, the research into how such a waveguide 

cavity effects the samples being processed would be key to a scale-up process. 

8.3 Mass transfer manipulation mechanism 

MW regeneration of spent sulphurous AC utilising inert gas flow directly over the target 

samples during was investigated as potential replacement for thermal regeneration processes 

currently in use by the research’s sponsor, CPL Ltd. 

The initial experiments of this study were conducted using ambient temperature inert gas 

(N2) flowing directly over the target samples during the regeneration process. This was 

performed as a method by which mass transfer rates could be increased - attempting to 

reduce the damage to the surrounding carbon structure caused via heat energy emitted from 

desorbing materials as they desorb and exit the AC. These experiments (sections 7.4.1 and 

7.4.2, respectively) resulted in levels of butane activity like those recorded for thermal 

regeneration, with the high-density field experiments reaching 40.73%, and the low-density 

field experiments reaching 38.72 % (+/- 0.24 std). However, the technique still led to slight 

damage to the interior of the AC during processing. It was believed that desorbing material 

had not left the AC at a rate fast enough for the heat energy to have not caused damage. 

Additionally, there were still increased levels of sulphurous compounds shown to be present 

across the ACs, and specifically more concentrated towards the interior. But, in terms of the 

unwanted by-products and reducing the processing time in comparison with thermal 

regeneration, the technique proved successful. 

The second part of the study involved an in-depth analysis of gas flowrates, the effects of 

heating the gas flow, MW power, and irradiation time whilst using a high-density field 

provided by a single-mode waveguide cavity reactor. With regards to nitrogenous flowrate, it 

was discovered that lower gas flowrates resulted in a reduction in reliability, as well as 

decreased butane activity levels. A flowrate of 2.00 L.min-1 was found to be optimum. When 

decreased flowrates were used it was also found that the variation in butane activity and mass 

change were increased, suggesting that the level of gas used could help to control 

overheating. When the inert gas flow was heated, it was found that increasing the 

temperature led to an increase in butane activity, with the mass transfer being more efficient 

at temperatures more than 160 oC. Marginal gains were seen when increasing the 
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temperature beyond 160 oC, but the increase was only slight and increasing the temperature 

represented an increase in financial cost for the process. Most importantly, it was found that 

when irradiating the sample for 360s or higher, the butane activity achieved was higher than 

that seen in thermal regeneration experiments in all but one temperature setting (100 oC). 

With increased irradiation time, the increase in butane activity was such that the levels seen 

in thermal regeneration could be surpassed in as little as 120s, with the longest experiments 

having surpassed the butane level by approximately 8% when regenerated for 1200s. In 

addition, the heating of the inert gas flow allowed for the MW power to be reduced to 200 W 

whilst still achieving up to 48.34 % ( +/- 1.20 std) butane activity. Lower MW powers were 

tested, but optimal power was found to be 200 W. 

The results of the second study also showed how heated inert gas flow over the samples 

during the regeneration process allowed for desorption to happen quicker for materials 

physiosorbed to the surface. And the gas flow also removed them from the AC pores quicker, 

resulting in less heat being transferred to the surrounding carbon. Additionally, the heating 

rate could also be controlled by the MW power – increasing MW power gave rise to higher 

internal pressure and vapor velocity, promoting more efficient removal of adsorbates from 

the carbon surface. Moreover, the increasing vapor velocity and internal pressure served to 

perpetuate removal of adsorbates with stronger chemical interactions. The increase in mass 

transfer rates also lead to less damage to the overall carbon structure, which increased the 

butane activity. 

The heated inert gas flow paired with MW regeneration resulted in a more efficient process 

than the traditional thermal process, with a much-reduced processing time resulting in lower 

energy costs. And the lack of steam activation step had stopped the production of unwanted 

acidic by products.  

8.4 Future work 

At laboratory scale 

Although the research being conducted at CPL will represent progression in industry when it 

comes to development of AC regeneration, the potential future work that could have been 

conducted in a research-focused setting would have been different.  
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In terms of optimising cavity size and design for a larger target load, a multimode waveguide 

cavity would be required for an industrial-scale  version of the technology. For this, COSMOL 

software’s RF module could be used to simulate 3D distribution of the electric field  inside the 

waveguide cavity, within the load, and to determine the power loss density withing the load 

for various cavity dimensions. This would involve using the Electromagnetic Waves Frequency 

Domain physics outlined interface in the RF model suite. The governing equation for which 

being:  

Equation 16: 

∇  ×  𝜇𝑟
−1(∇ × 𝐸) −  𝑘𝑜

2 (𝜀𝑟 − 
𝑗𝜎

𝜔𝜀𝑜

) 𝐸 = 0 

  

Using this could allow for optimal cavity height, cavity width, waveguide Y position and 

waveguide Z position to be found. Thus, a cavity optimised for the desired load size could be 

designed. However, investigations into the efficacy of penetration depth would still need to 

be evaluated before constructing physical designs – a larger load would likely reduce the 

effect when penetrating further. 

In addition to this, the RF module of COSMOL could be coupled with other models such as the 

Heat Transfer Module to allow for an accurate temperature profile to be calculated through 

simulation as opposed to physical experiments. Using this combination of simulation 

techniques could allow for construction of waveguide cavities specific to each type of AC used 

and to specific adsorbates.  

 

Where: 𝜇𝑟 = The relative permeability of the material 

 E = The electric field strength which is a vector 

 ko = The wave number given by ko = ω/c (where ω is the wave angular 

frequency (rad.s-1), c is the speed of light in a vacuum (3 x 108 m.s-1) 

 εr = Relative permittivity of the material 

 σ = The electric conductivity of the material, S.m-1 

 j = Is the  √−1 

 ε0 = The permittivity of free space (8.854 x 10-12 F.m-1) 
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Current/future work at CPL Ltd.’s Immingham site 

With the project having been moved to a pilot study at the CPL site in Immingham, a study on 

which I will be consulting for its projected 2-year runtime, work has already begun on 

constructing as pilot-scale MW processing unit. During this 2-year study there will be three 

main areas of study: optimising the gas mass transfer system; analysing the effects of the 

process on AC that has other kinds of contaminants adsorbed; taking the process to larger 

scales thus including the switch to a multimode system. Below is a brief description of the 

work underway: 

• Optimisation of the gas flow system to incorporate a looped flow. The design of a 

looped gas flow will allow for nitrogen to be reused after it has passed through sulphur 

removal traps. The idea behind this being  to reduce the amount of new gas being 

supplied to the system, thus reducing operational costs and the overall climate effects 

associated with the storage & supply of gas cylinders. Additionally, utilising a looped 

closed gas system like this reduces the likelihood of outside influence of moisture in 

the air reacting with the AC or adsorbed sulphurous compounds during the 

regeneration process.  

• Following the projects implementation for sulphurous compound removal from AC, 

the next stage would be to use the technology to treat other spent AC that customers 

bring to CPL. Investigations into the usability of the technology on AC that has 

adsorbed other kind of contaminants initially started at the University, with 

experiments being conducted on AC used in oil spills and those used in cleaning water 

treatment systems struggling with high levels of calcium oxides. Both studies are 

continuing over at CPL, and both present their own individual challenges. The research 

in this area has already proved that the technology is not a one-method-fits-all 

approach. Instead, modifications to the current tech will be required for each new 

treatment plan. In turn, each would likely need a similar scale of research as has been 

conducted in this doctoral research project, but the building blocks of the technology 

developed here will already be in place. 
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• As the company would likely need to process large quantities daily, efforts have been 

made to investigate the ability to regenerate larger samples sizes than those which 

were regenerated throughout this research. There are two lines of thought: either 

increase the waveguide cavity dimensions (making it a multimode) to accommodate 

larger samples sizes as there would be more room for each processing load; or design 

a semi-batch style process in which smaller loads are processed. The latter of which 

would allow for a single-mode setup to be maintained as successive small loads could 

be processed at quick rate.  

With this hands-on approach, CPL look to create a unit which can process at pilot-scale 

successfully. And, in time, the pilot unit will be scaled up and replace their industrial unit in 

its entirety, culminating in the end of the research presented in this thesis.  
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10. Appendix  
10.1 Appendix A – Methods 

Inserting gas calculations for single-mode microwave waveguide 

The purpose of using purging gas, which is nitrogen, is to keep the oxygen concentration in 

the cavity and the waveguide below 5%v/v. This ensures that the contents of the cavity will 

not catch fire. 

The following equation (adopted from PD CEN/TR 15281:2006) was used to estimate the 

quantity of the inert gas required to purge the system: 

𝑡 =
−𝑉

𝑄
ln (

𝑐𝑓

𝑐𝑖
) 

Where 𝑡 is the time required to reduce the oxygen concentration from an initial concentration 

𝑐𝑖 = 21% to a final concentration 𝑐𝑡 = 5% applying an inert gas flow Q (taken as 200 mL/min) 

to the glass tube which has a volume 𝑉 = 200 mL. Substituting these values gives: 

 

𝑡 =
−200[𝑚𝐿]

200[
𝑚𝐿
𝑚𝑖𝑛]

ln (
5

21
) = 1.435 min = 86.1 𝑠𝑒𝑐𝑜𝑛𝑑 

 

For the experimental the reactor was purged for at least 2 mins at 200 mL/min before starting 

the microwave heating. 

 

When running under wet conditions, the cavity would be purged with nitrogen at flowrate, 

Q, of 10L/min. The cavity has a volume, 𝑉, of 4.5 L. Substituting these values gives: 

 

𝑡 =
−4.5[𝐿]

10[
𝐿

𝑚𝑖𝑛]
ln (

5

21
) = 0.323 min = 38.8 𝑠𝑒𝑐𝑜𝑛𝑑 

 

Where: t = Time 

 V = System volume 

 Q = Purge gas flowrate 

 CF = Oxygen concentration after slow purging (fractional) 

 CI = Concentration of oxygen in inert gas  
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For the experiment the cavity would be purged for at least 60 seconds at 10L/min before 

starting the microwave heating. 

 

Inserting gas calculations for multimode microwave waveguide 

The purpose of using purging gas, which is nitrogen, was to keep the oxygen concentration in 

the cavity and the waveguide below 5%v/v. This ensures that the contents of the cavity will 

not catch fire in cases of failure such as broken glass and/or arcing. 

The following equation (adopted from PD CEN/TR 15281:2006) wass used to estimate the 

quantity of the inert gas required to purge the system: 

𝑡 =
−𝑉

𝑄
ln (

𝑐𝑓

𝑐𝑖
) 

Where 𝑡 is the time required to reduce the oxygen concentration from an initial concentration 

𝑐𝑖 = 21% to a final concentration 𝑐𝑡 = 5% applying an inert gas flow Q (taken as 10L/min) to 

the system which has a volume 𝑉 = 17.5L. Substituting these values gives: 

 

𝑡 =
−17.5[𝐿]

10[
𝐿

𝑚𝑖𝑛
]

ln (
5

21
) = 2.5 min = 150 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 

 

For the experiment the system will be purged for at least 3 mins at 10L/min before starting 

the microwave heating. 

 

Calculation of Maximum and minimum Energy Input 

 

With no heat losses, the energy required to heat the activated carbon (AC) sample can be 

calculated from: 

 

Where: t = Time 

 V = System volume 

 Q = Purge gas flowrate 

 CF = Oxygen concentration after slow purging (fractional) 

 CI = Concentration of oxygen in inert gas  
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𝑄 = 𝐶𝑝 (𝑇 − 𝑇0) 

 

 

 

Thus the energy required to heat the AC sample to 500oC with no heat losses is ~0.72 kJ/g 

Taking into consideration the heat losses, an energy input in the range between 0.5 to 2 kJ/g 

was studied by varying the power input between 0 and 2 kW. 

Liquid to solid sample ratio  

 

A maximum energy input of 3 kJ/g is taken. 

 

Hexane has a boiling point of 69 °C which suggested that part of it will be evaporated during 

the regeneration experiment. It is important to have enough liquid in the reactor to ensure 

the inert atmosphere during the heating. To calculate the minimum amount of liquid, it was 

assumed that all the energy absorbed by the solid sample material is transferred to the liquid 

(which was at room temperature, 20oC) at the start of the experiment.  

 

The energy required to evaporate the liquid molecules is the sum of the sensible heat and its 

latent heat of vaporisation = 0.00185 𝑘𝐽/(𝑔. 𝐾) (69 − 20)𝐾 + 0.39  𝑘𝐽/𝑔 = 0.37 𝑘𝐽/𝑔 

 

The minimum liquid to solid ratio = 3/0.37 = 2.7:1 on a mass basis. This is equivalent to 8.1 

ml liquid per each gram of the solid sample material. 

As a safety margin a ration of 10ml hexane/1 g solid will be used. 

 

Kerosene has a boiling point of 250 °C which suggested that part of it would be evaporated 

during the regeneration experiment. It was important to have enough liquid in the reactor to 

ensure the inert atmosphere during the heating. To calculate the minimum amount of liquid, 

Where: Q = Energy required to heat activated carbon, oC 

 Cp = Activated carbon’s specific heat capacity, ~1.5 J/(g·K) 

 T = Sample’s final temperature, with maximum 500 °C  

 To = Initial temperature, 20 °C 
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it will be assumed that all the energy absorbed by the solid sample material is transferred to 

the liquid which is at room temperature (20oC) at the start of the experiment.  

 

The energy required to evaporate the liquid molecules is the sum of the sensible heat and its 

latent heat of vaporisation = 0.00185 𝑘𝐽/(𝑔. 𝐾) (250 − 20)𝐾 + 0.39  𝑘𝐽/𝑔 = 0.000083 𝑘𝐽/

𝑔 

 

The minimum liquid to solid ratio = 3/0.000083 = 20:1 on a mass basis. This is equivalent to 

36 ml liquid per each gram of the solid sample material. 

As a safety margin a ration of 20ml hexane/1 g solid will be used. 
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10.2 Appendix B – All data for tables 

The following tables show all the data collected to create the corresponding tables. 

Table 4. 

 

 

 

 

 

 

Time 
Mass 

change 
(%) 

Average 
(%) 

Standard 
deviation 

Butane 
activity 

(%) 

Average 
(%) 

Standard 
deviation 

Specific 
energy input 

(kJ.g -1) 

Average  
(kJ.g -1) 

Standard 
deviation 

120 

41.08 

43.58 2.32 

24.01 

24.65 1.52 

3.71 

3.75 0.04 45.67 26.39 3.79 

43.98 23.56 3.75 

180 

44.77 

47.11 2.19 

28.07 

29.63 1.38 

6.20 

6.26 0.09 49.12 30.12 6.22 

47.44 30.69 6.36 

240 

47.02 

49.34 2.05 

32.77 

30.86 1.83 

9.02 

9.37 0.31 50.12 29.12 9.48 

50.89 30.70 9.60 

360 

54.41 

51.43 2.58 

32.42 

33.43 0.87 

12.68 

12.90 0.23 49.90 33.88 12.87 

49.97 33.98 13.14 



 

 

201 

 

 

 

Table 5. 

 

Power 
(W) 

Time  
(s) 

Mass 
change 

(%)  

Average 
(%) 

Standard 
deviation 

Butane 
activity (%)  

Average 
(%) 

Standard 
deviation 

Specific energy 
input (kJ.g -1) 

Average  
(kJ.g -1) 

Standard 
deviation 

200 240 

29.00 

29.32 1.20 

14.26 

15.42 1.49 

3.46 

3.47 0.02 28.31 14.89 3.47 

30.64 17.10 3.49 

400 180 

46.99 

47.36 1.01 

29.45 

29.50 0.46 

6.21 

6.23 0.03 46.59 29.07 6.21 

48.50 29.99 6.27 

600 120 

30.87 

31.68 1.60 

19.01 

16.75 2.16 

5.02 

5.10 0.12 30.64 14.70 5.04 

33.52 16.53 5.24 

800 60 

43.71 

44.94 1.26 

18.89 

22.36 3.02 

3.87 

3.93 0.16 46.22 24.33 3.82 

44.89 23.87 4.11 
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Table 7.  

 

  
Time 

(s)  

Mass 
change 

(%)  

Average 
mass 

change (%) 

Standard 
deviation 

Butane 
activity 

(%)  

Average 
butane 

activity (%) 

Standard 
deviation 

Specific 
energy 

input (kJ.g -
1) 

Average 
specific 

energy input 
(kJ.g -1) 

Standard 
deviation 

Hexane 

120 

14.01 

14.40 2.30 

2.25 

2.36 0.13 

21.45 

21.81 2.62 16.87 2.32 24.59 

12.32 2.50 19.39 

180 

15.23 

15.92 1.40 

2.36 

2.50 0.25 

33.50 

36.31 5.22 15.00 2.36 33.10 

17.54 2.79 42.33 

240 

19.01 

16.69 2.01 

2.80 

2.48 0.28 

58.01 

53.79 3.68 15.47 2.33 52.12 

15.59 2.31 51.24 

360 

16.92 

17.40 0.90 

2.39 

2.39 0.07 

60.89 

64.05 5.26 18.44 2.33 70.12 

16.83 2.46 61.13 

                       

Kerosene 

120 

12.36 

14.28 2.48 

2.09 

2.09 0.02 

18.87 

20.16 1.86 13.40 2.08 19.32 

17.08 2.11 22.30 

180 

15.01 

15.75 0.67 

2.20 

2.29 0.08 

33.00 

36.31 5.05 15.92 2.34 33.81 

16.31 2.34 42.12 

240 

14.60 

17.14 2.20 

2.27 

2.32 0.04 

58.72 

65.28 5.71 18.55 2.34 69.12 

18.27 2.35 68.01 

360 

19.95 

17.43 2.34 

2.65 

2.44 0.23 

78.12 

69.89 7.87 15.34 2.19 62.43 

16.99 2.47 69.12 
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Table 8.  

  

Time 
(s)  

Mass 
change 

(%)  

Average 
mass 

change (%) 

Standard 
deviation 

Butane 
activity 

(%)  

Average 
butane 

activity (%) 

Standard 
deviation 

Specific 
energy 

input (kJ.g -
1) 

Average 
specific 

energy input 
(kJ.g -1) 

Standard 
deviation 

Hexane 

200 

14.71 

15.78 0.95 

2.10 

2.19 0.09 

26.41 

27.34 1.15 16.10 2.19 28.62 

16.52 2.27 26.99 

400 

12.31 

16.24 3.44 

2.22 

2.37 0.13 

38.34 

37.98 1.71 17.71 2.44 36.12 

18.69 2.45 39.49 

600 

17.44 

18.13 0.87 

2.39 

2.41 0.26 

33.11 

33.71 0.52 17.84 2.16 33.98 

19.10 2.67 34.05 

800 

20.11 

17.41 3.01 

2.29 

2.28 0.07 

20.99 

22.62 1.44 14.16 2.21 23.74 

17.95 2.34 23.12 

                       

Kerosene 

200 

19.51 

17.11 3.32 

2.22 

2.25 0.03 

21.44 

23.01 1.52 13.32 2.28 23.12 

18.49 2.24 24.47 

400 

14.61 

15.43 0.72 

2.30 

2.30 0.03 

38.09 

38.43 1.55 15.97 2.33 40.12 

15.72 2.27 37.07 

600 

21.05 

18.40 2.39 

2.30 

2.33 0.04 

35.99 

36.26 0.72 16.42 2.38 35.71 

17.74 2.32 37.07 

800 

15.71 

18.43 3.26 

2.22 

2.28 0.08 

22.12 

25.54 3.73 17.53 2.25 29.51 

22.05 2.37 24.99 
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Table 9. 

Time 
(s)  

Mass 
change (%)  

Average 
(%) 

Standard 
deviation 

Butane 
activity (%)  

Average 
(%) 

Standard 
deviation 

Specific 
energy 

input (kJ.g -
1) 

Average 
(kJ.g -1) 

Standard 
deviation 

120 

19.01 

19.23 0.66 

7.94 

8.00 0.05 

17.89 

18.40 0.51 18.71 8.03 18.42 

19.97 8.02 18.90 

180 

39.82 

40.21 0.76 

26.16 

26.38 0.26 

19.32 

20.02 1.13 39.72 26.66 19.42 

41.08 26.32 21.32 

240 

43.87 

44.16 0.26 

28.88 

30.33 1.26 

21.33 

22.45 0.97 44.28 30.95 22.99 

44.34 31.17 23.04 

360 

41.67 

44.41 2.41 

32.75 

33.62 0.76 

24.00 

25.97 1.71 45.36 33.99 27.06 

46.19 34.12 26.85 
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Table 10.  

Power 
(W)  

Mass 
change 

(%)  

Average  
(%) 

Standard 
deviation 

Butane 
activity 

(%)  

Average 
 (%) 

Standard 
deviation 

Specific 
energy input 

(kJ.g -1) 

Average  
(kJ.g -1) 

Standard 
deviation 

120 

15.12 

15.32 0.17 

18.80 

18.89 0.10 

4.54 

4.56 0.03 15.39 18.99 4.59 

15.44 18.88 4.56 

180 

17.76 

17.73 0.08 

20.60 

20.73 0.19 

6.55 

6.64 0.12 17.64 20.64 6.59 

17.78 20.95 6.77 

240 

19.79 

19.77 0.05 

21.07 

21.01 0.12 

9.73 

9.67 0.05 19.71 21.09 9.64 

19.81 20.87 9.65 

360 

22.01 

22.49 0.44 

22.93 

22.94 0.04 

13.50 

13.60 0.13 22.59 22.99 13.74 

22.88 22.91 13.55 
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Table 11.  

 

Power 
(W)  

Mass 
change 

(%)  

Average 
mass change 

(%) 

Standard 
deviation 

Butane 
activity 

(%)  

Average 
butane 

activity (%) 

Standard 
deviation 

Specific 
energy input 

(kJ.g -1) 

Average specific 
energy input 

(kJ.g -1) 

Standard 
deviation 

200 

8.69 

8.69 0.04 

10.44 

10.53 0.23 

3.44 

3.42 0.08 8.73 10.80 3.49 

8.65 10.36 3.33 

400 

17.66 

17.72 0.07 

19.58 

20.68 0.98 

6.62 

6.77 0.14 17.80 21.00 6.80 

17.71 21.45 6.90 

600 

12.17 

12.16 0.06 

20.11 

21.19 1.19 

6.74 

6.74 0.08 12.22 22.47 6.66 

12.10 20.99 6.81 

800 

14.00 

14.38 0.34 

20.07 

20.18 0.17 

7.06 

7.02 0.09 14.52 20.09 6.91 

14.63 20.38 7.08 
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Table 12. 

 

Power 
(W) 

Time (s) 

Mass 
change 

(%)  

Average  
(%) 

Standard 
deviation 

Butane 
activity 

(%)  

Average  
(%) 

Standard 
deviation 

Specific 
energy input 

(kJ.g -1) 

Average  
(kJ.g -1) 

Standard 
deviation 

200 

120 

4.69 

4.69 0.05 

10.34 

10.38 0.03 

1.32 

1.41 0.08 4.73 10.39 1.44 

4.64 10.40 1.47 

240 

5.62 

5.76 0.13 

12.30 

12.32 0.11 

3.55 

3.60 0.10 5.81 12.44 3.53 

5.86 12.22 3.72 

400 

120 

17.02 

17.64 0.54 

19.55 

19.54 0.13 

4.70 

4.72 0.15 17.99 19.41 4.59 

17.91 19.67 4.88 

240 

22.63 

22.84 0.19 

21.88 

21.84 0.06 

9.29 

9.23 0.14 22.89 21.77 9.07 

22.99 21.88 9.32 

600 

120 

18.12 

18.21 0.10 

21.22 

21.16 0.13 

6.15 

6.22 0.10 18.31 21.25 6.17 

18.20 21.02 6.33 

240 

28.00 

28.21 0.24 

24.01 

24.03 0.03 

12.59 

12.62 0.13 28.17 24.01 12.51 

28.47 24.07 12.77 

800 

120 

18.88 

18.76 0.21 

21.28 

21.25 0.09 

8.00 

8.04 0.04 18.87 21.14 8.06 

18.52 21.32 8.07 

240 

32.37 

32.29 0.09 

29.23 

29.30 0.08 

15.90 

15.90 0.05 32.31 29.28 15.85 

32.19 29.39 15.95 
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Table 13 (200 W, 400 W) 

Power 
(W) 

Time (s) 

Mass 
change 

(%)  

Average  
(%) 

Standard 
deviation 

Butane 
activity 

(%)  

Average  
(%) 

Standard 
deviation 

Specific 
energy input 

(kJ.g -1) 

Average  
(kJ.g -1) 

Standard 
deviation 

200 

120 

8.03 

8.12 0.08 

10.45 

10.54 0.11 

2.11 

2.13 0.06 8.13 10.51 2.08 

8.19 10.67 2.19 

180 

9.87 

9.96 0.12 

11.22 

11.24 0.12 

3.01 

3.06 0.10 9.91 11.13 3.00 

10.09 11.36 3.18 

240 

8.55 

8.72 0.17 

12.33 

12.40 0.07 

3.20 

3.53 0.35 8.89 12.47 3.49 

8.72 12.39 3.89 

360 

10.33 

10.43 0.12 

13.00 

13.15 0.17 

5.05 

5.35 0.26 10.39 13.33 5.49 

10.56 13.12 5.51 

400 

120 

15.88 

15.57 0.48 

18.82 

18.63 0.43 

4.87 

4.51 0.31 15.02 18.14 4.33 

15.82 18.93 4.34 

180 

17.76 

17.64 0.11 

20.88 

20.79 0.16 

6.32 

6.55 0.38 17.61 20.88 6.33 

17.55 20.61 6.99 

240 

19.77 

19.82 0.06 

21.00 

21.07 0.24 

7.30 

7.53 0.24 19.88 21.34 7.77 

19.82 20.87 7.52 

360 

22.22 

22.47 0.21 

22.84 

22.84 0.08 

13.42 

13.43 0.32 22.60 22.76 13.12 

22.58 22.91 13.76 
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Table 13 (600 W,  800 W) 

Power 
(W) 

Time (s) 

Mass 
change 

(%)  

Average  
(%) 

Standard 
deviation 

Butane 
activity 

(%)  

Average  
(%) 

Standard 
deviation 

Specific 
energy input 

(kJ.g -1) 

Average  
(kJ.g -1) 

Standard 
deviation 

600 

120 

12.12 

12.17 0.18 

21.01 

21.13 0.13 

6.12 

6.61 0.42 12.01 21.11 6.89 

12.37 21.26 6.81 

180 

18.88 

18.48 0.35 

22.32 

22.43 0.13 

7.65 

8.50 0.76 18.22 22.57 8.74 

18.33 22.40 9.11 

240 

18.77 

18.76 0.03 

24.34 

24.23 0.11 

12.93 

13.05 0.22 18.78 24.24 12.91 

18.73 24.12 13.30 

360 

22.82 

22.97 0.13 

27.11 

27.15 0.04 

18.01 

18.30 0.28 23.07 27.19 18.34 

23.01 27.16 18.56 

800 

120 

16.44 

16.44 0.13 

21.49 

21.62 0.11 

7.41 

7.62 0.19 16.32 21.67 7.77 

16.57 21.70 7.69 

180 

19.98 

20.02 0.42 

22.93 

22.93 0.17 

10.67 

10.74 0.09 20.45 22.77 10.84 

19.62 23.10 10.70 

240 

22.20 

22.36 0.27 

29.42 

29.63 0.25 

14.35 

14.53 0.31 22.67 29.91 14.36 

22.21 29.56 14.89 

360 

27.56 

27.70 0.12 

32.77 

32.78 0.03 

24.12 

24.23 0.14 27.77 32.76 24.39 

27.77 32.81 24.17 
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Table 14. (50 W – 100 W) 

 

 

 

Time 
(s)  

Mass 
change 

(%)  

Average 
(%) 

Standard 
deviation 

Butane 
activity (%)  

Average 
(%) 

Standard 
deviation 

Specific energy 
input (kJ.g -1) 

Average 
(kJ.g -1) 

Standard 
deviation 

50 W 

360 

4.98 

5.05 0.07 

5.44 

5.46 0.03 

1.39 

1.59 0.18 5.05 5.46 1.67 

5.12 5.49 1.72 

480 

5.89 

6.17 0.24 

10.11 

10.19 0.08 

1.90 

2.00 0.10 6.31 10.27 2.09 

6.30 10.19 2.01 

960 

7.22 

7.38 0.27 

12.94 

12.90 0.12 

4.23 

4.23 0.13 7.22 12.99 4.10 

7.69 12.77 4.35 

1200 

8.01 

7.97 0.28 

13.01 

13.04 0.06 

5.03 

5.43 0.43 8.23 13.11 5.37 

7.67 13.00 5.89 

100W 

360 

12.55 

12.45 0.29 

10.42 

10.68 0.26 

2.91 

2.81 0.35 12.12 10.68 2.43 

12.67 10.93 3.10 

480 

14.01 

14.34 0.47 

16.20 

16.49 0.26 

3.44 

3.56 0.11 14.88 16.67 3.66 

14.12 16.61 3.57 

960 

13.92 

14.01 0.17 

17.18 

17.21 0.23 

6.10 

6.12 0.13 13.90 17.00 6.01 

14.21 17.45 6.26 

1200 

13.45 

13.11 0.30 

21.40 

21.45 0.30 

7.88 

7.62 0.24 13.01 21.18 7.56 

12.88 21.77 7.41 
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Table 14 (150 W – 200 W) 

 

Power 
(W) 

Time 
(s) 

Mass 
change 

(%) 

Average 
(%) 

Standard 
deviation 

Butane 
activity (%) 

Average 
(%) 

Standard 
deviation 

Specific energy 
input (kJ.g -1) 

Average 
(kJ.g -1) 

Standard 
deviation 

150 w 

360 

18.00 

18.32 0.49 

20.65 

20.67 0.18 

3.45 

3.45 0.08 18.89 20.50 3.37 

18.07 20.85 3.53 

480 

20.67 

20.58 0.14 

27.00 

27.13 0.11 

4.70 

4.74 0.04 20.66 27.20 4.75 

20.42 27.19 4.78 

960 

21.20 

21.22 0.04 

31.44 

31.43 0.03 

9.89 

9.92 0.09 21.19 31.40 9.85 

21.26 31.45 10.03 

1200 

21.88 

21.77 0.32 

31.70 

31.65 0.32 

13.90 

13.94 0.05 21.41 31.30 13.99 

22.01 31.94 13.94 

200 w 

360 

29.11 

29.24 0.12 

33.74 

33.81 0.16 

6.19 

6.24 0.05 29.34 33.70 6.25 

29.27 33.99 6.28 

480 

24.77 

24.72 0.07 

34.01 

34.09 0.14 

7.45 

7.89 0.39 24.64 34.25 8.21 

24.76 34.00 8.01 

960 

28.60 

28.69 0.09 

40.31 

40.31 0.13 

16.08 

16.26 0.20 28.77 40.19 16.47 

28.69 40.44 16.22 

1200 

29.00 

28.97 0.10 

40.74 

40.73 0.11 

19.06 

19.31 0.22 29.05 40.62 19.49 

28.85 40.83 19.37 
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Table 15. (50 W – 100 W) 

 

Time 
(s)  

Mass 
change 

(%)  

Average 
(%) 

Standard 
deviation 

Butane 
activity (%)  

Average 
(%) 

Standard 
deviation 

Specific energy 
input (kJ.g -1) 

Average 
(kJ.g -1) 

Standard 
deviation 

50 W 

360 

3.55 

3.64 0.10 

3.82 

3.97 0.15 

1.19 

1.19 0.03 3.75 3.99 1.22 

3.62 4.11 1.17 

480 

4.40 

4.40 0.09 

7.33 

7.32 0.13 

1.42 

1.45 0.04 4.32 7.19 1.43 

4.49 7.45 1.49 

960 

5.35 

5.35 0.07 

9.44 

9.59 0.13 

3.06 

3.08 0.02 5.29 9.67 3.09 

5.42 9.66 3.10 

1200 

5.71 

5.80 0.09 

9.61 

9.66 0.07 

3.70 

3.72 0.08 5.88 9.63 3.65 

5.81 9.74 3.80 

100W 

360 

10.37 

10.39 0.21 

8.72 

8.85 0.14 

2.39 

2.28 0.22 10.20 9.00 2.02 

10.61 8.84 2.42 

480 

11.38 

11.53 0.15 

13.22 

13.46 0.25 

2.88 

2.90 0.05 11.55 13.45 2.87 

11.67 13.71 2.96 

960 

11.44 

11.42 0.02 

14.06 

14.08 0.13 

5.09 

5.14 0.17 11.41 14.21 5.33 

11.40 13.96 5.00 

1200 

10.21 

10.49 0.28 

17.61 

17.62 0.08 

6.12 

6.18 0.13 10.77 17.55 6.10 

10.50 17.70 6.33 
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Table 15 (150 W – 200 W) 

 

  

Time 
(s)  

Mass 
change 

(%)  

Average 
(%) 

Standard 
deviation 

Butane 
activity (%)  

Average 
(%) 

Standard 
deviation 

Specific energy 
input (kJ.g -1) 

Average 
(kJ.g -1) 

Standard 
deviation 

150 w 

360 

15.55 

15.78 0.20 

18.07 

18.10 0.11 

3.07 

3.05 0.07 15.92 18.00 3.11 

15.87 18.22 2.98 

480 

17.82 

17.94 0.11 

23.55 

23.51 0.10 

4.19 

4.04 0.14 17.99 23.40 4.00 

18.02 23.59 3.92 

960 

18.20 

18.43 0.20 

27.22 

27.53 0.33 

8.59 

8.69 0.11 18.57 27.88 8.81 

18.52 27.50 8.67 

1200 

19.06 

18.98 0.11 

27.45 

27.59 0.13 

12.10 

12.34 0.41 18.85 27.71 12.10 

19.02 27.60 12.81 

200 w 

360 

20.48 

20.40 0.15 

25.29 

24.41 1.70 

5.19 

5.19 0.08 20.22 25.49 5.11 

20.49 22.45 5.26 

480 

20.88 

20.79 0.14 

29.44 

29.43 0.13 

6.95 

7.05 0.12 20.86 29.29 7.18 

20.62 29.55 7.03 

960 

22.31 

22.31 0.13 

35.47 

35.45 0.44 

13.70 

13.76 0.08 22.19 35.00 13.72 

22.44 35.88 13.85 

1200 

24.97 

24.95 0.05 

38.45 

38.72 0.24 

17.05 

17.18 0.19 24.99 38.79 17.40 

24.90 38.92 17.10 
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Table 16.  

 

N2 flowrate 
(L.min -1) 

Mass change 
(%)  

Average  (%) Standard deviation Butane activity (%)  Average  (%) Standard deviation 

0.25 

19.31 

22.00 2.92 

29.11 

31.65 2.34 25.11 33.71 

21.59 32.12 

0.50 

22.01 

24.93 2.57 

39.21 

36.50 3.80 26.82 38.12 

25.97 32.16 

0.75 

21.36 

22.07 0.73 

35.22 

36.13 1.28 22.81 35,81 

22.05 37.03 

1.00 

23.42 

23.14 0.28 

36.41 

36.51 0.45 22.87 37.00 

23.14 36.11 

2.00 

24.34 

24.54 0.18 

42.31 

42.50 0.18 24.67 42.66 

24.62 42.54 
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Table 17. (360s) 

 

Time  
(s)  

Temperature  
(oC)  

Mass change  
(%)  

Average 
 (%) 

Standard deviation 
Butane activity  

(%)  
Average 

 (%) 
Standard deviation 

360 

100 

26.87 

28.08 1.13 

37.87 

39.62 1.53 28.24 40.71 

29.12 40.28 

120 

28.02 

28.62 0.53 

43.21 

40.73 2.20 29.01 39.02 

28.83 39.96 

140 

29.12 

29.35 0.20 

42.66 

42.27 0.34 29.45 42.03 

29.47 42.11 

160 

29.94 

29.57 0.46 

42.22 

42.95 0.92 29.71 43.98 

29.06 42.65 

180 

28.66 

28.77 0.19 

43.66 

43.55 0.23 28.65 43.29 

28.99 43.71 

200 

29.55 

28.84 0.62 

44.11 

45.20 1.15 28.39 46.40 

28.59 45.09 

 

 

 

 

 



 

 

216 

 

Table 17 (960s)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time 
(s) 

Temperature 
(oC) 

Mass change 
(%) 

Average 
(%) 

Standard deviation 
Butane activity 

(%) 
Average 

(%) 
Standard deviation 

960 

100 

30.55 

29.62 1.21 

46.01 

46.47 0.40 30.06 46.77 

28.26 46.63 

120 

29.37 

29.73 0.32 

45.72 

45.74 0.04 29.99 45.71 

29.84 45.79 

140 

30.66 

30.75 0.16 

46.89 

46.63 0.23 30.65 46.55 

30.94 46.46 

160 

30.49 

30.38 0.10 

47.01 

47.08 0.12 30.33 47.00 

30.32 47.22 

180 

29.00 

29.20 0.30 

47.23 

47.36 0.12 29.06 47.40 

29.55 47.45 

200 

30.69 

30.89 0.17 

47.59 

47.50 0.10 30.99 47.51 

30.99 47.39 
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Table 18. 

Power 
(W) 

Time (s) 

Mass 
change 

(%)  

Average  
(%) 

Standard 
deviation 

Butane 
activity 

(%)  

Average  
(%) 

Standard 
deviation 

Specific 
energy input 

(kJ.g -1) 

Average  
(kJ.g -1) 

Standard 
deviation 

200 

120 

28.32 

28.78 0.47 

40.60 

40.57 0.35 

2.26 

2.30 0.06 28.77 40.21 2.27 

29.25 40.90 2.37 

360 

29.77 

30.27 0.48 

43.30 

43.55 0.38 

6.59 

6.68 0.08 30.31 43.99 6.70 

30.72 43.36 6.74 

400 

120 

29.72 

29.14 0.52 

42.55 

42.72 0.16 

5.45 

5.50 0.05 28.71 42.75 5.51 

28.99 42.87 5.54 

360 

30.77 

30.69 0.38 

45.27 

45.52 0.48 

14.77 

14.60 0.34 31.02 46.07 14.82 

30.27 45.21 14.21 

600 

120 

33.03 

32.79 0.29 

42.72 

42.19 0.84 

7.67 

7.77 0.09 32.46 42.63 7.82 

32.87 41.22 7.83 

360 

33.37 

33.43 0.77 

45.73 

45.39 0.63 

18.16 

18.13 0.17 34.24 44.66 17.95 

32.70 45.78 18.28 

800 

120 

37.85 

38.32 0.78 

41.17 

41.26 0.11 

9.47 

9.41 0.06 37.88 41.38 9.41 

39.22 41.22 9.36 

360 

40.28 

40.44 0.23 

40.28 

40.27 0.01 

22.73 

22.75 0.12 40.70 40.27 22.64 

40.34 40.26 22.88 
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Table 19. 

 

Time (s) 
Mass 

change (%)  
Average  

(%) 
Standard 
deviation 

Butane 
activity (%)  

Average  
(%) 

Standard 
deviation 

Specific energy 
input (kJ.g -1) 

Average  
(kJ.g -1) 

Standard 
deviation 

30 

13.28 

9.10 3.65 

12.24 

12.45 1.28 

0.53 

0.53 0.05 6.53 11.29 0.48 

7.49 13.83 0.58 

60 

14.27 

13.96 0.89 

21.59 

23.50 2.90 

1.09 

1.14 0.16 14.64 26.84 1.31 

12.95 22.06 1.01 

90 

19.10 

18.36 2.37 

31.88 

31.64 2.41 

1.45 

1.56 0.09 15.71 33.93 1.63 

20.28 29.13 1.59 

120 

24.9004 

24.62 0.39 

40.24 

41.92 1.46 

2.02 

2.10 0.18 24.78 42.86 1.98 

24.17582 42.68 2.31 

360 

29.23 

29.38 0.60 

42.20 

43.01 0.71 

6.03 

6.23 0.21 30.05 43.51 6.44 

28.87 43.31 6.21 

960 

31.71 

30.35 1.26 

48.40 

47.06 1.71 

16.03 

16.01 0.21 30.11 47.63 15.79 

29.22 45.14 16.20 

1200 

33.27 

32.67 0.61 

49.44 

48.34 1.20 

20.33 

20.30 0.28 32.70 47.07 20.00 

32.05 48.52 20.56 
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10.3 Appendix C – Additional EPMA data 

Figure 28 

Grayscale image of AC cross section EPMA scan: 

 

Profile intenisty plot of the greyscale changes across the draw line shown in above image: 
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Figure 30 

Grayscale image of AC cross section EPMA scan: 

 

 

Profile intensity plot of the greyscale changes across the draw line shown in above image: 
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EPMA scan from repeat sample: 
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Figure 32 

Grayscale image of AC cross section EPMA scan: 

 

Profile intensity plot of the greyscale changes across the draw line shown in above image: 
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EPMA scan from repeat sample: 
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Figure 35 

Grayscale image of AC cross section EPMA scan: 

 

 

Profile intensity plot of the greyscale changes across the draw line shown in above image: 
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Figure 38 

Grayscale image of AC cross section EPMA scan: 

 

 

Profile intensity plot of the greyscale changes across the draw line shown in above image: 
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EPMA scan from repeat sample: 
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Figure 39 

Grayscale image of AC cross section EPMA scan: 

 

 

Profile intenisty plot of the greyscale changes across the draw line shown in above image: 
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EPMA scan from repeat sample: 
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Figure 47 

Grayscale image of AC cross section EPMA scan: 

 

 

Profile intensity plot of the greyscale changes across the draw line shown in above image: 
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Figure 51 

Grayscale image of AC cross section EPMA scan: 

 

 

Profile intensity plot of the greyscale changes across the draw line shown in above image: 
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EPMA scan from repeat sample: 
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Figure 56 

Grayscale image of AC cross section EPMA scan: 

 

 

Profile intensity plot of the greyscale changes across the draw line shown in above image: 

 

 

 

 

 

 



 

 

233 

 

EPMA scan from repeat sample: 
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Figure 61 

Grayscale image of AC cross section EPMA scan: 

 

Profile intensity plot of the greyscale changes across the draw line shown in above image: 
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EPMA scan from repeat sample: 

 


