
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dissertation 

 

ADSORPTIVE DESLUPHURSATION OF DIESEL FUEL ON UNPROCESSED 

AMARULA (SCLEROCARYA BIRREA) WASTES OR SYNTHESIZED 

ACTIVATED CARBONS FROM BIOMASS WASTES 

by 

TSEPISO REGINA KABI 

 

submitted in accordance with the requirements for 

the degree of 

MASTER OF TECHNOLOGY 

in 

CHEMICAL ENGINEERING 

At the 

Institute for the Development of Energy for African Sustainability 

 

UNIVERSITY OF SOUTH AFRICA 

 

SUPERVISOR: Professor Yali Yao 

CO-SUPERVISORS: Professor Diane Hildebrandt & Professor Xinying Liu 

 

Date: October 2020 

 



i 

 

DECLARATION 

 

 

 

 

Name: __Tsepiso R. Kabi__________________________________ 

Student 

number:___________55264018_____________________________________________________ 

Degree: M-Tech Chemical Engineering 

___________________________________________________________ 

Exact wording of the title of the dissertation as appearing on the electronic copy submitted for 

examination: 

Adsorptive Desulphurization of Diesel Fuel on Unprocessed Amarula (Sclerocarya birrea) Waste 

or Synthesized Activated Carbons from Biomass Waste 

 

Key Terms 

Adsorptive Desulphurization. Diesel fuel. Dibenzothiophene. Biomass waste. Amarula.  

Sclerocarya birrea. Activated carbon. Gasification biochar. Reactor. Lignocellulose. Heteroatoms. 

Surface chemistry. Crystallinity. Therma stability. Morphology. Mesoporous. Microporous. 

Adsorption-Desorption mechanism. Kinetics. Isotherms. Thermodynamics. Pollution. 

Environment. 

 

I declare that the above dissertation is my own work and that all the sources that I have used or 

quoted have been indicated and acknowledged by means of complete references. 

I further declare that I submitted the dissertation to originality checking software and that it falls 

within the accepted requirements for originality.  

I further declare that I have not previously submitted this work, or part of it, for examination at 

Unisa for another qualification or at any other higher education institution. 

_____ ___________________ ________30 October 2020  

SIGNATURE  DATE  



i 

 

DEDICATIONS 

 

 

This Dissertation is 

 

Dedicated to 

 

My Child Ntando Rorisang Kabi 

 

  



ABSTRACT 

Diesel fuel has been found to contain highly concentrated organo-sulphur compounds which 

have bad impact economically, environmentally, and health-wise. Adsorptive desulphurization 

(ADS) is one of the promising processes which are carried out under atmospheric conditions.  

Amarula (Sclerocarya birrea) waste biomass from the production plant of Amarula liqueur, 

was utilized as a low-cost adsorbent and as a source of synthesized activated carbon for 

reducing sulphur content in diesel fuel. The performance of gasification char (waste from 

syngas production) was also compared with Amarula shells waste biochar. 

The Amarula wastes Biomass: fruit, seed, and shell waste were used as adsorbents to reduce 

the content of sulphur in dibenzothiophene model diesel fuel.  The results showed that raw 

Amarula Shells (AmSh) waste had the highest adsorption efficiency as compared to Amarula 

seeds (AmSe) and fruit (AmWa) wastes.  The effect of adsorption temperature revealed that 

the sorption is more favourable at room temperatures.  The selected Amarula shell wastes 

showed that as the adsorbent quantity increases, the sorption efficiency also increases. 

The three Amarula wastes biomass were processed to synthesise activated carbons (ACs) using 

pyrolysis, and then steam activation at 800 °C for 45 min.  The adsorption efficiency of DBT 

in model diesel fuel was found to improve on Amarula wastes ACs with the order of AmShAC-

ST > AmSeAC-ST > AmWaAC-ST.  The effect of steam residence time on selected Amarula 

shell wastes biomass revealed that the desulphurization efficiency of DBT increased 

outstandingly with increased steam residence time. The AmShAC-ST produced at 90 min 

steam resident time reduced the highest content of DBT within 30 min. 

The gasification chars from a down draft gasifier (DG) and a plasma gasifier (PG) were utilized 

for adsorption of DBT in model diesel fuel.  The Algae biochar (ALGC-DGBC) was from 

gasification of Algae binder mixed with coal- fines in a down-draft gasifier.  The Wood-DGBC 

was a waste product from wood pellets gasifier in a down-draft gassier, the Wood-PGBC was 

a by-product from Plasma gasification of wood pellets.  These chars were able to reduce sulphur 

content in DBT model diesel fuel with Amarula shells biochar (AmShBC) being the best 

performer as compared to other chars.  The KOH and steam were used as activating agents on 

biochar to improve their performance.  The results showed that the gasification chars treated 

with the steam agent had a higher desulphurization efficiency of DBT than the ones treated 

with KOH agent.  The desulphurisation efficiency trend: AmShBC-ACST > Wood-PGBC-

ACST > Wood-DGBC-ACST > ALGC-DGBC-ACST was achieved for steam activation.  In 

the contrary, for KOH/BC the trend was in the order of Wood-DGBC-KOH > Wood- PGBC-

KOH > AmShBC-KOH > ALGC-DGBC-KOH, but with lower ADS efficiency values as 

compared to steam/BC. 



Pseudo-second-order was found to be the best fit kinetic model on experimental data.  While 

Langmuir isotherm was found to be a better fit as compared to Freundlich isotherm for both 

processed and unprocessed Amarula wastes biomass. Thermodynamic studies were carried out 

to determine the spontaneity of the adsorption of DBT on Amarula wastes adsorbents. 

Qualitative analysis was carried out by techniques such as TGA, XRD, FESEM, TEM, BET 

and FTIR.  The raw Amarula waste biomass had more O-functional groups as compared to 

their biochar and activated carbons.  After thermal/steam activation of biomass, the micropores 

and mesopores were increased. This was concluded as the reason for improved 

desulphurisation efficiency of diesel fuel.  The selected AmShAC-ST produced at 90 min steam 

residence time had increased mesopores and less micropores with a BET surface area of 1 194 

m2/g and the highest pore volume of 0.98 cm3/g.  On the other side, the gasification chars were 

found to have more micropores than mesopores.  The ACs from KOH activation had less 

mesopores than the ACs from steam activation.   

Therefore, the above desulphurization’s data was found to contribute to the design of a small-

scale adsorptive desulphurization plant for diesel fuel. 

Keywords: Adsorptive desulphurization, Amarula waste biomass, Activated carbon, Pyrolysis, 

Biochar, Steam activation 
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Chapter 1 

 

Introduction 

 

1.1 Background 

1.1.1 Diesel fuel 

Diesel fuel is a petrochemical substance that is distilled from crude oil.  It has been found to 

contain sulphur compounds in high concentrations.  These sulphur compounds have a negative 

economic, environmental and health impact.  Sulphur compounds poison the fuel-processing 

and reforming catalysts; they also cause direct and indirect corrosion inside the system by 

damaging the linings of pipes, boilers and parts of engines [1],[2].  Sulphur dioxide emitted 

into the atmosphere causes acid rain, which pollutes the environment, compromising the 

lifespan of plants and animals [1].  Furthermore, long-term exposure to these sulphur 

compounds results in respiratory infections, cancer and eventually infertility in human beings 

[2].  For these reasons, and to avoid these detrimental effects, it is imperative to apply 

desulphurization processes to diesel fuels before their use as energy. 

 

1.1.2 Desulphurization 

Different methods of desulfurization [2],[3] are being applied to reduce sulphur compounds in 

diesel fuel in order to comply with the relevant regulations.  Some of these methods are 

hydrogen desulfurization (HDS), bio-desulphurization (BDS), oxidative desulphurization 

(ODS) and adsorption desulphurization (ADS) [2],[3].  Unfortunately, some of these 

desulphurization methods, such as HDS, require many processing operations that require 

higher temperatures and pressure.  Even though HDS is the main desulphurization method 

being globally used in petroleum refineries, it does not lead to friendly economics.  As a result, 

some of the other methods listed above are sometimes preferred. It is for these reasons that this 

study has chosen the use of ADS. Furthermore, it mostly favours small-scale operations, and 

less energy is required to carry out the process, which is run at atmospheric conditions. Another 
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advantage of this process is that it removes larger sulphur compounds without the use of 

hydrogen, which is very expensive compared to HDS. ADS do not need to further use 

expensive solvents and oxidants or even degrading enzymes, as its the case with ODS and 

BDS. Despite all the benefits of ADS, it is limited to removing organo-sulphur compounds 

present in diesel fuel selectively. 

 

1.1.3 Adsorbents 

A variety of adsorbents have been employed for adsorption desulphurization. These include 

zeolites, activated carbons (AC), metal-organic-frameworks (MOFs) and metal-metal oxides 

[4]–[6]. Some of these adsorbents require a great amount of processing before they can achieve 

the desired degree of adsorption efficiency. This study chooses to use activated carbon, a 

carbonaceous material processed to increase the surface area and porosity of the carbons 

present. AC have been used for a very long time for different purposes, such as the removal of 

pollutants and dyes from solutions and purification processes . The use of AC over the other 

adsorbents is more beneficial because it is capable of adsorbing larger molecules such as 

dibenzothiophene and alkyl dibenzothiophene compounds which are present in large quantities 

in diesel fuel, and this process occurs without changing the adsorbent chemical characteristics. 

Furthermore, this type of adsorbent removes sulphur compounds at ambient conditions, 

resulting in economically friendly attributes. Low energy is consumed during the adsorption 

desulphurization process by AC, and during the regeneration of the adsorbent (AC). This 

differs from other processes, whereby these larger molecules of sulphur are difficult to process 

and result in less removal of total sulphur compounds present in diesel fuel.  

The adsorption desulphurization by AC depends on the particle size of the adsorbent, the 

porosity, and the surface area of the carbon [5]. This is because larger surface area provides a 

larger area for the reaction to occur, and a wider variety of types of pore such as microporous, 

mesoporous and macropores. This means that various sizes of sulphur compounds will be 

trapped inside those pores. ACs are also good for the desulphurization of high sulphur feed 

even though they attain low levels of total desulphurization at times, and this can become a 

limitation. The porosity and surface area of AC also depends on the types of raw material used.  
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1.1.4 Biomass raw materials 

Different raw materials have a great impact on the AC produced and also on its adsorption 

desulphurization. Biomass, a source of greenhouse gas emission for neutral energy, is a 

biological material obtained from living plant matter that is not used for food or feed [7]. There 

is a greater preference for biomasses over coal and coke because they are less expensive and 

are normally obtained from renewable resources. Furthermore, an AC produced from biomass 

that has fewer inorganic matters, high volatility and relatively high density tend to have a better 

pore size and surface area. On the other hand, biomass can be used in its natural state as an 

adsorbent. Several researchers have applied unprocessed biomass as a sorbent mainly for the 

treatment of water and have reported a very high percentage removal of the pollutants [8]–[10]. 

However, there are few or no studies on biomass as an unprocessed sorbent for the adsorption 

of organo-sulphur compounds in diesel fuel. The use of biomass is found to be more 

advantageous in terms of cost because there is no energy required. It also does not have to 

undergo process synthesis, which is also time-consuming. Moreover, biomass is available in 

abundance worldwide. Nevertheless, biomass is seasonal, and this may pose a limitation to 

large productivity requirements. However, this may be overcome by keeping greater stocks of 

the biomass and storing it in tanks for further use.  

An environmentally friendly and green sustainable biomass waste sourced in Africa was used 

as an unprocessed sorbent and as a raw material for synthesising low-cost AC adsorbent. The 

chosen biomass was Amarula waste from the production of Amarula liqueur, a world-wide 

known spirit [11]. The fruit that is used to produce Amarula liqueur is from the marula tree, 

which is one of the indigenous trees found mainly in the southern region of Africa such as 

South Africa, Botswana, and Zimbabwe. The Amarula waste biomass studied in this research, 

was obtained from the production plant that produces Amarula liqueur, at Limpopo province, 

in South Africa. The waste was divided into three parts: Amarula fruit waste, Amarula seed 

wastes and Amarula shell wastes. The best adsorbent, both processed and unprocessed, was 

determined based on its adsorption desulphurization efficiency, and was further used to 

determine the adsorption parameters required to design a small-scale adsorption 

desulphurization plant. 
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1.2 Problem statement 

Distillates of crude oil such as petroleum fuels contain toxic compounds that result in air 

pollution [1]. These fuels are found to have highly concentrated organo-sulphur compounds 

such as dibenzothiophene. Therefore, this problem is more observable in industries that 

produce fuel cells and in transportation fuels [2]. Moreover, sulphur compounds are emitted to 

the atmosphere and form indirect greenhouse gases such as sulphur trioxide (SO3), which when 

reacting with humid air, it forms sulphuric acid. It is this sulphuric acid which causes the acid 

rain that contaminates the plants and affects the ecology. SO3 is also indirectly responsible for 

terrible coldness because it reacts with other gases and forms a layer in the atmosphere that 

creates excessively low temperatures. Apart from that, in transportation fuels sulphur 

compounds corrode catalytic converters and have a serious economic impact. In human beings 

they cause respiratory infection or infertility and with prolonged exposure they may lead to 

cancer [2]-[6].  

Adsorption desulphurization is expected to reduce these toxic organo-sulphur compounds that 

are very steric and hinder the cleaning process of diesel fuel when other expensive and unstable 

techniques are used [5]. This will consequently overcome the issues of economic impact, 

environmental impact and could even lead to saving human lives. 

Land pollution and waste management are one of the other major concerns around the world. 

The production plant that produces Amarula liquor, a worldwide known spirit, discards the 

Amarula fruits of bad-quality and the Amarula seeds as by-product wastes on the landfill. 

Biomass wastes can rot and decompose in landfills to produce harmful gasses that contribute 

to environmental pollution [12]. Hence this study further mitigates the issue of waste 

management and land pollution by making use of the Amarula wastes biomass in its natural 

state and, employing it to clean diesel fuel by reducing the organo-sulphur content, and to 

further process these wastes into AC in order to improve the desulphurization efficiency of 

diesel fuel. 

Biomass has more oxygen functional groups attributed to the hemicelluloses and cellulose 

components present in abundance [13]. These functional groups are expected to contribute to 

the mechanism of reducing sulphur content in diesel fuel through interactions of organo-

sulphur compound via chemisorption or mass transfer due to Van De Waals forces. On the 

other hand, AC that has various porosities and a massive surface area is further expected to 
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improve desulphurization efficiency in transportation fuel by adsorbing the steric sulphur 

compounds via interface and pore diffusion mechanisms.  

The study therefore aimed to utilize the Amarula wastes biomass as a natural sorbent and as a 

raw material for synthesizing AC adsorbent to reduce the sulphur content in diesel fuel by 

adsorption desulphurization. Furthermore, it also aims to investigate the desulphurization 

conditions for designing a small-scale desulphurization plant that is economically friendly and 

environmentally benign. 

 

1.3 Objectives 

The objective of the study was to carry out a green process of deep desulphurization of diesel 

fuel by adsorption on AC and raw biomass waste using a batch reactor. The objectives were 

simplified as follows: 

1.3.1 To reduce the sulphur content in dibenzothiophene model diesel using Amarula wastes 

biomass and to characterize it before and after adsorption. 

1.3.2 To synthesize AC from the three Amarula wastes biomass raw materials for adsorption 

desulphurization and the characterization of fresh and used AC.  

1.3.3 To compare the performance of Amarula waste AC with ACs from gasification biochar. 

1.3.4 To determine the optimal parameters that are economically portable and 

environmentally friendly for designing a small-scale adsorption desulphurization plant 

from the best low-cost adsorbent. 

 

1.4 Significance of the study 

 It is to devise environmentally friendly and sustainable small-scale operations that produce 

clean diesel fuel with ultra-low sulphur content by an adsorption desulphurization process. This 

it will do using low-cost adsorbents obtained from the biomass of Africa and in the process, it 

will contribute towards mitigating the climate change and waste management.  
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Chapter 2 

 

Literature Review 

This chapter reviews the literature on the subject of the sulphur compounds in diesel fuel, the 

desulphurization techniques, the adsorption desulphurization method, and the adsorbents used 

in the adsorptive desulphurization of diesel fuel. 

 

2.1 Sulphur compounds and desulphurization processes 

2.1.1 Diesel fuel and sulphur compounds 

The common type of Diesel fuel is a 60 % distillate of crude oil. It is used for transportation 

and fuel cells. It contains both direct and indirect sulphur compounds. These toxic compounds 

when present in high concentrations, they react and produce oxides which corrode catalytic 

converters [1]-[3]. When emitted to the atmosphere, they result in air pollution and the acid 

rain they cause has a negative impact on agricultural products. Furthermore, they are known to 

have long-lasting effects on human life, causing respiratory infections, infertility and even 

cancer [4],[5].  

The toxic sulphur compounds are classified to inorganic compounds such as elemental sulphur 

(S), hydrogen sulphides (H2S) and mercaptans, which are easy to remove from diesel fuel. In 

contrast, the organic sulphur compounds such as thiophenes (TH), benzothiophenes (BT), 

dibenzothiophenes (DBT) and alkyl dibenzothiophenes (Alkyl DBT), shown in Fig. 2.1, are 

more toxic and difficult to reduce [1]. Of them all, DBT is the stubborn organo-sulphur 

molecule to remove, hence it was selected in this study.  
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Fig. 2.1. Organo-sulphur compounds in diesel fuel [1] 

 

2.1.2 Desulphurization techniques 

Different desulphurization techniques [2]–[4] such as hydrogen desulphurization (HDS), 

oxidative desulphurization (ODS), bio-desulphurization (BDS) and adsorption 

desulphurization (ADS), are used to remove these toxic sulphur compounds, but some have 

limitations over the others. Each of these is described below. 

 

2.1.2.1 Hydrogen desulphurization techniques (HDS) 

This is the technique widely used industrially for the removal of sulphur compounds using 

hydrogen gas, which is an expensive process involving higher temperatures and pressure. 

Hydrogen (H2) gas reacts with sulphur that is fused in the sulphur compound via a 

hydrogenation addition reaction and then later removes sulphur via an elimination reaction to 

form hydrogen sulphide (H2S) [3]. This process becomes thermodynamically limited when the 

sulphur compound is steric, because the sulphur is shielded and this makes its removal difficult 

under their normal operating conditions [3]–[5]. Therefore, to achieve the removal of a steric 

hindered sulphur compound (Fig. 2.1), high temperatures and pressure are applied, which 

becomes a drawback economically. Reaction 2.1 below shows how the HDS reaction occurs. 

The HDS reaction slows down as the sulphur compound becomes sterically hindered [5]. 

CH2SH + H2 →C2H6 + H2S     Reaction 2.1 
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2.1.2.2 Oxidative desulphurization (ODS) 

It operates by undergoing a chemical oxidation process for the removal of sulphur to form 

sulphones, as shown in Reaction 2.2. In this process the fused sulphur in a sulphur compound 

is bonded to two oxygen atoms [5]–[7]. The second process is by extraction using solvents to 

separate sulphones to form a sulphur-free compounds [5]–[8], as shown in Fig. 2.2. This 

extraction process results in product loss, which consequently leads to wasted product. Even 

though the ODS method is preferred to hydrogen desulphurization (HDS) because of its 

ambient conditions of operation, it also has its own limitations which emerge from several 

separations during extraction that requires the use of expensive solvents. Furthermore, the 

process requires expensive oxidants, such as peroxides to achieve desulphurization efficiency. 

 

Reaction 2.2 Oxidation of dibenzothiophene in ODS [6] 

 

Fig. 2.2. Process flow of oxidative desulphurization [6] 

 

2.1.2.3 Bio-desulphurization technique (BDS) 

This is a desulphurization technique that removes sulphur compounds from diesel fuel using a 

biological catalyst such as enzymes. The BDS process pursues a pathway using a living 

organism [9], as shown in Reaction 2.3. This technique results in the cleavage of the carbon-
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sulphur bond and maintains a calorific value of a sulphur molecule [9]–[11]. It is an acceptable 

process because of its ambient conditions of operations, but the instability of the enzymes make 

it difficult for this process to be applied industrially [5]. 

 

Reaction 2.3 Bio-desulphurization reaction for a pathway of enzyme [5] 

 

 2.1.2.4 Adsorption desulphurization technique (ADS) 

Adsorption desulphurization (ADS) is one of the techniques of removing sulphur compounds 

using an adsorption process. It is the process of attaching compounds to another substance by 

either physisorption or chemisorption. Fig. 2.3 is a schematic diagram of the adsorption 

process. Physisorption is governed by Van der Wall forces and this type of adsorption is 

responsible for trapping compounds or substances inside the pores and on the pore surface of 

the adsorbent. Chemisorption occurs by chemical adsorption which results from the reactive 

site of an adsorbent that contains various functional groups [12]–[14], possessing an -O group 

to form sulphur dioxide (SO2). This SO2 is further oxidized to form sulphur trioxide (SO3). The 

SO3 then moves to the unreactive site of the adsorbent and becomes adsorbed there. The entire 

adsorption process occurs at ambient conditions, which is economically favoured and preferred 

for small-scale operations [5]. The quantity adsorbed is proportional to the surface area of the 

adsorbent and the pore volume. The longer the adsorption time, the better the removal of 

sulphur compounds, but this process requires that the adsorbent must be protected from the 

liquid condensation matters [5],[14],[15], which may mask the adsorption surface and thus 

reduce the adsorption efficiency of ADS. This problem is overcome by the drying process 

before use. Furthermore, this technique is thermodynamically limited [12],[15] on the overall 

rates of conversion, and to overcome this limitation, the reaction temperature is increased 



12 

 

slightly. Its main benefit is that it can also be used for regeneration of the adsorbent at a lower 

temperature. However, to achieve high adsorptive desulphurization efficiency, an effective 

adsorbent is required.  

 

Fig. 2.3. Adsorption desulphurization (ADS) process  

 

2.2 Adsorbents for ADS 

Various adsorbents exist; these include zeolites [16],[17],metal–metal oxides [18], MOFs 

[19],[20] and carbon materials such as AC [21]. They have been used for ADS processes by 

several researchers. However, the challenge has been that these adsorbents must undergo 

several expensive synthesis processes before the desired level of efficiency is archived, and 

this constitutes a limitation. Furthermore, they must use more energy for the regeneration of 

the adsorbent because they often undergo several chemisorption adsorptions (Fig. 2.3).  

 

2.2.1 Zeolites adsorbents 

Zeolites can be produced naturally and are classified as mordenite and clinoptilolite [22]. They 

can also be synthesized from alkali metals in various ways to produce an inorganic microporous 

material, as shown in Fig. 2.4. Their main advantage is their high capacity for ion exchange 

[23]. Their disadvantage is that they can adsorb only micropore-size adsorbate in their pore 

structure. There are different types of zeolites, such as 5A zeolites, Y-zeolites etc.  
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Several scientists [24] have produced zeolites from fly ash or waste materials for the treatment 

of water. Oliveira et al. [25] produced magnetic zeolites for removing metallic contaminants 

from water and obtained a very high percentage of removal. Song et al. [16] used commercial 

HY-zeolite to treat jet fuel that had a net sulphur content of 736 ppm in a batch reactor at 80 

°C for ≈ 5 hrs and obtained ≈ 30 % sulphur removal. When he further loaded the commercial 

Y zeolite with transition metals such as Ce and Pd, the percentage of sulphur removal increased 

to 58 % and 60 % respectively [16]. 

 

Fig. 2.4. Zeolite structure [23] 

 

2.2.2 MOFs adsorbents 

Metal-organic frameworks (MOFs) are a class of highly porous materials with a strikingly high 

surface area.. These properties occur by varying the type of organic ligands and open metal 

active sites [26],[27]. Their main disadvantage was that they were found to use expensive 

organic solvents during their preparation through several stages of synthesis. Recently, they 

have been incorporated with other materials such as carbon, zeolite or metal-oxides to reduce 

the use of solvents [27],[28]. Despite that, the synthesis process remains lengthy and costly. 

MOFs have been used as catalysts [29],[30] or as adsorbents for carbon dioxide and organo-

sulphur compounds [31],[32]. MOFs are found to interact with organo-sulphur compounds by 

π-π interaction [33],[34]. A metal-sulphur coordination bond through unsaturated coordination 
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sites of selected metal ions has been developed [27]. Shing et al. [19] used MOF-derived porous 

carbon which underwent several processes before using it to reduce 160 ppm dibenzothiophene 

in n-hexane model diesel fuel inside a batch reactor, and obtained an adsorption capacity of 

26.7 mgS/g. Wang T. used synthesized zinc-copper-based MOFs to reduce dibenzothiophene 

in model oils using a fixed-bed reactor and obtained ≈ 92 % breakthrough capacity and ≈ 96 % 

saturation capacity [20]. The structure of MOF [29] is shown in Fig. 2.5.  

 

Fig. 2.5. Metal-organic framework (MOF) structure [29] 

 

2.2.3 Metal–metal oxides adsorbents 

These adsorbents undergo adsorption by complex formation and chemisorption hence they 

provide a wide surface area for adsorption [27],[31]. Despite this, the metals are very 

expensive, and a great amount of energy is required to regenerate the adsorbent. So, poses a 

limitation to the use of this type of adsorbent.  

 

Kim and his team [35] performed a selectivity study on the adsorption of organo-sulphur 

compounds and aromatic compounds on Ni/SiO2–Al2O3, as shown in Fig. 2.6. They found that 

sulphur compounds have a higher selectivity on metal–metal oxides compared to aromatic 

compounds [35]. 
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Fig. 2.6. Synthesized metal–metal oxide Ni/SiO2–Al2O3 [35] 

 

2.2.4 Activated carbon adsorbent 

Studies [5],[12]–[15] have shown that there is a high yield of total sulphur removal from diesel 

fuel using AC. However, most researchers have used commercial AC in its natural state or 

modified [12],[21],[36]. Some desulphurization studies show that AC is a better adsorbent 

compared to others [12],[13],[15]. This is because it can remove those alkyl organo-sulphur 

compounds which are difficult to remove by other processes, such as HDS.  

 

Fig. 2.7. AC with different pore sizes 
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AC is a carbonaceous material that has been processed to increase pore size and pore shapes 

together with the surface area, depending on the end-use [14],[15]. Fig. 2.7 shows the pore 

structure of ACs with different pore sizes. This carbon adsorbent can be synthesized from the 

raw materials of coke, coal, or biomass [15]. However, its use may be economically viable and 

environmentally friendly only when the end-product is derived from non-renewable resources 

such as biomass or waste materials. It has been found that different raw materials have a great 

impact on the functionality of AC produced, and also on its adsorption desulphurization 

efficiency. It has also been found that all plant materials have a lignocellulose structure that 

contributes to their carbon content, and to different carbonyl functional groups found on the 

surface of the AC [37]. Furthermore, an AC produced from biomass that has less inorganic 

matter, high volatility and relatively high density tends to have a better pore size and a larger 

surface area [38]. For this matter, the choice of raw materials depends on the final use of the 

product.  

 

AC derived from biomass has been found to have greater porosity compared to those obtained 

from coal and coke [39]. It also has both hydrophobic and hydrophilic properties that render it 

highly sensitive to moisture. The hydrophilic site (-C–O) is due to the functional groups that 

have an oxygen atom which is the result of cellulose and hemicellulose fragmentation 

[12],[40]–[42]. Whereas the hydrophobic site (C–C), known as an unreactive site, is mainly 

due to the fragmentation of lignin [43], which contributes more to carbon content. These sites 

or surface areas are favoured for sulphide adsorption, which becomes advantageous for the 

adsorptive desulphurization process. 

 

C–C–C–C–C–C–C–C–C–C–C=O 

Adsorption on AC occurs by trapping the adsorbate between the pores of the carbon–carbon 

structure, as shown above. Pores are formed each time a carbon atom is removed between the 

carbons, making room for absorptivity.  

 

Activating agents such as acids, bases or oxidising gases are utilized to facilitate the activation 

process. For instance, Po H. used AC prepared by phosphoric acid from date stones to reduce 

the DBT content in model diesel fuel and obtained an adsorption capacity of ≈ 41 mgS/g [44]. 

Saleh and Danmaliki [45] prepared ACs from waste tires and then modified it with NaOH and 

NHO3 at 90 °C. They then applied these AC adsorbents for the removal of 50 ppm DBT in 
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model fuel and obtained a percentage removal of ≈ 45 %, ≈ 80 % and ≈ 99 % for raw AC, AC-

NaOH, and AC-NHO3, respectively [45].  

 

In addition, Muzic et al. [46] performed a study on adsorptive desulphurization using 

commercial AC and zeolites. They found that the AC had a better adsorption capacity with 

organo-sulphur compounds in diesel fuel than 13X-type zeolites [46]. 

 

2.2.5 Biomass as adsorbent 

Despite the mostly favoured adsorbents above, biomass has received little attention when used 

as an adsorbent, particularly for desulphurization. Biomass is an organic plant material that has 

a lignocellulose structure which consists of cellulose, hemicelluloses and lignin [37] 

composites, as shown in Fig. 2.8. Lignin contributes more to the C–C structure during its 

fragmentation, whereas cellulose and hemicelluloses contribute more to the functional groups 

such as phenols and carboxylic found on the surface of the carbon material [37],[41]. The 

different biomass sources shown in Fig. 2.9 produce different quantities of lignocellulose 

composites, these then result in different adsorption capacities.  

Biomass has been used mainly for bio-oil and energy production [47], or as a source of ACs 

[48]. Therefore, the utilization of biomass as an adsorbent mitigates issues associated with 

climate change and environmental pollution. Furthermore, biomass is a renewable and 

sustainable resource that is found in abundance worldwide. Moreover, it can be used either as 

a fresh or as a waste material. Besides that, no energy is required to produce it, except solar 

power, which is a natural energy provider. In addition, it is the cheapest low-cost adsorbent 

that the world needs. 

 



18 

 

 

Fig. 2.8. Lignocellulose structure: cellulose, hemicellulose, and lignin [37] 

 

 

Fig. 2.9. Biomass sources 

Recently, some studies have used biomass as a sorbent for the treatment of water. Fadel et al. 

[49] used the biomass of Saccharomyces cerevisiae to remove manganese (Mg2+) from ground 

water and obtained about 86 % removal. Lokeshwari and Joshi [50] used yeast biomass to 

remove chromium (VI) in a batch reactor and found that the biomass quantity is a significant 

factor in effective adsorption. Pakade [51] also used macademia shell powder to remove 

hexavalent chromium from aqueous solutions. He obtained 91 % uptake of Cr(VI) when using 

1.0 g biomass as compared to 32.5 % uptake when using 0.2 g biomass. Huang and Lin [52] 

used a biomass of dried Sargassum fusiforme to adsorb Hg (II) and Cu (II) in an aquatic 
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solution. Kariuki et al. [53] performed studies on the biosorption of lead and copper in aqueous 

solutions on roger mushroom biomass, Lepiota hystrix. They obtained the maximum 

adsorption capacity of 3.89 mg/g and 8.50 mg/g respectively in the optimal time of 30 min 

[53]. Chigondo et al. [54] removed Pb (II) and Cu (II) ions from an aqueous solution by using 

baobab (Adononsia digitata) fruit shells biomass and obtained ≈ 1.2 mg/g for copper at 90 min 

and ≈ 3.8 mg/g for lead at 120 min. In addition, marula seed husk biomass was used by Moyo 

M. et al. to remove the Pb (11) and Cu (11) from aqueous solutions [55]. They obtained a 

maximum percentage removal of 86.7 % at 60 min for Pb (11) and 79.5 % at 180 min for Cu 

(11) [55]. They concluded that the rate of biosorption decreased after a certain time due to the 

saturation of the active site and the resulting repulsive forces between the adsorbate and the 

adsorbent [55]. El-Naggar et al. [56] obtained 45.9 % removal of Pb (11) before Plackette-

Burman and 94.3 % removal after Plackette-Burman within 60 min at 50 °C using Gelidium 

amansi biomass under Plackette-Burman at static condition. For water remediation, 

Muhammad et al. [57] used 0.03 g walnut shell biomass for the removal of 100 mg/g malachite 

green (a toxic chemical) and obtained an adsorption capacity of 54.5 mg/g in an equilibrium 

time of 90 min [57]. Guechi et al. [58] also adsorbed malachite green from an aqueous solution 

by using potato peel biomass at 25 °C, 35 °C and 45 °C and found that the adsorption processes 

were endothermic because the adsorption capacity increased with an increase in temperature. 

Based on the above proven studies, biomass has shown great potential to act as an adsorbent 

mainly due to the presence of functional groups such as amines, hydroxyl, carbonyls and 

carboxylic. These functional groups are those that may become active during the adsorptive 

desulphurization process because they all contain oxygen (-O) group, which is a reactive 

element due to its high electromagnetic property [41]. The carbon–carbon structure contributed 

by lignin might be responsible for physical adsorption. However, there is less literature on the 

adsorption of organo-sulphur compounds in diesel fuel on biomass. 

 

2.2.6 Biochar as adsorbent 

Another fast-emerging adsorbent is biochar, which is a carbonaceous material obtained under 

limited oxidized conditions. This thermal decomposition of organic matter results in the 

production of biochar, bio-oil, and other gases such as CH4, CO, H2 and CO2. Depending on 

the objective of the process, the thermal decomposition may favour the formation of slow-yield 



20 

 

char by torrefaction (200–400 °C) and carbonization (400–600 °C), therefore producing a less 

reactive char. Favouritism of high-yield mobile products by pyrolysis (600–800 °C) and 

gasification (˃ 800 °C) results in reactive biochar [43],[59]. Therefore, the heating processes 

involve heat transfer to the biomass particles by conduction. In addition to that, vapours are 

formed inside the biomass pores and these are subjected to further cracking, which leads to the 

formation of gases and thermally stable tars. It is for these reasons that inert gases such as 

nitrogen are used during this process to prevent an oxidation reaction that may occur due to the 

presence of water particles. However, the quality of biochar depends on the type of raw 

materials used, the process conditions and the reactor design.  

 

Fig. 2.10. Biochar production and its application 

Biochar has been used mainly for soil remediation, carbon sequencing, energy production and 

environmental management, as shown in Fig. 2.10. Besides these uses, it was mainly used as 

an intermediate during the production of AC [60],[61]. Recently, it has been used as an 

adsorbent mainly for water purification or the removal of heavy metals. Its main benefit derives 

from its ability to resist microbial decay and the high adsorption capacity of ions and molecules 

[62]. Biochar consists of an ion charge surface, a carbon–carbon structure, C–O, hydrophilic 

sites, and polar sites, which contribute to the adsorption of various materials [63]. Based on 

this, Ahmad and his team [63] removed Cu (II), Cd (II) and Pb (II) ions from aqueous solutions 
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by biochar derived from a potassium-rich biomass of banana and cauliflower. They found that 

both types of biochar showed similar sorption trends in metal ions in an equilibrium time of 24 

hours. However, banana biochar showed faster kinetics compared to cauliflower biochar due 

to its high electronegativity [63]. 

 

 Tran et al. [64] used orange peel as a source of biochar to determine the effect of pyrolysis 

temperature (400–800 °C) on the adsorption of cadmium. They found that the biochar produced 

at a higher temperature had the highest adsorption capacity of cadmium due to formation of 

more pores and more carbon structure, which allowed more ions to be adsorbed inside the 

pores. Ma et al. [65] also determined the carbonization temperature during the production of 

honeycomb tubular biochar from fargesia leaves as an effective adsorbent of pollutants. They 

reported that the adsorption capacity improved from 52.22 mg/g to 123.59 mg/g, with an 

increase in the carbonization temperature from 650 to 800°C due to the presence of mesopores. 

Despite that, he found that further increasing the carbonization temperature from 800 to 900 

°C slightly reduced the performance of the biochar because of the damaged structure of the 

biochar. On the other hand, Sew et al. [66] found that surface area is not the only the controlling 

factor on adsorption when using biochar produced from Korean cabbage waste [66]. In their 

study [66], they found that the functional groups and the amount of ash content present in a 

biochar play an important role in electrostatic and in ion exchange adsorption, respectively. 

 

The gasification of wood from Eucalyptus grandis (BC-EG), Acacia magnium (BC-AM) and 

Gmelina arborea (BC-GA), which was carried out by Suárez-Hernández et al. [67] at 700 °C 

using a down-draft gasifier, yielded mesoporous biochar as a by-product with average pore-

size range of between 2 nm and 50 nm, with a lower surface area ranging between 4 m2/g and 

50 m2/g. They were also found to have different morphologies, which were attributed to the 

different bulk density of the raw biomass, suggesting the importance of the properties of a feed 

stock [67]. Sun et al. [68] proved that even though the feedstock has a great impact on the 

properties of biochar, but the temperature used for the production of biochar determines the 

thermal stability of the biochar and the elemental composition, such as the C, H, N and O 

content, in the structure of biochar. Chen et al. [69]  produced a biochar with high magnetic 

properties and found that the magnetic biochar had a higher adsorption efficiency on organic 

pollutants and phosphates than the non-magnetic biochar.  

 



22 

 

Yanga et al [70] produced biochar from bamboo biomass using ZnCl2 at different temperatures 

and applied them for the adsorption of dibenzothiophene in model diesel fuel. They found that 

a bamboo biochar withthe highest micropore ratio had the highest adsorption capacity of DBT 

as compared to the biochar with the highest surface area, the highest total pore volume and the 

highest level of acidity [70]. They  found out further that when they oxidized bamboo biochar 

with NHO3, the percentage removal of DBT improved due to a π–π interaction and an acid–

base interaction [70]. However, there are fewer studies on the adsorptive desulphurization of 

diesel fuel using biochar.  

 

As mentioned above, many options have been investigated for the use of raw biomass and 

biochar as adsorbents, for water purification. However, there are fewer studies on the 

adsorptive desulphurization of diesel fuel using biochar or raw biomass. Furthermore, to our 

best knowledge, there is lack of research projects that have been done on the desulphurization 

of diesel fuel using biomass from Africa or the materials synthesized by the biomass from 

Africa.  
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Chapter 3 

 

Materials and Methodology 

3.1 Introduction 

There may be a degree of repetition of the methodology in this study. This is because the other 

chapters were written as papers in preparation for publication. Therefore, this chapter 

summarizes only the experimental method. For safety precautions, the Material Safety Data 

Sheet (MSDS) was followed where necessary. Moreover, personal protective equipment (PPE) 

such as googles, lab coats, latex gloves and closed shoes were worn at all times during all the 

experiments conducted in this study. 

Adsorptive desulphurization (ADS) experiments involve mainly an adsorbent (solid material), 

an adsorbate (a contaminant material in a solution or a solute in a solvent) and a reactor. The 

adsorption process is usually carried out in a column or a batch adsorption system. However, 

the latter was used in this study because it does not require a lot of space for laboratory 

experiments yet it can still achieve all the variables of the adsorption experiments in which we 

were interested [1]. The ADS efficiency depends on various parameters: adsorbent type, PH of 

the adsorbent, particle size of the adsorbent, adsorbent quantity, adsorption temperature and 

concentration of the analyte. However, some of these parameters have been fixed in the 

literature and in our previous studies (and in Appendix D), for which extensive laboratory 

experiments were carried out using commercial adsorbent (Com-AC) as our standard reference 

material (SRM). Therefore, all the desulphurization experiments were eventually conducted at 

room temperature. 

The experimental design also involved the calibration method and the analysis of clean and 

dirty diesel fuel using chromatographic techniques for both qualitative and quantitative 

analysis. This is because gas chromatography (GC), when coupled with a pulse flame 

photometric detector, is sensitive to the analysis of sulphur compounds in petroleum steams up 

to a level of parts per billion (ppb) [2],[3]. The experimental procedure for either unprocessed 

Amarula wastes biomass or the synthesis of activated carbons from biomass wastes for the 

desulphurization of diesel fuel is also discussed. Furthermore, the layout for the use of different 
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activating agents in the activation of gasification biochar from different reactors is elaborated 

on for their performance in desulphurizing diesel fuel. The particle size distribution experiment 

for processed materials is also detailed. The characterization techniques were applied to the 

qualitative analysis of adsorbents before and after use. Finally, the process for recycling the 

spent adsorbent and the removed toxic organo-sulphur compound in model diesel fuel is also 

considered. The hazards associated with this project are also summarized. 

 

3.2 Analysis of Diesel Fuel 

3.2.1 Materials 

3.2.1.1 Gases 

All the gases used were 99.99 % pure hydrogen, oxygen, nitrogen, and helium obtained from 

Afrox South Africa (SA).  

3.2.1.2 Equipment  

The equipment used comprised of an Agilent Gas chromatography instrument, IO Analytical 

PFPD, 1 microlitre syringe, an analytical balance, PPE and MSDS. All the GC consumables 

were obtained from Agilent. 

3.2.1.3 Chemicals and reagents  

The reagents were 99.99 % pure dibenzothiophene, hexadecane and toluene purchased from 

Aldrich Sigma. They were used without any dilution or processing. 

3.2.2 Methodology 

3.2.2.1 GC analysis  

Diesel fuel was analysed for the content of sulphur compounds using the Agilent 7890B GC 

system. The GC was coupled with OI Analytical 5480 pulse flame photometric detector 

(PFPD) [2]. Fig. 3.1 is a schematic diagram of the GC-PFPD technique. The fact that diesel 

fuel also contains competitive hydrocarbons, two DB-1 columns (with specifications in Table 

3.1) were therefore used for separating, identifying, and quantifying these compounds to their 

respective detectors. A flame ionisation detector (FID) inside a GC was used to detect the 
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hydrocarbons at the temperature of 250 °C, whereas the dibenzothiophene sulphur compounds 

were detected at 300 °C using a sulphur detector. These set detector temperatures were also 

suitable in avoiding the tailing of the peaks. 

 

Fig. 3.1. Schematic diagram of GC-PFPD. Chrom. 1 & 2 are chromatographs of 

hydrocarbons and sulphur compounds, respectively. 

Manual injection was used to introduce the sample into the GC using 1 microlitre syringe. The 

split mode was used for analysis of the analyte. Helium was used as a carrier gas to transport 

the diesel fuel from the inlet to the column then to the detector at a flow rate of 0.49472 ml/min. 

A mixture of hydrogen/air gas was used as a fuel for the decomposition of compounds. 

Nitrogen was used as a make-up gas for high sensitivity in the detectors. The oven temperature 

was set at 250 °C for a better resolution of the analytes.  

 

The temperature programme (TP) in GC, known as TPGC, is one of the imperative techniques 

which involves programming the column temperature. Programming the temperature may 

either be continuous or step by step. The hydrocarbons and organo-sulphur compounds have 

similar structures; therefore, their separation may be problematic. To overcome this, the 

gradient temperature programme was used in this study in order to obtain high resolution in a 

reasonable analysis time. Table 3.2 shows the ramping rates of TPGC for the analysis of diesel 

fuel.  
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Table 3.1 Operating conditions for analysis of model diesel fuel using gas chromatography 

 

The Win Pulse is PFPD software. It stores all the pulsed flame emission traces for post-run 

reviewing and reprocessing [4]. It was also used for intergraded gate for each data channel for 

the high selectivity of sulphur compounds in PFPD [5]. The chromatograms which showed 

eluted peaks that represented dibenzothiophene and hydrocarbons at a specific retention time 

and specific area were obtained using Chemetrix Chem-Station software. The area of the 

dibenzothiophene peak was used to analyse the concentration of sulphur content in diesel fuel.  

 

3.2.2.2 Calibration of the analysis method 

Prior to diesel fuel analysis, the calibration of the analysis method was carried out using both 

internal standard and external standard [2],[3],[6]. However, external standard was found to 

produce accurate results for the manual injection and so it was used for the entire project.  

GC type Agilent 7890B GC system

Sample size 1µl

Injection Slit/splitless inlet

Split mode

Split ratio: 50:1

Liner: 4 mm split liner

Combustion Chamber 3 mm ID

Size:  30 m Lenghth, 0.25 mm Diameter, 1.00 µm Film

Temperature limit: -60⁰C - 350⁰C

Oven Temperature 250 ⁰C

FID Hydrocarbons  attenuation 250 ⁰C

PFPD Model: 5480 Sulphur attenuation 300 ⁰C 

Detector range FID: 0.1-10
4
 ppm PFPD: 10

7
 ppb

FID  PFPD

Carier gas Helium  (He2) 0.49472 ml/min 0.49472 ml/min

Make up gas Nitrogen  (N2) 25.0 ml/min 14.3 ml/min

Hydrogen (H2) 30.0 ml/min 11.2 ml/min

Air 300.0 ml/min 20.0 ml/min
Fuel gas (H2/Air)

Parameter Specifications/Conditions

Gases

Detectors

Column

DB - 1 Column
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Standards of dibenzothiophene with different concentrations of 100, 50, 25, 10 and 5 ppmw 

for sulphur content were accurately prepared in 5 ml volumetric flasks. The 85 % hexadecane 

and 15 % toluene were used as solvents. The 1 µl of each sulphur standard was injected into 

the injection port of the GC and analyzed under the conditions in Tables 3.1 and 3.2. The 

chromatogram was obtained and used to determine the calibration curve using external 

standard methods.  

Table 3.2 Gradient temperature programme in gas chromatography-PFPD 

 

3.2.2.3 Adsorptive desulphurization of diesel fuel 

The fresh 100 ppmw model diesel fuel of dibenzothiophene was prepared using the similar 

approach as those of the standards in 3.2.2.2 above. Its actual concentration was analyzed in a 

GC-PFPD and then used as an adsorbate on Amarula wastes adsorbents. The adsorptive 

desulphurization experiments were carried out using a batch reactor at room temperature, as 

shown in the Fig. 3.2 set-up. This experimental design is described in detail in chapters 4–6. 

The used model diesel fuel was centrifuged and analyzed in a GC-PFPD, as explained in 3.2.2.1 

above. This was done to determine how much sulphur content in DBT model diesel was 

reduced by processed or unprocessed adsorbents. 

Gradient TPGC

Initial temp

Initial temp

Column 1

0

50 ⁰C

300 ⁰C

300 ⁰C

50 ⁰C

50 ⁰C

ramp 1

ramp 1

ramp 2

20 ⁰C/min

20 ⁰C/min
Column 2

post run

300 ⁰C

300 ⁰C

50 ⁰C -

0.5 min

7 min

5 min

-

0.5 min

7 min

5 min

-

0

20 ⁰C/min

20 ⁰C/min

-

ramp 2

post run

Temperature Rate Holding time
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Fig. 3.2. Batch adsorptive desulphurization set-up 

3.3 Adsorbent preparation and synthesis 

3.3.1 Materials 

3.3.1.1 Gases 

The 99.99 % nitrogen gas was obtained from Afrox SA and steam from distilled water was 

used during the thermal processes. 

3.3.1.2 Equipment 

PPE and MSDS, horizontal tube furnace, quartz tube, quartz boat, analytical balances, sieves, 

glassware, heat-resistant utensils, tongs, and gloves. 

3.3.1.3 Chemical and reagents 

The potassium hydroxide (KOH) pellets of 99.99 % purity obtained from Aldrich Sigma were 

used to prepare a solution of 48 % (m/v) with distilled water. 
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3.3.2 Methodology 

3.3.2.1 Unprocessed Amarula wastes biomass 

The Amarula wastes biomass was divided into Amarula fruit wastes, Amarula seeds wastes 

and Amarula shell wastes. Each Amarula waste was dried first and then used to reduce the 

sulphur content in dibenzothiophene model diesel fuel, as described in the next chapter at 

4.2.4.3. The adsorption process was carried out using the batch reactor shown in Fig. 3.2. 

 

Fig. 3.3. A two-stage experimental design for processing Amarula wastes biomass, and the 

porous structure of the products 

 3.3.2.2 Processing of Amarula wastes biomass 

The Amarula wastes biomass was thermally processed to activated carbon using steam 

activation via pyrolysis, as shown in the first and second stages of Fig. 3.3. A horizontal tube 

furnace that had a maximum specification temperature of 1000 °C was used with a quartz tube 

as a reactor to obtain both intermediate (biochar) and final (activated carbon) products. This 

process synthesis was carried out at a higher temperature under nitrogen flow using the 

conditions described in chapter 5.2.2. The steam residence time was fluctuated for producing 

the Amarula shells AC while keeping other conditions constant. The processed Amarula wastes 
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to activated carbons with particle size of about 1–2 mm was then used for desulphurizing diesel 

fuel using the batch reactor shown in Fig. 3.2 above. 

 

3.3.2.3 Determination of particle size distribution (PSD) 

Analyzing particle size is important because it affects the flow characterization and the 

adsorption kinetics of activate carbon [7]. Therefore, PSD was carried out on processed 

Amarula wastes biomass. The distribution of the different particle size of activated carbons is 

necessary in engineering the properties of the adsorbent. For this reason, the powdered and the 

granular activated carbon were separated, as described in ASTM D 2652 [8].  

 

Fig. 3.4. A picture of the sieve analysis 

As a consequence, a manual sieve analysis method was used in this study because it is cheaper, 

and it requires no energy consumption. In addition, it offers a wide particle size range. The 

produced Amarula wastes activated carbon was massed on an analytical balance and its mass 

(mAC) was recorded. Three sets of sieve mashes and a collector pan were used for horizontally 

sieving, as shown in Fig. 3.4. The clean empty sieve meshes of size 1200 µm, 300 µm, 200 µm 

and a collecting pan were arranged in ascending order and their masses (m1) were noted. The 

massed activated carbon was poured onto the top sieve mesh and manually shaken for 5 min. 

Each sieve mesh containing activated carbon was then massed (m2) and recorded after shaking. 

The retained mass of AC in a sieve mesh was recorded by subtracting m1 from m2. The 

percentage retained passing was calculated using Equations 3.3 and 3.4 (see below). A plot of 

the semi-logarithm of particle size vs particle finer (quantity passing) was obtained. The 

particle-size distribution for each of the processed Amarula wastes was determined from the 

distribution curve. 
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Mass retained (m3) = m1 – m2      Eq. 3.1 

Quantity passing (Q.P) = total mass – mass retained   Eq. 3.2 

% mass retained = m3/mAC * 100%      Eq. 3.3 

% passing = 100 – percentage mass retained    Eq. 3.4 

 

3.3.2.4 Gasification biochar 

Amarula shells biochar (an intermediate product) was selected and compared with gasification 

biochar (Fig. 3.5) which was obtained as a waste product form syngas production in our 

research institute (IDEAS). They were applied to the desulphurization of diesel fuel and their 

performance efficiency was compared. They were then processed to ACs using different 

activating agents of steam and 48 % m/v KOH. The processed gasification chars were also 

applied to the reduction of sulphur in DBT model diesel fuel. The experimental methods are 

detailed in Chapter 6 section 6.2.2.1 for the steam agent and section 6.2.2.2 for the KOH agent.  

 

 

Fig. 3.5. Biochar (BC) from different gasification reactors at 800 °C 
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3.4 Characterization of adsorbents 

The characterization of both processed and unprocessed adsorbents was carried out before and 

after use in order to determine the thermal, structural, and surface properties of the adsorbents. 

Techniques such as proximate and thermal analysis, FTIR, XRD, BET, FESEM-EDX and 

TEM analysis were used in this research. These techniques are elaborated on in depth in 

chapters 4–6. 

3.5 Recycling process 

“No waste is waste.” With this message in mind, the recycling of spent adsorbents and 

adsorbate shown in Fig. 3.6 was carried out to further mitigate land pollution. Therefore, the 

used adsorbents were kept in tightly labelled containers for the regeneration process and for 

further studies. The diesel fuel waste was stored in tight bottles for the recycling of harmful 

organo-sulphur compounds to an elemental sulphur substance.  

A distillation process will be used to separate sulphur compounds from hydrocarbons in diesel 

fuel wastes. The obtained residue is the powdered elemental sulphur. After purification, the 

powdered sulphur will be used as a fertilizer for soil amendment or as an ointment to treat 

different skin problems such as acne. Another possible use is the manufacture of fire-lighter 

matches.  
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Fig. 3.6. Schematic diagram of the recycling of adsorbents and toxic organ-sulphur 

compounds 

3.6 Hazards and safety precautions 

The fumes of the highly concentrated refractory sulphur compounds in diesel fuel may affect 

respiratory systems. Therefore, to minimize this hazard, an air respiratory mask with an organic 

chemical filter was used when analyzing the commercial diesel fuel. However, most of the 

experiments executed in ADS were performed on model diesel fuel, which is less hazardous, 

with a lower concentration of organo-sulphur compounds. Therefore, the PPE and the MSDS 

were followed at all times when handling chemicals. Furthermore, KOH is a basic corrosive 

chemical which has choking fumes and may corrode the skin. Therefore, similar safety 

precautions including wearing particulate masks, were practised with extra care. 
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Meanwhile, very high temperatures were experienced during the pyrolysis and activation 

processes. This presented the likelihood of skin burns and fire hazards. To avoid this, heat-

resistant gloves and utensil tongs were used at all times.  

Besides that, the thermal processing of biomass is known to produce NOx and COx gases 

which diffuse into the atmosphere. These gases may cause headaches and affect the lungs when 

they are inhaled in high concentrations. However, in this study, the raw materials used in each 

process were ≈ 5 g, which produced low concentrations of gases that enter the atmosphere 

resulting in minimal hazards. Nevertheless, it is planned to capture these gases and re-use them 

for syngas production in IDEAS when they are produced in large quantities during scaling up 

in our next pilot project. This will then minimize the environmental hazards.  
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Chapter 4 

 

Adsorption of Dibenzothiophene in Model Diesel Fuel by 

Amarula Wastes Biomass as a Low-Cost Adsorbent. 

 

Chapter abstract 

Adsorption is an excellent technique used worldwide for purification processes, particularly 

for the protection of the environment. The effectiveness of the adsorption process is determined 

by the adsorbent type used, but some adsorbents require lots of processing to achieve the 

desired quality and this has become a drawback both economically and environmentally. This 

study focused on mitigating the issue of waste management and land pollution by using the 

amarula waste biomass, which is a low-cost adsorbent that is obtained from the industrial waste 

by-product, during the production of Amarula liqueur. The amarula waste biomass was divided 

into three parts: amarula fruit waste, amarula seed waste, and amarula shell waste. Each waste 

was used to reduce the sulphur content in dibenzothiophene (DBT) model diesel using a batch 

reactor for 180 min at 25 °C ±2 °C. The amarula shell waste was found to have a higher 

adsorption efficiency of 30 ±3 % as compared to the amarula seed waste and the amarula fruit 

waste, which had an adsorption efficiency of 19 ±5 % and 9,5 ±0.7 %, respectively. The effect 

of the adsorption temperature was determined at 20 °C–55 °C. It was found that the amarula 

wastes biomass performed better at lower temperatures. The effect of biomass quantity was 

performed at room temperature using amarula shell waste biomass. The adsorption capacity 

was found to decrease with an increase in the quantity of the biomass. Both the kinetic models 

and the adsorption isotherms were applied to the experimental data. Thermodynamic 

parameters were also studied to determine the spontaneity of the adsorption process. The 

characterization of both the fresh and the used amarula waste biomass was analyzed using 

proximate analysis, FTIR, FESEM-EDS, BET and TGA. It was then concluded that cellulose 

and hemicellulose structures in amarula waste biomass played a major role in reducing the 

content of dibenzothiophene in model diesel fuel. 
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4.1 Introduction 

Organo-sulphur compounds such as dibenzothiophene and their alkyl derivatives are present 

in high concentrations in the distillates of crude oil. These are among the major pollutants of 

the environment. These toxic refractory compounds have been found to cause indirectly 

greenhouse gases that affect climate change negatively when such gases are emitted into the 

atmosphere [1]. Furthermore, they shorten the lifespan of catalytic converters through 

corrosion and cause health hazards in human beings. One of the simpler techniques to have 

been used to reduce the concentration of organo-sulphur is an adsorption technique in which 

the molecules are adhered onto the surface of the other molecule by physisorption or 

chemisorption. This technique is mostly employed worldwide for separations and purification 

processes, mainly during the treatment of water or in the petrochemical industries [2]–

[11],[12],[13]. Despite that, the effectiveness of the adsorption process depends on the 

adsorbent type with characteristics such as abrasion, surface morphology, porosity, thermal 

stability, and adsorption capacity. Hence, industrially, these adsorbents have been classified as 

polymer-based compounds such as polystyrene sulphonate or 

poly(allyldimethylammoniumchloride), oxygen-containing compounds such as silica or 

zeolites, carbonaceous compounds (activated carbon or graphene) and metal-based adsorbents 

(metal organic framework or metal-metal oxides) which are mainly synthesized for the 

purposes of catalysis.  

Nevertheless, processes such as the adsorptive desulphurization (ADS) of diesel fuel have used 

these adsorbents on several occasions and obtained high levels of efficiency [2],[6],[8],[9],[14]. 

However, these adsorbents require major processing before they can achieve the desired degree 

of adsorption efficiency. Hence, there has been a need to make use of low-cost adsorbent and 

save non-renewable resources to overcome climate change and thus save planet Earth. 

Therefore, this study focused on biomass, which is a biological material obtained from living 

plant matter. It was used as a sorbent because it is an inexpensive renewable resource. The use 

of biomass over the above adsorbents is more beneficial because less or no energy is required 

to produce it. Moreover, there is no need for regeneration processes of the adsorbent because 

it is renewable and found in abundance around the world. It can be used fresh or as waste, 

which makes it more sustainable and environmentally friendly. The only limitation of biomass 
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is that it may be seasonal, but this may be overcome by stocking more of it and storing it for 

further use. Several researchers [4],[5],[10],[12],[13],[15], have used biomass as a sorbent for 

the treatment of water and obtained high performance, but there is little or no documented 

research on biomass adsorbent for the treatment of diesel fuel. Biomass is categorized into 

lignocellulose biomass (wood), plant biomass (grass) and agricultural biomass such as agro-

forest waste, which is the interest of this study. The enthusiasm for using waste biomass derives 

from overcoming the global waste-management problem and land pollution due to a fast-

growing population. 

Biomass from Africa has received little attention in research hence this study is on an aggro-

forest biomass obtained from marula trees which are known scientifically as Sclerocarya 

birrea. The marula tree is a giant tree of about 9–18 m tall [16]. It is found in almost every part 

of Africa, but mostly in the southern regions such as South Africa, Botswana, and Zimbabwe. 

The tree is also known as the “elephant tree” because it was found that every time elephants 

ate marula fruits they would get drunk. When ripe, this fruit is yellow and falls from the tree. 

It consists of an edible pulp, the seed which contains the edible nut and the shells when the nut 

is removed. These nuts have been used mostly to produce marula oil, whereas the marula fruit 

is used to produce a worldwide spirit known as Amarula liqueur. During the production of 

Amarula liqueur, the large amount of waste is discarded from the plant to the landfill, and 

therefore cause the waste problem on the land, resulting in environmental pollution. This 

amarula waste consist of fruits of low quality and seeds from the plant of Amarula liqueur, 

hence this waste biomass is utilized in this study.  

Dibenzothiophene is widely used as a model to represent refractory sulphur compounds. 

Moreover, compared to its derivatives, it is the most difficult organo-sulphur molecule to be 

reduced in diesel fuel [17]. Therefore, this study investigated whether this amarula waste 

biomass could be used to adsorb DBT and thus mitigate the issue of waste management. 

Furthermore, it aims to determine which part of the amarula waste (fruit, seed, and shell waste) 

is capable of high adsorption capacity in this organo-sulphur removal in diesel fuel. 

Despite the massive characterization of biomass [18]–[20], it was found that there is less 

investigation of the amarula waste biomass. Researchers [4] used amarula seed husks to remove 

lead in water, but there was little or no characterization in that research. Therefore, this study 

further focused in-depth on the characterization of the amarula waste biomass before and after 

adsorption. 
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4.2 Materials and methodology 

4.2.1 Materials 

Amarula waste biomass comprised: amarula fruit (AmWa) waste, amarula seed (AmSe) waste, 

amarula shell (AmSh) waste. The chemicals (99 % pure reagents from sigma) involved, 

include: dibenzothiophene (DBT), hexadecane and toluene. 

4.2.2 Sampling of biomass 

Amarula waste was used as the biomass of Africa and were collected from the landfill of a 

plant that produced Amarula liqueur at Phalaborwa in Limpopo province. The amarula waste 

was divided into three parts; each part was used to reduce the sulphur content in model diesel 

fuel. 

4.2.3 Characterization methodology 

4.2.3.1 Proximate and thermal analysis 

For proximate analysis, the ASTM (the American Society for testing and materials) standards 

[21] was followed. Thermal Gravimetry Analysis (TGA) and Derivative Thermogravimetry 

(DTG) were carried out under air and nitrogen atmosphere at a flowrate of 60 ml/min using the 

TGA5500-0026 model. The process was ramped at the heating rate of 10 ºC/min to 800 ºC. 

Platinum HT pans were used as sample-holders. 

4.2.3.2 FESEM–EDX technique 

Microscopic analysis was carried out using Field Emission – Scanning Electron Microscopy 

(FESEM), JEOL model JSM-7800F. It was coupled with energy-dispersive X-ray spectroscopy 

(EDS), at which prior analysis the samples were coated with gold using a gold-sputtering 

device. 

 

4.2.3.3 TEM analysis technique 

Prior to analysis, the selected AmSh waste biomass was dispersed in a methanol solution and 

then sonicated for 15 min. A drop of the suspended aqueous solution of the sample was placed 

on a copper grid. This was then subjected to transmission electron microscopy (TEM) analysis 
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using a JEOL 2010F model, equipped with a Schottky field-emission gun operated at keV with 

an ultra-high-resolution pole piece providing a point resolution of 1,9 Å.  

4.2.3.4 Surface chemistry analysis  

Fourier transform infrared (FTIR) spectroscopy was carried out to determine the functional 

groups present in the materials using the Perkier Elmer Frontier model. The surface chemistry 

analysis was done at a resolution of 8 cm-1 and 16 cm-1 scans, for which the wavelength was 

set at 4 000 cm-1–400 cm-1.  

4.2.3.5 Powder X-ray diffraction analysis 

To determine the crystallinity or amorphous nature of carbons for raw amarula waste, the X-

ray patterns were determined by Bruker’s D2 Phaser X-ray diffractometer using a Cu-Kα (= 

0.15406 Å) radiation source operating under a voltage of 40 kV and a current of 25 mA. The 

diffraction angle (2θ) was varied from 10º to 90º using a scan rate of 4,2 ºC/min. The lattice 

size (L) was further determined using Scherrer Equation 4.1: 

β = Kƴ/LCosθ     Eq. 4.1 

where K is constant, ƴ is the wavelength, β is the full width at half-maximum (FHMW), and θ 

is the angle of the observed peak [22]. The Crystalline Index CI % was calculated using 

Equation 4.2, whereby Lac is a lattice size of amorphous carbon and Lcc is a lattice size of 

crystalline carbon [23]: 

Lac/(Lac + Lcc)*100    Eq. 4.2 

4.2.3.6 Textural properties  

Brunauer-Emmett-Teller (BET) surface area and porosity were carried out using Micrometrics 

TriStar II 3020 under nitrogen adsorption at –196 °C at the range of relative pressure (p/po) of 

10-6, at which the samples were first degassed for 12 h at 160 °C under inert flow gas. The 

samples were carried out for BET analysis and a full adsorption isotherm. Micropores and 

mesopores were determined as a function of pore size using the Barrett-Joyner-Halenda (BJH) 

method. 
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4.2.4 Application methodology 

4.2.4.1 Preparation of ≈100 ppm model diesel (DBT) 

An amount of 1 000 ml of solvent 85 % hexadecane and 15 % toluene was prepared by 

measuring and weighing 850 ml hexadecane in a 1 L measuring cylinder and 150 ml of toluene. 

The mixture was then transferred into a tightly closed, labelled bottle. The 250 ml of solvent 

was measured in another bottle and its mass recorded. The calculated DBT salt was massed 

into the clean vial and then dissolved in the 250 ml solvent to make model diesel of DBT. The 

solution mixture was left to dissolve properly overnight. The actual concentration of model 

diesel (DBT) was calculated and analysed using a gas chromatography (GC) – pulse flame 

photometric detector (PFPD). 

 

4.2.4.2 Instrument and calibration method 

A GC calibrant sample was used to determine the performance of the GC-PFPD instrument. 

Then method calibration was carried out using both an internal and an external standardization 

method. Concentrations of 10, 25, 50 and 100 ppmw were prepared from a stock solution of 

DBT standard using the internal and the external standard methods of calibration. However, 

the latter was used in this research. 
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Fig. 4.1. Adsorption desulphurization of DBT model diesel fuel by amarula waste biomass 

 

4.2.4.3 Adsorption of [S] in DBT model diesel fuel  

The amarula waste biomass was crushed into powder as shown in Fig. 4.1. The powdered 

biomass waste was then dried in an oven-dry at 110 ⁰C for 4 h. The dried biomass adsorbents 

were then weighed in a 50 ml round-bottomed flask using an analytical balance and its mass 

recorded. Then 10 ml of model diesel (DBT) was massed into the flask containing the dried 

biomass. The reactor (flask) was immersed inside a water bath at 25 ⁰C ±2 ⁰C at 800 rpm, on 

a magnetic stove with a magnet stirrer stirring continuously. This process was immediately 

started and timed as zero time. The temperature was controlled using a digital thermometer. 

An amount of 100 µl was pipetted into the 0.5 ml centrifuge tubes at time intervals within 90 

min. The equilibrium was reached at 180 min. The pipetted reactor samples were centrifuged 

using a small centrifuge for 2 min. Then 1 µl of the centrifuged clean model diesel was pipetted 

and injected into a GC-PFPD for analysis. The content of sulphur in model diesel was 

determined from the obtained chromatograms. The adsorption efficiency and the adsorption 

capacity were calculated for the AmWa, AmSe and AmSh amarula waste, using Equations 4.3 

and 4.4, respectively: 
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Adsorption Efficiency% = ((Co – Ct)/Co)* 100   Eq. 4.3 

qt = (Co – Ct) Wsoln/Wads      Eq. 4.4 

where the Co and Ct were DBT sulphur content in ppmw at initial and at time t respectively. 

The qt was the adsorption capacity (mg/g) at time t. The Wsoln and Wads were the mass (g) for 

solution and adsorbent, respectively. The same procedure was followed for the effect of 

temperature and the effect of adsorption quantity: 

4.3 Results and discussion 

4.3.1 Characterization results 

4.3.1.1 Proximate and thermal analysis  

Table 4.1 shows the proximate analysis results obtained through ASTM [21],[24],[25] for the 

three raw amarula waste biomass samples: AmSh, AmSe and AmWa waste biomass. The 

moisture content was found to range from 1 % to 4 %. This was attributed to the hydrophilic 

properties of biomass which attracts water molecules onto its surface. It was further found that 

raw AmWa waste had a higher ash content of 2,93 %, followed by raw AmSe and AmSh waste, 

respectively. This was due to the high level of inorganic matter present in the edible pulp of 

the fruit, which contained lot of minerals in comparison to the AmSe and AmSh waste. 

Moreover, it was found that the raw amarula fruit waste had a higher fixed carbon content of 

35,67 % compared to the AmSe and AmSh waste, which resulted from fibres of the pulp that 

contributed more to the carbon content. The similar trend of ash and volatile content for the 

amarula waste was observed further during TGA analysis (Fig. 4.2). 

Table 4.1 Proximate analysis of amarula waste biomass by ASTM 

Raw AmSh 3,99 ±0,5 0,64 ±0,04 71,2 ±0,4 24,17 ±0,6

Raw AmSe 2,17 ±0,8 0,96 ±0,03 67,2 ±0,9 28,97 ±0,2

Raw AmWa 1,30 ±0,9 2,93 ±0,03 60,1 ±0,8 35,67 ±0,3

Ash % Volatiles % Fixed carbon %
Ads type

Proximate analysis

Moisture %
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Fig. 4.2. Thermal graphs of raw amarula waste biomass carried out: under N2 atmosphere TGA (a) before and (b) after adsorption. The (c) and 

(d) are DTG before and after adsorption. Under air atmosphere TGA (e) before and (f) after adsorption. DTG graphs (g) before and (h) after. 
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The TGA was used to determine the decomposition of the amarula waste by percentage weight, 

loss as shown in Fig. 4.2. The thermographs showed three different stages. It was observed that 

within the first stage of temperatures less than 100 °C there was a weight loss of 1–5 %. This 

was due to the removal of moisture content on the surface of the amarula waste biomass. 

Similar observations were found by Salman et al. [26], Rubio et al. [27] and Pathak et al.–[28]. 

A plateau was further observed at temperatures between 180 °C–240 °C to 400 °C for all the 

amarula waste at which the AmWa was the first to decompose, with a weight loss range of 63 

%, 66 % and 72 % followed by the AmSe and the AmSh, respectively. This plateau was due to 

the volatilization stage which resulted from the exothermic reactions that occurred as a result 

of the thermal formation of stronger and stable bonds while replacing the weaker bonds in the 

biomass structure. It was further attributed as the start of the decomposition of the 

hemicellulose and cellulose present in amarula waste biomass. This type of decomposition 

under nitrogen atmosphere was also observed by other researchers [29],[30] who obtained 

similar results during the thermal analysis of other biomass types under the same conditions. 

Another mass loss was observed during the last stage between 400 °C and 800 °C. This stage 

was due to the formation of char resulting from the endothermic reaction, and it was also used 

to obtain fixed carbons [27],[31] that are thermally stable at higher temperature, as shown in 

Table 4.2 (a)  

Table 4.2 The percentage mass loss at different decomposition stages of TGA: (a) inert and 

(b) oxidized atmosphere. 

(a) Under inert conditions 

 

(b) Under oxidized conditions 

 

Before After Before After Before After Before After Before After

Raw AmSh 3,7 2,5 65,4 65,1 12,9 12,8 18,0 19,6 82,0 80,4

Raw AmSe 3,6 2,5 64,1 64,7 13,6 13,6 18,7 19,2 81,3 80,8

Raw AmWa 3,6 2,4 58,3 55,6 15,6 14,5 22,5 27,5 77,5 72,5

N2 Atmosphere

1st stage 2nd stage 3rd stage Fixed carbon %
Biomass

Total mass loss %

Before After Before After Before After Before After Before After

Raw AmSh 3,7 5,5 58,4 63,9 24,3 12,5 13,6 18,1 86,4 81,9

Raw AmSe 4,4 3,5 61,0 55,5 26,9 19,7 7,7 21,3 92,3 78,7

Raw AmWa 3,7 3,2 55,0 55,8 36,5 22,3 4,8 18,7 95,2 81,3

Total mass loss %

Air Atmsphere

Biomass
1st stage 2nd stage 3rd stage 4th stage
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According to the literature [20],[29]–[32], lignin, another major composite of biomass, starts 

decomposing at temperatures from 400–800 °C. Therefore, any biomass material that does not 

decompose after 800 °C is regarded as ash content particularly if it was carried out under 

airflow atmosphere. For this matter, the TGA was further analysed under air conditions and the 

results revealed four decomposition stages in Fig. 4.2 (d), with their weight percentage loss 

listed in Table 4.2 (b). Furthermore, it showed that the amount of inorganic matter that could 

not decompose any further was 15 %, 14 % and 13 % for AmWa, AmSe and AmSh waste, 

respectively. The TGA analysis for amarula waste followed a similar trend for ash content as 

those obtained using proximate analysis by ASTM in Table 4.1. Therefore, TGA has validated 

that in fact the AmWa waste contained a higher level of inorganic matter than the AmSe and 

the AmSh waste. It was further concluded that, from the TGA graph, the AmSh waste had 

higher thermal stability than both the AmSe and the AmWa waste, because its volatile 

decomposition temperature was higher than that of the AmSe and the AmWa under both N2 

and the air conditions, as shown in Appendix A: Tables A1 and A2. 

The derivatives of thermogravimetry analysis were carried out further to determine the actual 

temperature under inert and oxidising conditions. Each component of biomass that decomposed 

was listed in Appendix A: Tables A1 and A2. Four peaks were identified from the DTG graphs 

in Fig. 4.2 (c): the first peak was due to the temperature of moisture removal, the second peak 

was due to the temperature of light volatiles such as pigments, terpenes and oils present in 

biomass [32]. The third peak, which appeared as a shouldered peak, upon deconvolution, it was 

identified as having occurred due to the temperature of the hemicellulose peak, whereas the 

fourth, longest peak was due to the temperature of a cellulose structure. From there, there was 

no visible peak, just a tailing until 800 °C. The literature attributed this tailing as being due to 

the presence of lignin in the biomass [29],[32]. For this reason, upon further deconvolution, a 

fifth peak was identified as a medium-broad peak that was due to the temperature of lignin 

decomposition above 400 °C. A similar pattern of derivative temperatures was observed in all 

three amarula waste types, with AmWa waste showing that there were more light volatiles 

present in them than in the AmSe and AmSh waste. Besides this, based on peak intensity, the 

content of the cellulose component in the amarula waste biomass was found to be higher in the 

AmSh and the AmSe wastes than in the AmWa waste. On the other hand, the DTG graph 

obtained under air atmosphere in Fig. 4.2 (g) revealed a lignin peak in all biomass types without 

the deconvolution process. This was due to the combustion of carbon in the lignin component 

facilitated by oxygen present in the air atmosphere. The peaks for hemicellulose and cellulose 
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became highly intense compared to those in the N2 atmosphere and remained even more 

overlapped for both AmSh and AmSe waste, despite exposure to an air atmosphere. 

The amarula waste biomass was applied to DBT sulphur molecule in model diesel fuel and 

then analyzed using TGA and DTG as shown in Fig. 4.2 (b), (d), (f) and (h), under both inert 

and oxidising atmospheres. The TGA results revealed that there was a slight shift of mass loss 

in the first stage and the second stages under both graphs (b) and (f); however, the massive 

difference after adsorption was observed under fixed-carbon content in Table 4.2 (a) at which 

the fixed-carbon content was higher for raw AmSh waste, followed by AmWa and then AmSe 

waste. The tables also show that the total mass loss after adsorption was less than that of before 

adsorption (of di-hexa-cyclic carbon rings fused with a thiophene molecule), signifying an 

interaction of DBT compound on the amarula waste. Despite that, more elements were also 

present due to the presence of solvent molecules (hexadecane and toluene) in model diesel fuel, 

hence more observed fixed-carbon content. Fig. 4.2 (f) under air atmosphere, further revealed 

that, after adsorption, the AmSh waste became more thermally stable compared to the other 

waste. This was due to a high interaction of sulphur molecules which formed stronger bonds 

with the biomass structure. 

The Fig. 4.2 (d) is the derivative curve for adsorbents after adsorption under nitrogen 

atmosphere. It showed no peaks for light volatiles even after deconvolution for all the amarula 

biomass waste types. However, the peaks of hemicellulose and cellulose shifted slightly to 

higher temperatures. Meanwhile, the peaks of AmSh waste became very highly intense, 

confirming a high interaction of sulphur molecule in model diesel to the surface of AmSh waste 

biomass. Nevertheless, the oxidized atmosphere shown in the DTG curve of Fig. 4.2 (h) after 

adsorption showed only two peaks, with a massive temperature shift from 334 °C up to 490 °C 

for a highly intense peak representing cellulose. Another temperature shift of the lignin peak 

from 425 °C to 716 °C was observed. This confirmed that strong bonds were in fact formed 

between DBT molecules and AmSh waste biomass, hence the observed high thermal stability. 

On the other hand, the light volatiles were still present after adsorption for both the AmSe and 

the AmWa waste biomass. There were minimum peak shifts for all the components after 

adsorption, signifying very little interaction of a sulphur molecule with them. 
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4.3.1.2 FESEM-EDS analysis 

The morphology of the three amarula waste samples before and after adsorption is shown in 

Fig. 4.3. It was observed that the morphology of amarula shells (a) before adsorption revealed 

a rough surface with some agglomeration due to packed fibres, whereas after adsorption in (b) 

the morphology changed, at which the fibres dispersed and were mostly rough on the edges. 

There were some shiny spots on the surface of the fibres, which signified the presence of oily 

compounds such as DBT. On the other hand, the morphology of AmSe waste in an image (c) 

showed a very beautiful, smooth surface and some pores, but after the adsorption of DBT 

molecules in (d) the fingerprint-like morphology was observed on the surface. Moreover, the 

surface in (d) seemed brighter and shinier, with some more agglomeration, which was 

attributed to the presence of sulphur compound particles on the surface. Further morphological 

analysis of AmWa waste in (e) showed the presence of some irregular spheres, but after 

adsorption the image (f) shows that the spherical morphology disappeared. The surface became 

distorted and took on the shape of corrugated iron. In addition, the micrograph also showed 

some roughness, which was due to the organo-sulphur compound on the surface. This 

agglomeration on the three amarula waste biomasses was attributed to the presence of cellulose 

and hemicellulose particles held and packed tightly together. A similar morphology for biomass 

was seen by El-naggar El-nagger et al. [12] and Pathak et al.,[28]. 

AmSh waste biomass was selected and used for EDS analysis in Fig. 4.3 (g) before and after 

adsorption. It was found that the raw AmSh waste biomass had a greater content of carbon (C) 

and oxygen (O) elements and very low content of other elements such as magnesium and silica 

(not shown in the drawn graph). However, after adsorption, the sulphur (S) element was 

identified with the content of 0.2wt %. This sulphur element was due to the adsorption of DBT 

sulphur compounds, signifying that indeed the amarula waste biomass is capable of adhering 

organo-sulphur compounds. The AmSe and AmWa waste biomass samples were also analysed 

for EDS but are not reported on here because the content of the sulphur element was too low 

for instrument detection. 
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Fig. 4.3. SEM images; for AmSh (a) before (b) after adsorption, for AmSe (c) before and (d) 

after adsorption, for AmWa (e) before and (f) after adsorption. The (g) graph is an EDS 

analysis of selected AmSh before, and after adsorption 
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4.3.1.3 TEM analysis 

Further morphological analysis was carried out using the TEM technique shown in Fig. 4.4 for 

the selected AmSh (a) before and (b) after adsorption of DBT. The results in an image (a) 

showed an irregular structure with big clusters inside it. This was considered as agglomeration 

because the material is raw biomass therefore, the fibres and particles are still tightly packed 

to each other. The image in (b) for after adsorption still showed an irregular shape, but this time 

with several tiny dark spots on the surface. These spots were attributed to particles of DBT 

sulphur molecule on the surface of the amarula waste biomass. The TEM results confirmed the 

EDS results, which showed the presence of a sulphur element after adsorption as seen in Fig. 

4.3 (g) above. It can, therefore, be concluded that the amarula waste biomass can adsorb 

organo-sulphur compounds in diesel fuel, making it a potentially environmentally friendly and 

sustainable low-cost adsorbent. 

 

Fig. 4.4. TEM images of amarula shell waste (a) before and (b) after adsorption at 100 nm 

 

4.3.1.4 Surface chemistry analysis 

FTIR was used to analyze the functional groups present on the surface of the three amarula 

waste samples. All the spectrums showed the presence of various functional groups in Fig. 4.5 

(a). The broadband at 3 600 cm-1–3 100 cm-1 was attributed to an O–H stretching vibration of 

hydroxyl groups due to the adsorbed moisture which was also visible during TGA analysis at 

temperatures less than 100 °C. These hydroxyl groups are also assigned to phenols, alcohols 

and carboxylic groups present in cellulose and hemicellulose. These groups were also reported 

in various literatures [11]–[13],[28],[33],[34]. There were stretching vibrational bands with 

medium peaks at 2 925 cm-1 and 2 855 cm-1 which were attributed to sp3 C–H asymmetric and 

symmetric stretch for methane or methylene groups, respectively. The peak at 1 737 cm-1 was 
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assigned to the C=O stretching of the saturated ethers and acetyl groups in the hemicellulose 

[28],[33],[34]. Peaks at 1 639 cm-1 and 1 504 cm-1 were attributed to C=C and C–C stretching 

bends in the aromatic ring, respectively. A weak asymmetric vibrational bend at 1 370 cm-1 

was due to an N–O functional group present in the biomass. The wave number at 1 236 cm-1 

showing a weak band represented the C–O aryl functional group in lignin [35]. At 1 168 cm-1, 

a weak asymmetric bend was observed as being due to acyl and phenyl groups. The strongest 

bending vibration at 1 031 cm-1 was attributed to the C–O functional groups of carbonyl groups 

present in amarula waste biomass. An out-of-plane bend of sp2 C–H was observed at 897 cm-

1. It can be concluded that although similar functional groups were present in all the spectra of 

amarula waste biomass, the AmWa waste had highly intense bands, which means that more 

functional groups were present on its surface because of extra molecules from the edible fruit 

pulp. It was further observed that for AmSh waste, the intensity of the peak was small compared 

to the other waste samples, especially for the O–H, C–H and C–O vibrational bands at 3 600 

cm-1–3 100 cm-1, 2 925 cm-1 and 1 031 cm-1. Generally, it can be concluded that the amarula 

waste biomass had a higher density of O-functional groups on its surface that resulted from 

cellulose and hemicellulose. This could mean that the surface of the amarula waste biomass 

might be acidic and that could contribute to the higher absorptivity of this organo-sulphur 

compound in model diesel fuel. 

 

 

Fig. 4.5. FTIR spectrum of amarula waste biomass (a) before and (b) after adsorption 
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However, the FTIR spectrum of amarula waste after adsorption in Fig. 4.5 (b) - showed more 

intense peaks compared to the spectrum seen in Fig. 4.5 (a). This was due to the interaction of 

sulphur compounds (DBT) in model diesel. The peak at 2 925 cm-1 disappeared whereas the 

one at 2 855 cm-1 shifted to 2 897 cm-1 after adsorption. The FTIR spectra after adsorption also 

showed a new visible peak at 2 149 cm-1 and a weak band at 1 980 cm-1, which was attributed 

to S–H vibrational stretch and aromatic ring vibrations during the interaction of DBT and 

amarula waste biomass, respectively. This occurred when weak hydrogen bonds were formed 

[36]. The peak at 1 737 cm-1 shifted to 1 782 cm-1 after adsorption due to the formation of 

conjugated atom rings from model diesel constituents (toluene and hexadecane). The peak at 1 

639 cm-1 also shifted to 1 600 cm-1. The band at 1 236 cm-1 moved to 1 226 cm-1 and became 

more intense, confirming high DBT interaction with it. The peak at 1 031 cm-1 also shifted to 

1 025 cm-1. Furthermore, the O–H peak of AmWa waste was found to have fewer intensity 

bends compared to the other AmSe and AmSh waste samples after adsorption. Finally, it can 

be concluded that even though the SEM morphology of the three amarula waste biomass 

samples had some similarities (Fig. 4.3) before and after adsorption process, the use of FTIR 

analysis was able to confirm and show significant differences in their chemical structure in the 

three types of amarula waste biomass samples before and after adsorption. 

 

4.3.1.5 Powdered X-ray diffraction analysis 

Upon exposing the raw amarula waste biomass to X-ray photons, the diffraction spectrum in 

Fig. 4.6 (a) showed slightly overlapping patterns of broad and sharp intense peaks at 2θ angle 

values of 16º and 21º. These patterns were found to correspond to amorphous carbons, which 

were due to the presence of lignin composite, and to a crystalline carbon that was due to the 

presence of cellulose and hemicellulose composites in the structure of amarula waste biomass, 

respectively. Similar biomass patterns were observed by Rambo et al. [20] and Zhang et al.[23]. 

The third small pattern that is observable at 2θ angle value of 35º with d spacing of 040 was 

attributed to the presence of minerals in different phases of calcium in amarula biomass. This 

was also seen by Rambo et al. [20] for the XRD spectrum of banana fibres. This further 

confirms a high level of ash content observed during proximate analysis and TG analysis above. 

Despite the visual similarities of the diffraction patterns on the three types of raw amarula waste 

biomass, calculations using the Scherrer equation showed that these carbon phases in each type 

of amarula waste differ in lattice size as shown in Table 4.3 (a). The results revealed that the 
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lattice size (L) of raw waste biomass followed the trend AmSh ˂ AmSe ˂ AmWa, signifying 

that amarula shells had a more regular structure compared to the AmSe and AmWa waste 

biomass.  

 

Fig. 4.6. The XRD on the three types of amarula waste biomass (a) before and (b) after 

adsorption 

 

According to Zhang et al. [23] the crystallinity index (CI %) of the biomass tends to increase 

when the wax content in biomass is low. This was proven by Rambo et al. [20] who removed 

the extractives from different lignocellulose biomass types and found that the less the wax 

content the higher the crystallinity index. Therefore, AmSh waste was found to have a higher 

crystalline index, followed by AmSe and then AmWa waste as shown in Table 4.3 (a). This 

was because both the AmSe and the AmWa waste have the nuts inside them and these nuts are 

waxy, hence they contribute to a higher wax content. This fact was also observed in the FTIR 

spectrum above, whereby the intensity of the functional groups in the cellulose and 

hemicellulose region for AmSh waste was very low compared to the intensity of the AmSe and 

the AmWa waste biomass.  
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Table 4.3 Crystalline index (CI) % and lattice size of amorphous (La) and crystalline (Lc) 

carbons for the three amarula waste biomass samples (a) before and (b) after adsorption 

(a) Before adsorption 

 

(b) After adsorption 

 

 

After applying the three raw amarula waste biomasses, to DBT model diesel fuel, it was found 

that the crystalline patterns shifted from 2θ value 21° to 2θ value 22°. For the amorphous peak, 

there was no significant change as shown in Fig. 4.6 (b). It was further observed that the 

intensity of the peaks for both the amorphous (57°–30°) and the crystalline (18°–13°) patterns 

decreased to 31°–28° and 22°–11° respectively, after adsorption of the organo-sulphur 

compound. In addition, the lattice size (La and Lc) of amarula waste biomass decreased in the 

AmSe and AmWa waste samples, but not in the AmSh waste, which showed an increase of La 

from 10,12 Å (before) to 11,10 Å after adsorption as seen in Table 4.3 (b). The crystalline index 

also decreased after adsorption in a similar trend as before adsorption. This may be due to the 

hexadecane and toluene solvent in model diesel fuel that facilitates the adsorption of DBT on 

the amarula waste biomass. 

The peak at 040 plane became more observable after adsorption because the amarula waste 

sorbents had adsorbed the sulphur compound, and that, increased the content of the inorganic 

matter due to the interaction of DBT sulphur compound on the biomass surface. These sulphur 

elements were observed on EDX and TEM analysis in Fig. 4.3 and Fig. 4.4 (b) respectively. 

The low total mass loss percentage observed after adsorption in Table 4.1 (a) and (b) under TG 

Analysis also confirmed these XRD results. 

Crystalline 

Amorphours La Crystalline Lc Index (CI%)

Raw AmSh 10,12 22,11 68,60

Raw AmSe 14,69 24,79 62,79

Raw AmWa 14,98 24,78 62,32

Ads type
Lattice size (Å)

Crystalline 

Amorphours La Crystalline Lc Index (CI%)

Raw AmSh-Af 11,10 21,49 65,95

Raw AmSe-Af 12,88 21,07 62,06

Raw AmWa-Af 13,52 19,07 58,51

Ads type
Lattice size (Å)
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4.3.1.6 Textural properties of amarula waste 

The BET surface area, t-plot external surface area and the BJH surface area are listed in Table 

4.4, which summarises the values of the textural properties of amarula waste biomass. The 

surface area was found to be less than 1 m2/g for all the types of raw amarula waste, with the 

AmWa waste being the highest, followed by the AmSh waste, then AmSe waste. A similar 

trend was also observed for their BJH pore size and pore diameter. This confirms the SEM 

morphology seen in Fig. 4.3 (a), in which no visible pores were observed except some 

agglomerations on the surface. The small pore volume found may be due to the blockage caused 

by the wax arising from the nuts inside the fruit and the AmSe waste biomass. This was also 

observed in XRD analysis in Table 4.3 (a) under a crystalline index, at which the AmSh waste 

exhibited high CI %, indicating a lower presence of wax. Pore size is classified according to 

International Union of Pure and Applied Chemistry (IUPAC) 1985 as macropores (>50 nm), 

mesopores (2–50 nm) and micropores, which in turn are divided into supermicropores (>1–0.7 

nm) and ultra-micropores (<0.7 nm) [37]. From this classification and based on the tabulated 

results in Table 4.4 (a), it was found that the pore diameter of amarula waste ranged between 

10 nm and 15 nm (100 Å–150 Å) and that it fits well as mesopores. This might be advantageous 

for adsorption of the DBT molecule, which is between 0.65 nm–1 nm in size [38]. Also, the 

DBT has molecular dimensions of 7.4 Å, 11.6 Å and 3.6 Å, as calculated from the density 

function theory (DFT) model in the Gaussian 98 software described by Moosavi et al. [39]. 

The pore distribution of the amarula waste was also analyzed in Fig. 4.6 (a) and all the waste 

biomass samples revealed the longest peak at the pore width range of 10 Å–20 Å, with the 

highest increment pore volume being attributed to micropores. The medium peaks observed 

between 20 Å and 40 Å signified fewer mesopores whereas, from 50 Å upwards, few small 

peaks were observed, this being ascribed to macropores being in smaller quantities. 

Table 4.4 Textural properties values of raw amarula waste biomass using BET 

 

BET-S-area t-plot Ext S-areaBJH-S-area BJH Pore Vol BJH Pore 

Raw AmSh 0,54 ±0,6 0,65 0,559 0,0018 131,3

Raw AmSe 0,18 ±0,7 0,25 0,198 0,0007 141,5

Raw AmWa 0,67 ±0,1 0,93 0,748 0,002 107,8

 diameter (Å)(m
2
/g)

Ads type

(m
2
/g)  (m

2
/g)  (cm

3
/g)

Surface Analysis
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The adsorption–desorption isotherm was further determined to understand which adsorption 

isotherm the amarula waste biomass will follow. According to Fig. 4.7 (b), the amarula waste 

biomass exhibited similar adsorption–desorption isotherms with a tiny hysteresis loop. It was 

observed from the graph that at a low relative pressure of between 0.0 p/p° and 0.2 p/p° the 

pores were quickly filled only up to 0.15 cm3/g, showing a less distinctive gradual curve, with 

the AmSe waste being the lowest filled followed by AmSh and then AmWa waste. This 

indicated that there was an overlap of monolayer coverage and an onset of multilayer 

adsorption [40]. At high relative pressures ≈ 0.8–1.0 p/po the volume adsorbed increased 

without limit to ≈ 0.4 cm3/g, 1.1 cm3/g and 1.2 cm3/g for AmSe, AmSh and AmWa waste 

respectively. This observed shape was regarded as a Type II isotherm, which also normally 

occurs in non-porous or macro-porous material [37],[40]. This is indeed true, because the 

amarula waste biomass was found to have a non-porous morphology under microscopic 

analysis in Fig. 4.3. Furthermore, a sharp step-down branch for the desorption process created 

a slim loop in all the amarula waste, and it closed at a relative pressure of ≈ 0.5 p/po. This type 

of loop signified the Type H3 hysteresis loop that is identified in the origin of the IUPAC 

classification [37]. 

 

 

Fig. 4.7. (a) Pore distribution and (b) N2 adsorption-desorption isotherm of amarula waste 

biomass 
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4.3.2 Adsorption of dibenzothiophene 

4.3.2.1 Analysis of model diesel fuel before and after processing 

Analysis of DBT model diesel fuel was carried out using the GC-PFPD technique coupled with 

a flame ionisation detector (FID). The quality of the instrumental operation and the method of 

analysis were validated by performing a calibration method. The calibration curve results are 

shown in Appendix A: Fig. A1. 

4.3.2.2 Effect of adsorption time on adsorption of DBT  

The three types of amarula waste biomass were applied to a batch adsorption process at time 

intervals within 180 min for the 93 ppmw DBT model diesel fuel at room temperature (25 °C) 

and, their performances were determined. It was found that the concentration of DBT sulphur 

content decreased as adsorption time increased as seen in Fig. 4.8 (a). This implied that the 

amarula waste can in fact reduce the sulphur content in model diesel by 30 %, 19 % and 9,5 % 

within 3 h for raw AmSh, AmSe and AmWa waste respectively as shown in Fig. 4.8 (b). Table 

4.5 shows further that the extent of the adsorption (qe) followed the similar trend of three 

amarula waste biomasses, suggesting that the AmSh waste had a higher adsorption capacity of 

0.278 mg/g than the other two waste biomasses. It was observed that the AmWa waste biomass 

quickly became saturated within 30 min whereas the AmSe and AmSh wastes became saturated 

at around 60 min only. 

 

Fig. 4.8. The graphs of (a) sulphur content in DBT model diesel and (b) adsorption efficiency 

at 800 rpm within 180 min using a 10wt % adsorbent of amarula waste biomass 
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This means that the adsorption of DBT in model diesel fuel on AmWa waste was controlled 

by fast kinetics and it could undergo monolayer adsorption. On the other hand, the AmSe and 

the AmSh waste underwent slower kinetics and could undergo multilayer adsorption. A similar 

scenario with biomass was observed in [11]. This is because, as time passes, more adsorption 

occurred until a certain plateau was reached. It was found that the adsorption of AmSe and 

AmSh waste occurred in two stages. The first stage was due to physical adsorption that 

occurred on the surface of the biomass and was faster, occurring within 30 min. Then the 

second stage, known as the active stage, became slower as it reached equilibrium at around 60–

90 min. It was also observed that the adsorption capacity increases with adsorption time too. It 

was concluded that the effect of time showed less or no significant change in adsorption 

efficiency from 90 min to 180 min for all three amarula waste biomasses. Therefore, 90 min 

was regarded as the equilibrium time for the adsorption of DBT in model diesel fuel on amarula 

waste biomass. 
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Table 4.5 Values of adsorption capacity and adsorption efficiency of the three amarula waste 

biomasses 

 

 

The faster kinetics on AmWa waste may also be attributed to the larger pore size of 141Å 

observed during textural analysis in Table 4.4. It is said that a material that has a mixture of 

micropores and mesopores tends to facilitate the faster movement of adsorbate to the 

micropores [41]. Researchers in articles [4],[11],[42],[43] obtained similar trends for the effect 

of time when they were using biomass as a sorbent for different applications. It can be 

concluded that among the three amarula sorbents, AmSh performed better for the adsorption 

of DBT in model diesel fuel, with AmWa waste being the lowest performer despite having a 

higher surface area than the other waste samples. This may also be attributed to the fact that 

AmWa waste had a higher ash content of about 2,9 % as shown in Table 4.1 of proximate 

analysis compared to AmSe and AmSh waste, respectively. It is reported that adsorbents with 

high levels of inorganic matter tend to be less favoured for high adsorption efficiency [44]. 

 

4.3.2.3 Effect of Adsorption temperature 

The temperature has a great impact on adsorption processes depending on whether the process 

is endothermic or exothermic. The effect of the adsorption temperature of DBT in model diesel 

fuel was tested on AmWa, AmSe and AmSh waste within 180 min at a stirring rate of 800 rpm 

using a 10wt % biomass sorbent. From the graph of Fig. 4.9, it was observed that the adsorption 

efficiency increased from 20 °C to 25 °C by ≈ 10 % for AmSh and AmSe waste. It then 

decreased substantially to 35 °C, where it became stable until it reached 45 °C. It further 

decreased again as the temperature increased to 55 °C. The adsorption efficiency values are 

shown in Appendix A: Table A3.  

Ads capacity

Raw AmSh 0,278 ±0,16 26,7 ±2 30,3 ±3

Raw AmSe 0,175 ±0,24 19,4 ±4 19,1 ±5

Raw AmWa 0,087 ±0,07 8,8 ±0,1 9,5 ±0,7

Ads type

Ads eff %  @ 25 °C

qe (mg/g) 90 min  180 min
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This decline in adsorption efficiency with the increase in adsorption temperature might have 

been due to the rate of desorption that occurred on the surface of the amarula waste biomass. 

Similar results for the effect of adsorption temperature were experienced by other researchers 

[45]. Researchers in [9]–[12] used biomass as a sorbent to reduce the content of heavy metals 

in water and found out that the optimal temperature was 35 °C. On the other hand, Ahmad et 

al. [46] used modified sorbent loaded with metals to reduce the sulphur content of DBT in 

model diesel and found a higher desulphurization efficiency of about 63 % at room temperature 

of 25 °C after six hours, whereas Ahmadi et al. [47] reported that adsorption desulphurization 

in other studies reached equilibrium in just 60 min. For AmWa waste, the adsorption efficiency 

was found to increase linearly from 20 °C to 25 °C and to 35 °C by 5 % and then it dropped as 

the temperature increased to 45 °C and 55 °C. Despite this temperature effect, the AmWa waste 

still had lower adsorption efficiencies as compared to AmSe and AmSh waste and this might 

still be due to a high level of inorganic matter present in the sorbent. 

Moreover, based on the result, it was further found that the adsorption of DBT in model diesel 

fuel on all raw amarula waste biomass favours a lower temperature. Consequently, 25 °C was 

the optimal temperature for AmSh and AmSe waste, with 30 % and 22 % adsorption efficiency, 

whereas for AmWa waste the optimal adsorption temperature was 35 °C, with the highest 

adsorption efficiency of 9,5 %. It can further be concluded that the rise in temperature 

decreased the adsorption efficiency of AmWa waste due to the exothermic nature of the 

adsorption process.  
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Fig. 4.9. The effect of adsorption temperature on amarula waste samples: conditions: 10wt % 

ads quantity 800 rpm, 180 min 

 

4.3.2.4 Effect of adsorbent quantity 

Minimised cost is found to attract inventions, and it allows competition among other production 

industries, hence adsorbent quantity was found to be a crucial parameter in the adsorption 

process for scaling-up purposes because of its economic impact. Therefore, AmSh waste was 

selected to determine the effect of biomass quantity on DBT adsorption based on the above 

results, because of its better performance out of the three amarula waste samples. The results . 

for both the adsorption efficiency and the adsorption capacity are shown in Fig. 4.10. Various 

biomass concentrations, ranging from 2wt % to 20wt % were used while keeping the other 

parameters constant. The results revealed that as the concentration of AmSh waste biomass 

increased from 2wt % to 10wt %, the adsorption efficiency also increased to 30 %. This was 

because the biomass was more concentrated and that offered more surface area for adsorption, 

hence more adsorption sites available for DBT adsorption [48]. 
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It was also observed that as the biomass quantity was further increased from 10wt % to 20wt 

%, the adsorption efficiency decreased from 30 % to 15 %. This was attributed to the fact that 

some active sites of adsorbent remained unoccupied or exposed to the adsorption of the DBT 

molecule, and this resulted in the aggregation of adsorbent particles on the surface. This type 

of trend was reported on by Kosa et al. [48]. Further analysis of the extent of adsorption results 

also revealed that the adsorption capacity decreased as the quantity of biomass increased. In 

addition, the mathematical expression in Equation 4.2 which shows that the ratio of adsorbate 

solution to mass adsorbent increases if the mass of adsorbent increases. This trend of adsorption 

capacity was also attributed to the unsaturated active sites for adsorption reaction and the 

agglomeration of biomass particles due to the higher content of biomass, which led to the 

decrease in surface area and the increase in the diffusion path length. A similar observation 

was obtained by Prajapati et al. [49] 

 

 

Fig. 4.10. Adsorption capacity and adsorption efficiency for the effect of adsorbent quantity 

on selected raw AmSh at 25 °C, 800 rpm and 180 min 

4.3.2.5 Adsorption kinetics 

Adsorptive kinetics, particularly in a batch system, are found to be very imperative for 

designing adsorption column and for industrial applications. For this matter, the kinetic models 

of pseudo-1st-order, pseudo-2nd-order and intraparticle diffusion models were applied to 

experimental data to understand the sorption mechanism. These models have been applied by 
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several researchers previously during adsorptive desulphurization of diesel fuel on synthesized 

adsorbents [3],[6],[8],[9],[50],[51]. Pseudo 1st order, which was first discovered by Lagergren 

[52] is expressed in Equation 4.5 as: 

rqt = K1(qe-qt) = dq/dt     Eq. 4.5 

 

Table 4.6 Constants and correlation values of the kinetic models of DBT on amarula waste 

biomass at room temperature 

 

The r is the reaction rate, the qt (mg/g) and qe (mg/g) are the adsorption capacity of sulphur at 

time t (min) and equilibrium, respectively, K1 (min−1) is the rate constant of pseudo 1st-order 

sorption. The integrated Equation 4.5 gives Equation 4.6: 

ln(qe – qt) = K1t + lnqe     Eq. 4.6 

where the plot of ln(qe–qt) vs t from the linear Equation 4.6 was used to determine the qe and 

the K1 shown in Fig. 4.11 (a). 

The type 1 linear pseudo 2nd-order model, which was first proposed by Blanchard et al. [53] 

and then applied by Ho et al. [54], is written in Equation 4.7 as: 

rqt = K2(qe – q)2 = dq/dt     Eq. 4.7 

at which K2 (g mg-1min-1) is the rate constant of pseudo 2nd-order sorption [53],[54]. When 

Equation 4.7 was integrated, it gave Equation 4.8 as: 

t/qt = (1/qe)t + 1/K2qe
2     Eq. 4.8 

where the values of qe and K2 were obtained from a linear plot of 1/qt vs t as shown in Fig. 4.11 

(b). In this application, qe was not estimated from experimental data. The same approach was 

followed when applying the intraparticle diffusion model that was first established by Weber 

and Morris [55], which  is expressed in Equation 4.9.  

Adsorbent 

type K1 R² K2 R² qe calc qe exp Ki C R²

Raw AmSh -0,0093 0,2051 256,92 0,9956 0,280 0,278 0,002 0,1472 0,399

Raw AmSe -0,0184 0,3693 5,57 0,9983 0,179 0,175 0,001 0,089 0,3596

Raw AmWa -0,0128 0,3856 1798,69 0,9876 0,088 0,087 6E-04 0,055 0,233

Pseudo 2nd orderPseudo 1st order Intraparticle diffusion

Constants and Correlation values of kinetic models for Amarula wastes biomass
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qt = Kit
1/2 + C      Eq. 4.9 

in which Ki (mgg-1min-1) is the intraparticle diffusion constant and C (mgg-1) is the constant 

related to the energy of sorption or thickness of the boundary layer. These intraparticle 

diffusion constants Ki and C were determined in Fig. 4.11 (c) from the linear plot of qt vs t1/2 

as slope and intercept, respectively. This model assumes rate-limiting step only if the plot is 

linear and passes through the origin.  

 

Fig. 4.11. Graphs of (a) pseudo 1st order, (b) pseudo 2nd order, (c) intraparticle diffusion and 

(d) two linear regions in the intraparticle diffusion graph on the three types of amarula waste 

biomass at 25 °C 

 

Table 4.6 shows the correlation and constant values obtained from kinetic models at time t for 

the amarula waste at room temperature. According to Bucchianico [56], the coefficient of 

determination r2 in the range of [0,9, 1] means a good fit between the data and the values 

predicted by a model. The correlation values of pseudo 1st order were found to be less than 0,5; 

therefore, they did not fit best with the model which requires the r2 values to be close to 1. 

Moreover, the experimental data (qe exp) were very different from the calculated data (qe calc), 

which further confirmed the deviation from the model. This discrepancy in the 1st-order kinetic 
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model was attributed to the presence of a boundary layer or an external resistance controlling 

the beginning of the sorption process [57].  

The pseudo 2nd-order model was found to be a better fit for all the amarula waste biomass 

samples, with high correlation values of 0,9956, 0,9983 and 0,9876 for raw AmSh, AmSe and 

AmWa waste biomass samples, respectively. This was because the values were close to unity, 

as discussed by Nazal et al. [58]. The 2nd-order kinetic model assumes that chemical adsorption 

could be a rate-limiting step [50],[58],[59]. In that case, it was therefore concluded that the 

sorption mechanism may have occurred via hydrogen bonding between hydroxyl and carbonyl 

functional groups in amarula waste biomass and thiols in DBT model diesel fuel as shown in 

Fig. 4.12. These findings were found to be in line with the FTIR spectra before and after 

adsorption in Fig. 4.5 (a) and (b). 

On the other hand, the plot of the graph in Fig. 4.11 (c) did not pass through the origin. This 

was because the rate of mass transfer was different from the initial and the final stages of 

adsorption [60]. Nevertheless, Fig. 4.11 (d), which is an extended intraparticle diffusion graph 

of Fig. 4.11 (c), showed two diffusion stages predicted by the diffusion model for DBT and are 

attributed to two linear parts. 
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Fig. 4.12. Adsorption mechanism of DBT on amarula waste biomass 
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The 1st linear part is attributed to film diffusion which transported the DBT molecule from the 

bulk of model diesel solution to the external surface of the amarula waste. The 2nd linear region 

was regarded as the intraparticle diffusion of DBT molecule from the exterior of the amarula 

waste biomass into its small pores or along pore wall surfaces which were then followed by the 

establishment of equilibrium. Similar findings on biomass as a sorbent in aqueous solutions 

were observed by researchers in [60],[61]. Whereas other similar findings were seen on 

desulphurization of model fuels on mesoporous materials [47]. It was for these reasons that this 

stage was found to be in line with the results of the textural properties seen in Fig. 4.7 and 

Table 4.4, which show the presence of micropores in amarula waste biomass. It can be 

concluded that the adsorption process was controlled by multiple mechanisms because the 

intraparticle diffusion gave out multiple linear regions in Fig. 4.11 (c). This was also confirmed 

by adsorption–desorption isotherms in Fig. 4.7 (b) which showed an overlap of monolayer and 

multilayer adsorption of reversible Type 11 isotherm. 

Table 4.7 Impact of ads temperature on second-order kinetic parameters on amarula waste 

biomass 

 

The kinetic models were further applied to experimental results for the effect of adsorption 

temperature, and pseudo 2nd order was still found to be the best fit. For this reason, the pseudo 

kinetic constants and correlation values were the only ones reported on in Table 4.7, whereas 

the other models are in the Appendix A: Tables A4, A5, and A6. The results further revealed 

that the values of qe exp and qe calc were very close to each other on this type of model for all the 

amarula waste types, as shown in Table 4.7. This confirms that indeed pseudo 2nd order was 

the best fit model as compared to first order and intraparticle diffusion models in the Appendix 

A: Tables A4 and A5. It was finally observed that the k2 values increased as the temperature 

increased up to a point when the temperature no longer had a positive impact on adsorption 

process, further confirming that adsorption of DBT on amarula waste was favoured at lower 

temperatures. However, the coefficient of determination alone is not enough to provide the 

Adsorption 

Temp. 

(°C) qe exp qe calc K2 R² qe exp qe calc K2 R² qe exp qe calc K2 R²

20 0,16 0,16 1,09E+03 0,9963 0,09 0,08 3,58E+03 0,9922 0,07 0,07 1,63E+04 0,9736

25 0,28 0,28 2,57E+02 0,9956 0,18 0,18 6,30E+02 0,9983 0,09 0,09 1,80E+03 0,9876

35 0,14 0,14 1,21E+03 0,9968 0,10 0,10 5,69E+03 0,9879 0,11 0,11 3,61E+03 0,997

45 0,13 0,14 3,43E+03 0,9869 0,10 0,10 5,69E+03 0,9971 0,09 0,09 7,54E+03 0,9937

55 0,08 0,09 1,32E+04 0,976 0,13 0,13 5,99E+03 0,9846 0,11 0,12 6,31E+03 0,8727

Chi square x
2

0,000270,00039

Raw AmWaRaw AmSeRaw AmSh

0,00066

Pseudo 2nd order
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criterion of the best fit of the model [56],[59],[62]. Therefore, these kinetic models were further 

validated by applying the Chi-square (χ2) statistic model. 

The Chi-square test model is described as the sum of the squares of differences between 

experimental data (qe exp) and calculated or predicated data (qe calc) from the model 

[11],[63],[64]. Chi-square test is given by Equation 4.10 where it states that if the values from 

the model is similar to the experimental data, then x2 value would be a small value and vice 

versa. 

χ2 = Ʃ(qe exp - qe calc )
2/Ʃqe calc     Eq. 4.10 

The results revealed that pseudo second-order kinetic model had smallest values of x2 for all 

the amarula waste types, as shown in Table 4.8, when compared to values obtained in pseudo 

1st order kinetics and intraparticle diffusion kinetic models. Therefore, it was concluded that 

chemisorption was the rate-controlling step for the overall adsorption mechanism in adsorption 

of DBT in model diesel fuel on amarula waste biomass. 

Table 4.8 Chi-square values of amarula waste biomass from the kinetic models 

 

 

4.3.2.6 Adsorption isotherms 

Adsorption isotherms were used to describe the distribution of the DBT molecule in model 

diesel fuel on the three types of amarula waste biomass. The interest arose from the fact that 

these isotherms’ assumptions are based (i) on the surface homogeneity or heterogeneity of the 

adsorbent, (ii) the type of adsorbent coverage during the adsorption process, (iii) and the 

interactions between the adsorbent and the adsorbate. Moreover, they interpret the efficiency 

of the adsorbent that will adsorb in an undertaken system. For this matter, different adsorption 

isotherms have been applied for different adsorption processes by different scientists and 

researchers [3],[11],[51],[64],[65]. Therefore, in this study, Langmuir isotherms and 

1st order 2nd order Intra

Raw AmSh 0,513 0,00039 0,021

Raw AmSe 0,971 0,00027 0,010

Raw AmWa 0,065 0,00066 0,019

Calculated Chi squre ( x
2
 ) values
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Freundlich isotherms were used to determine the equilibrium characteristics during sorption of 

the DBT sulphur molecule in model diesel fuel.  

 

Table 4.9 Parameters of separation factor 

 

 

Table 4.10 Adsorption isotherm of raw amarula shell biomass waste 

 

 

The Langmuir isotherm is expressed in Equation 4.11 [66]: 

qe = qmKLCe/1+KLCe     Eq. 4.11 

where qe(mg/g) and Ce (ppmw) are the amount of organo-sulphur adsorbed on the amarula 

waste samples and the content of the DBT in model diesel at equilibrium, respectively. The 

theoretical capacity monolayer is denoted by constant qm(mgg-1), whereas the affinity of 

binding energy is given by Langmuir constant KL(gmg-1). Equation 4.11 was linearized to 

obtain the Eadiee-Hoffsiee linearized Langmuir Type 3 expressed in Equation 4.12 by Tran et 

al. [67]. 

qe = qm – (1/KL)(qe/Ce)    Eq. 4.12 

Separation factor (Sf) Parameters

0˂s f˂ 1 Favoured

s f˃ 1 Unfavoured

s f=1 Linear

s f=0 Reversible

Temperature 

(K) qm KL Sf
r
2

KF n r
2

293,15 0,00350 -0,013 1,32 0,9969 6,98E-08 8,28 0,5488

298,15 0,00860 -0,015 1,79 0,9907 5,02E-04 3,80 0,6371

308,15 0,00060 -0,013 1,06 0,9992 1,66E-12 13,80 0,9216

318,15 0,00004 -77,519 1,00 0,9969 6,94E-10 10,56 0,4311

328,15 0,00002 -82,645 1,00 0,9986 4,59E-17 18,92 0,3982

Adsorption Isotherm on Raw AmSh

Langmuir Freundlich
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Here the plot of qe vs qe/Ce was obtained for the three amarula waste as shown in Fig. 4.13(a). 

The constants qm and KL were determined from the intercept and the slope, respectively. The 

adsorption isotherm parameters for the effect of adsorption temperature on amarula waste 

samples are shown in Tables 4.10, 4.11 and 4.12. The results showed that, as the adsorption 

temperature increased from 20 °C to 25 °C, the qmax on the raw AmSh, AmSe and AmWa waste 

increased to 0.0086 mg/g, 0.0035 mg/g and 0.0015 mg/g respectively. As the temperature 

increased further, the qmax then decreased. This implies that the adsorption monolayer was 

highly favoured at 25 °C because that is where the maximum adsorption capacity was higher. 

Furthermore, the adequacy of the sorption process was evaluated by the separation factor (sf ), 

which was proposed by Hall in 1966 and is expressed in Equation 4.13 [68]: 

 

Table 4.11 Adsorption isotherms of amarula seed biomass 

 

 

sf = 1/1+KLCo     Eq. 4.13 

The Co is the initial concentration of sulphur in DBT model diesel. It is reported by researchers 

in [51],[64],[65],[68] that when the sorption is favoured, then the separation factor will follow 

the trend in Table 4.9, which shows the relationship of isotherm parameters and isotherm shape. 

For this reason, the values of sf for AmSe and AmWa waste were found to be higher than 1, 

signifying unfavorability of adsorption, whereas for the AmSh waste the values were less than 

0, showing the irreversibility of the adsorption. 

Temperature 

(K) qm KL Sf
r
2

KF n r
2

293,15 0,0008 -0,0121 -0,11 0,999 1,76E-20 23,11 0,811

298,15 0,0035 -0,0134 -0,24 0,997 4,53E-07 7,33 0,5866

308,15 0,0011 -0,0122 -0,12 0,999 3,49E-17 19,18 0,6427

318,15 0,0005 -0,0118 -0,08 0,9996 4,21E-26 29,69 0,7381

328,15 0,0025 -0,0126 -0,16 0,9981 5,73E-01 -377,27 0,2323

FreundlichLangmuir

Adsorption Isotherm on Raw AmSe
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Fig. 4.13. The graphs of (a) Type 3 Langmuir isotherm and (b) Freundlich isotherm for DBT 

on amarula waste biomass 

 

Freundlich isotherms is a model that assumes the heterogeneous sorption due to various 

sorption sites and it is denoted by a non-linear Equation 4.14 as in [69]: 

qe = KF(Ce)
n     Eq. 4.14 

where KF (mg/g) and n are the constants related to sorption capacity and sorption intensity. The 

linearized form of Equation 4.14 is shown in Equation 4.15 as: 

logqe = nlog Ce + log KF    Eq. 4.15 

Table 4.12 Adsorption isotherm of raw amarula fruit waste biomass  

 

 

at which a plot of log qe vs log Ce (shown in Fig. 4.13 (b)) was used to calculate the constant n 

and KF. This isotherm states that if n constant is greater than 1, then the adsorption was 

physical. 

Temperature 

(K) qm KL Sf r
2

KF n r
2

293,15 0,000300 0,0118 2,08 0,9996 6,01E-31 35,40 0,8581

298,15 0,001500 0,0123 2,13 0,9987 6,65E-14 15,25 0,4242

308,15 1,30E-03 0,0124 2,13 0,9988 5,11E-15 16,64 0,6334

318,15 6,00E-04 0,0120 2,10 0,993 1,34E-22 25,59 0,79

328,15 1,90E-03 0,0129 2,18 0,9987 2,79E-02 1,40 0,6066

Adsorption Isotherm on Raw AmWa

Langmuir Freundlich
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In conclusion, the maximum monolayer adsorption of DBT in model diesel fuel on AmSh, 

AmSe and AmWa waste biomass was favoured at 25 °C and below. This was shown in Tables 

4.10, 4.11 and 4.12 at which the qmax was the highest. Above 25 °C the qmax decreased and 

fluctuated. In addition, these isotherm findings were found to be consistent with the discussions 

in section 2.2 above, at which the highest percentage adsorption efficiency of DBT on raw 

AmWa was observed at 20 °C, whereas for raw AmSh and raw AmSe the highest percentage 

removal of DBT was observed at 25 °C. 

 

4.3.2.7 Sorption thermodynamic study 

4.3.2.7.1 Activation energy  

The activation energy (Ea) is the minimum kinetic energy required to carry out a reaction. In 

sorption processes, it measures the energetic barrier that the adsorbate molecule must ride on 

to the sorption sites. To determine the activation energy of the sorption process of organo-

sulphur by raw amarula waste biomass, the pseudo 2nd-order rate constants, K2, were used in 

Arrhenius Equation 4.16, which is expressed as [51].  

lnK2 = lnA – (Ea/R)1/T    Eq. 4.16 

This equation was used to evaluate the relationship between rate constant and sorption 

temperature at which Ea (KJ/mol) is the activation energy, A is the Arrhenius constant, K2 is a 

pseudo-2nd order kinetics constant, R is the gas constant (KJ/mol) and T is the absolute 

temperature in kelvin (K). Table 4.13 shows the activation energy of the sorption process which 

was then obtained from a plot of lnK2 vs 1/T for raw AmSh, AmSe and AmWa wastes. It is 

reported that if the activation energy of an adsorption process is less than 21 KJ/mol, then the 

sorption process is controlled by mass transfer [51]. For this reason, it can be concluded that 

the sorption process of the organo-sulphur molecule on raw AmSe and AmWa waste biomasses 

mainly occurred via mass transfer. This therefore confirms the kinetics observed in Fig. 4.11 

(d) for multiple steps during intraparticle diffusion model: that the adsorption of the organo-

sulphur molecule was controlled not only by chemisorption, but also by other adsorption 

mechanisms. Raw AmWa waste biomass was further found to have a negative activation 

energy, implying the presence of multiple steps during the diffusion process. This was also 

stated by Samaniego et al. [51]. 
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4.3.2.7.2 Thermodynamic parameters 

Table 4.13 further shows the values of the thermodynamic parameters; Gibbs free energy 

change (∆G°), enthalpy change (∆H°) and entropy change (∆S°). They were used to evaluate 

the spontaneity and the heat change of the sorption process by applying the following equations 

from [51],[70],[47],[71]: 

Kd = qe/Ce      Eq. 4.17 

The dimensionless constant Kd was obtained from a ratio of the amount adsorbed at equilibrium 

to the concentration of the adsorbed solution at equilibrium as shown in Equation 4.17. It was 

then used in the Van Hoff plot in Equation 4.18. This was done to determine the enthalpy 

change and the entropy change from the graph of lnKd vs 1/T shown in Appendix A: Fig. A2: 

lnKd = -∆H°/RT +∆S°/R    Eq. 4.18 

∆G° = -RTlnKd     Eq. 4.19 

∆G° = ∆H° -T ∆S°     Eq. 4.20 

Equation 4.19 was therefore used to determine the Gibbs free energy whereas Equation 4.20 

simply showed that Gibbs free energy is a function of enthalpy and a change in entropy. 

Table 4.13 Values of activation energy and thermodynamic parameters of DBT adsorption 

on amarula waste biomass samples 

 

 

Therefore, the results in Table 4.13 showed the positive values for Gibbs free energy (∆G°) of 

the DBT sulphur molecule for the amarula waste biomass, revealing non-spontaneous 

adsorption process. However, as the absolute temperature increased from 293,15 K to 298,15 

K, the positive values in Gibbs free energy change decreased, but as the temperature further 

increased from 298.15 K to 328.15K, the Gibbs free energy change increased indicating that 

the optimal temperature for adsorption of DBT on this waste biomass was 298.15K, where the 

Ea ∆H° ∆S°

(kJ/mol) (kJ/mol) (kJ/mol) 293,15K 298,15 K 308,15 K 318,15 K 328,15 K

Raw AmSh 0,071 -23,68 -0,13 14,99 13,48 16,28 16,86 18,92

Raw AmSe 0,030 0,84 -0,05 16,78 15,02 17,13 17,81 17,58

Raw AmWa 6,1E-05 4,99E-06 -7,48E-06 17,15 17,01 16,99 18,12 18,02

Ads type
∆G° (kJ/mol)
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lowest value of ∆G° was observed. Despite this, other researchers used natural biomass as a 

sorbent for the removal of a steric molecule (Congo red) or metals and found negative ∆G° 

[70],[71]. These negative values of ∆G° were also found during adsorptive desulphurisation of 

model fuels on novel mesoporous materials [47]. Nevertheless, some researchers obtained 

similar positive values for ∆G° as in this study during the adsorption of sulphur compounds on 

synthesised adsorbents such as activated carbons [51],[72]. 

Calculations of enthalpy change (∆H°) for AmSh waste showed negative values, revealing the 

exothermic process due to the interaction of the DBT molecule and the AmSh surface [70],[71]. 

This may also be due to the higher intraparticle diffusion, which was also observed in section 

4.3.2.5 above for the kinetic model. On the contrary, the AmSe and AmWa waste had positive 

values of enthalpy change, indicating endothermic adsorption [47]. The negative values of the 

entropy change (∆S°) proved that there was the decrease randomness and the decrease in the 

degrees of freedom at the interface between the amarula waste biomass and the DBT model 

diesel fuel. 

 

4.4 Economic feasibility and environmental impact  

Cost is as important as the quality of the adsorption process, but it is found to be difficult to 

have fixed values because the cost may differ from sales to sales representative even if the 

adsorbent is derived from the same materials. The cost of the adsorption process depends also 

on the adsorbent type used to reduce the sulphur content in diesel fuel. The abundant amarula 

waste was found on a landfill; therefore, there is no cost associated with it, except the cost of 

transportation. Instead, the use of the waste serves as a waste management and a land pollution 

solution, which makes it a green adsorbent that is more environmentally friendly. On the other 

hand, the cost of activated carbon production accounts for the energy used during production, 

handling, transportation chemicals, and the materials used.  

 

4.5 Conclusion 

The AmSh, AmSe and AmWa waste biomasses were found to be capable of reducing organo-

sulphur content in Dibenzothiophene model diesel fuel by 30 %, 19 % and 9,5 %, respectively. 
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The high adsorptivity of DBT on AmSh waste biomass was based on its structural properties 

which confirmed its high crystallinity compared to the AmSe and AmWa waste biomasses. 

The three amarula waste samples were found to have an agglomerated morphology, but surface 

analysis confirmed the high density of O-functional groups, which also contributed in the 

adsorption of the sulphur molecule. The XRD analysis confirmed that all three biomass types 

exhibited a crystalline structure due to the high presence of cellulose. The thermal analysis 

confirmed that the AmSh waste is more thermally stable before and after adsorption. The 

surface textural analysis confirmed that the adsorption depends not only on the surface area, 

but also on the type of pores present in the amarula waste biomass. Moreover, crystallinity was 

also found to play an important role in the adsorption of the DBT molecule. The kinetic models 

confirmed that the adsorption mechanism involved multi-steps, with chemisorption being the 

overall rate-controlling step and diffusion being the rate-limiting step. In addition, the 

adsorption isotherms revealed Langmuir as the favoured isotherm in this study. It was also 

concluded that based on the result of adsorption thermodynamic studies, the adsorption of DBT 

on AmSh waste biomass was exothermic whereas for AmSe and AmWa waste biomasses the 

adsorption was endothermic. Overall, amarula waste biomass was found to be an 

environmentally friendly and sustainable green adsorbent that can mitigate the issue of waste 

management and therefore overcome problems of climate change at a lower cost. 
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Chapter 5 

 

Deep Desulphurization of Diesel Fuel by Processed 

Amarula Waste to Activated Carbon a Low-Cost 

Adsorbent 

 

Chapter abstract  

This study focused on environmental pollution by mitigating the issue of waste management 

and climate change. Therefore, amarula waste biomass from the production of Amarula liqueur, 

was processed thermally by conventional heating methods. The porous activated carbons from 

amarula waste were produced via steam activation within 45 min. The activated carbons of 

amarula fruit, seed and shell waste were found to be microporous and mesoporous, with a 

surface area of 740 m2/g, 437 m2/g and 245 m2/g respectively, and a total pore volume of 0.37, 

0.21 and 0.17 cm3/g respectively. Amarula shell waste was selected and exposed to steam for 

90 min longer. The surface area was found to increase to 1 194 cm2/g, with a total pore volume 

of 0.98 cm3/g. The processed amarula waste was used for removing the toxic DBT molecule in 

diesel fuel using a batch reactor. These DBT molecules and their alkyl derivatives contribute 

to air pollution when emitted into the atmosphere. The results showed a high desulphurization 

efficiency of 65 ±4 %, 54 ±3 % and 31 ±6 %, respectively, at equilibrium. The activated carbon 

(AC) of the amarula shells was produced with a longer steam residence time and displayed an 

adsorption efficiency of more than 50 % within 30 min and 73 ±3 % at equilibrium. Thermal, 

spectroscopic, and microscopic analysis was carried out on amarula-activated carbons before 

and after the desulphurization of model diesel fuel. 
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5.1 Introduction 

 

The marula (Sclerocarya birrea) fruit is an indigenous product of Africa. The marula trees are 

now cultivated for industrial purposes to produce large quantities of a spirit known worldwide 

as “Amarula” liquor, with approximately 1.2 million 9 L cases sold per year [1]. Large amount 

of waste is produced during the production of Amarula liqueur. These amarula wastes constist 

of fruits of low quality, and seeds wastes, after the pulp has been squashed during production. 

These wastes are discarded and dumped to the landfill, which rot and decompose to produce 

harmful gasses that contribute to environmental pollution [2] . It is for these reasons that this 

study chose to convert biomass of amarula waste (fruits, seeds, shells) to valuable products 

such as activated carbon, in order to develop a process to help mitigate the issue of waste 

management.  

Activated carbons (AC) are carbonaceous materials that have been processed to create 

materials with various pore sizes and a high surface area. They consist mainly of cyclic carbons 

bonded to each other by sp2 and sp3 hybridization, with heteroatoms on the surface as seen in 

Fig. 5.1. Depending on the type of processing, the AC produced may be either graphitic or non-

graphitic [3]–[4]. The global market size for AC was estimated at USD 4,72 billion in 2018, 

and this number is expected to increase by 17,5 % at a compound annual growth rate (CAGR) 

during the forecast period [5]. ACs are used as adsorbents and catalysts, and for catalytic 

support in various industries, such as the medicinal field, the food industry, and the nuclear, 

automobile, chemical, vacuum, and petrochemical industries [6]. 
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Fig. 5.1. Molecular structure of AC with basic and acidic groups 

 

ACs are also used to remove inorganic and organic impurities during purification, separation, 

or water treatment. In addition, they are used for energy and gas storage, the filtration of mobile 

substances and the production of high-purity substances [7]. ACs are derived mostly from 

renewable resources such as coal which is a fossil fuel; but the use of this resource is 

environmentally unfriendly, and the cost of production is very high. As a result of the effects 

of climate change, it is advisable to resort to renewable resources such as biomass, particularly 

biomass waste, in order to produce ACs. In recent years, several researchers have resorted to 

using agricultural waste as the source of ACs to reduce costs [8]–[22].  

Different carbonaceous materials produce AC with different characteristics. Marsh and 

Rodrigue [3] and Savova et al [23] used olive stones, cherry stones, apricot stones, and almond 

shells to produce AC under the same conditions and found that a precursor plays an important 

role in textural properties. Lo et al. [24] used Ma bamboo and Moso bamboo as precursors for 

ACs and found that the ACs of these bamboos had different characteristics, despite their 

habitats being the same. 

However, the production of ACs involves microwave and conventional heating treatment. In 

this study, the latter treatment has been used because it is suitable for scaling-up purposes. 

Researchers, such as Crombi [25], Huang et al. [26], Figueiredo et al [27] and Lin et al. [28], 
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compared the production of ACs in their studies using both microwave and conventional 

heating methods and found that although the conventional heating method is time-consuming 

and wastes energy; but for large-scale production it is widely preferred.  

It was also found that the properties of the AC depend on the activation methods used for 

processing. Therefore, the production of AC involves either single-step or two-step synthesis 

process, which is about carbonization or pyrolysis under inert conditions, followed by an 

activation process at an elevated temperature. The activation process can occur by chemical 

activation [8],[18],[27],[29]–[35],[36]–[41], such as KOH, K2CO3, HNO3, H2SO4, PO4H2 or 

ZnCl2; or by physical activation [3],[8],[15],[42]–[45],[46] such as steam, CO2 or O2; or by 

combining both chemical and physical activation [14],[11] in one process. Some researchers 

compared the properties of AC produced from steam and AC produced from CO2 [3],[47]–

[51]. They found that the activated carbons from steam had wider micropores and mesopores 

were present whereas the AC from CO2 had narrower micropores. Some researchers 

determined the effect of steam residence time and found that the longer the steam stays in the 

system, the more the micropores are widened, the more mesopores are formed and the more 

the surface area increases [52].  

Other researchers found that as the steam increases, the micropores widen, but the volume of 

the mesopores decreases and the surface area decreases [8],[20],[53]. Some researchers 

determined the effect of the activation temperature and found that as the temperature increases, 

the surface area increases along with the pore volume [53],[54]. Some researchers found that 

the more the temperature is increased, the more the surface area is ruptured and destroyed, 

which creates more macropores, but fewer micropores. Moreover, the material becomes more 

graphitic [9],[15],[55],[56].  

For these reasons, this study used physical activation for the production of AC using steam, 

because it is environmentally friendly and sustainable. The mechanism of steam activation has 

been studied by several researchers [3],[46],[57]. It involves steam from water (H2O) 

molecules; the steam oxidizes carbon (C) from a carbonaceous solid to form a water–gas 

product which consists of carbon monoxide (CO) and hydrogen (H2) gas as shown in Reactions 

5.1 and 5.2 below. Hydrogen gas then burns to form a water (H2O) molecule, which further 

oxidizes CO to CO2. The CO2 continues to extract carbon from its structure and oxidizes it to 

CO, which goes away as a gas (Reaction 5.3), forming more mesopores and macropores.  

C + H2O ⇌ CO + H2   ∆H = 117 KJ/mol  Reaction 5.1 
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CO + H2O ⇌ CO2 + H2  ∆H = -41 KJ/mol  Reaction 5.2 

C + H2O ⇌ CO      Reaction 5.3 

In addition, steam reduces the interference of heteroatoms in the carbon structure; the water 

vapour produces activated carbon, which has a lower specific surface area compared to that 

produced from CO2 gas. Moreover, the reaction of steam is endothermic and easy to control. 

For these reasons, AC that has microporosity, mesoporosity and macroporosity may be 

beneficial for the adsorption of larger molecules. Therefore, this study applied the processed 

amarula waste to AC to remove the DBT molecules in diesel fuel. 

The study also looked at a possible way to mitigate the issue of climate change. Recently, the 

world has faced floods, tornados and excessive heat or coldness, due to global warming. This 

is caused by direct and indirect greenhouse gases (COx, SOx, NOx) that are emitted into the 

atmosphere. One of the main causes is air pollution that results from fuel-hungry industries, 

mainly from transportation. Transportation creates 29 % of air pollution worldwide [58], which 

poses a major concern; therefore, this study focused on purifying diesel fuel. 

Diesel fuel is a distillate of crude oil. It contains toxic compounds such as the organo-sulphur 

compounds; dibenzothiophene and its alkyl derivatives. When present in high concentrations, 

these sulphur compounds have a negative impact on the environmental (agriculture and global 

warming), on the economy (corrosion), and on health (respiratory infections in human beings) 

[]. Moreover, they are difficult to remove using available technologies, such as 

hydrodesulphurization (HDS) under ambient conditions [59]. In order for them to be removed, 

an expensive hydrogen gas must be used, and the operation must occur at a higher temperature 

and pressure, which is a limitation to this technique. Oxidative desulphurization (ODS) has 

also been employed to reduce the sulphur content in diesel fuel, using extractive solvents 

[60],[61]. However, these solvents are very expensive, and several processes involved are time-

consuming, and present other drawbacks. The other technique that has been used is bio-

desulphurization (BOD), which uses enzymes to create several pathways for the removal of 

organo-sulphur compounds [62]–[65], but there is a limitation in terms of instability with the 

process, which means it is difficult for it to be applied industrially, because the enzymes 

degrade at some point. The more interesting desulphurization technique is adsorptive 

desulphurization (ADS). It has been used by other researchers and was found to be effective 

[12],[61],[66]–[84]. This technique has been found to be preferable to others because it 

involves both reactive and unreactive adsorption. It is operated under ambient conditions. For 
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these reasons, there is less energy consumption, which makes it easier to regenerate the 

adsorbent, that may also require less energy. Moreover, ADS has been found to be capable of 

desulphurising the steric-alkyl organo-sulphur compounds that are difficult to reduce using 

other techniques, such as HDS. It has been found to be cost-effective compared to both ODS 

and HDS. It also provides stable processes unlike BOD, because it can be carried out using 

either batch or fixed-bed reactors.  

The major benefit of ADS is that it is mostly suitable for small-scale operations. Despite its 

advantages, ADS has certain limitations: it has been found that it is mostly selective to organo-

sulphur compounds and to low high-sulphur feed. Some studies have overcome this problem 

by connecting ADS in parallel with ODS to obtain high efficiency, particularly if needed for 

large-scale applications [69],[85]. 

ADS uses different adsorbents to obtain better efficiency for desulphurization. Several 

adsorbents such as metal–metal oxides [86], zeolites [87],[88], MOFs [83],[89], and other 

forms of carbon [73],[75],[76],[80],[90]–[92], such as ACs are mainly used in the ADS. In this 

study, AC was preferred because it is cheaper to produce than other adsorbents, which require 

several synthesis processes, in order for them to achieve high adsorption efficiency. Moreover, 

ACs can reduce the larger molecules of organo-sulphur compounds in diesel fuel, because of 

their high porosity and large surface area, which can be tuned as needed. Furthermore, it is 

easier to regenerate the adsorbent because the process is mainly via unreactive adsorption, 

which usually occurs through the Van Der Waal force’s reaction. Despite its benefit in 

desulphurization, it has been found that AC is mainly hydrophilic and therefore can adsorb 

moisture that may mask the reactive surface and thus reduce its adsorption capacity. This 

drawback may be overcome by drying the AC before use. 

The novelty of this study lies in utilizing the amarula waste biomass to ACs and using it to 

reduce toxic organo-sulphur content in diesel fuel, in order to mitigate environmental pollution 

using sustainable processes. 

5.2 Materials and methodology 

AC was prepared using a two-step synthesis process that involved pyrolysis and steam 

activation. The desulphurization process was carried out using a batch reactor.  
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5.2.1 Materials 

The biomass used was amarula waste biomass (waste fruit, waste seeds, waste shells). The 

following was also used:  

• horizontal electric tube furnace 

• quartz tubes and quartz crucible boats 

• Afrox nitrogen gas (99% purity)  

• Chemicals: (99% pure reagents from sigma), dibenzothiophene (DBT), hexadecane and 

toluene.  

 

5.2.2 Sampling and processing of amarula waste biomass 

Amarula waste was used as the biomass. It was collected in Phalaborwa, Limpopo province. 

The amarula waste samples collected were divided into three categories: the amarula fruit 

(AmWa), the amarula seeds (AmSe) and the amarula shells (AmSh). Each part was used to 

produce AC under the same conditions using the heating method, a two-step synthesis. 

AmSh waste biomass was used to determine the effects of applying pyrolysis temperature (600 

°C, 700 °C and 800 °C) on biochar in our previous work (not reported). A temperature of 800 

°C was selected as the best pyrolysis temperature for steam-activated carbon. The pyrolysis of 

amarula waste biomass was carried out by weighing ≈3g of dried AmSh waste in a quartz boat 

crucible three times, to obtain the three samples. The sample was placed inside a quartz tube 

and then subjected to a horizontal furnace with set parameters: temp 800 °C; ramp 10 °C/min; 

residence time 2 h (Fig. 5.2.). The pyrolysis process was carried out under the nitrogen gas at 

the flow rate of 60 ml/min, which was allowed to flow for 10min before energy was applied to 

the process. At the end of the process, the system was cooled to room temperature and the 

percentage yield of biochar was obtained. The pyrolyzed biochar was then stored for later use 

in a tightly sealed container after being labelled AmSh-B-800,“B” denotes biochar and “800” 

denotes the pyrolysis temperature. The AmSe and the AmWa waste samples were pyrolyzed 

as above and named AmSe-B-800 and AmWa-B-800, respectively. Fig. 5.2 is a photograph of 

the steam-activation process. 
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Fig. 5.2. Synthesis of ACs from amarula waste biomass 

 

The effect of steam residence time was recorded at 30, 45, 60, 75 and 90 min intervals, when 

using the AmSh biochar. A steam residence time of 45 min was selected and used for the other 

amarula waste samples. The steam activation was carried out by crushing biochar AmSh-B-

800 (>3mm) and massing it first into a crucible and then placing it in a horizontal tube furnace. 

Thermal energy was applied at a rate of 10 ml/min to 800 °C under the nitrogen flow rate of 

60 ml/min. The supply of inert gas (N2) was stopped when the set temperature was reached. 

The temperature of the activating gas (steam) was kept constant at 120 °C, using a temperature 

controller connected to a magnetic-stirring heating mantle. The steam was fed into a horizontal 

reactor at a rate of 5 ml/min for 45 min. The supply of steam was stopped, and the N2 flow was 

then resumed until the reaction cooled down to room temperature. The steam-AC produced 

was massed to determine the percentage yield and the percentage burn-off, before being stored 

in a tightly sealed container and labelled: AmShAC-800ST-45min for the AmSh waste; 

AmSeAC-800ST-45min for the AmSe waste; and AmWaAC-800ST-45min for the AmWa 

waste. 
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5.2.3 Characterization of processed amarula waste biomass 

5.2.3.1 Thermal analysis of processed amarula waste biomass 

An AC with a higher percentage burn-off tends to have higher activity than one with a lower 

percentage burn-off. For this reason, ACs were characterized by calculating the percentage 

yield, as shown in Equation 5.1, in order to obtain the percentage burn-off by difference.  

% Yield = (mi – mf/mi)*100    Eq. 5.1 

Where: mi is the initial mass before thermal treatment; mf is the final mass after steam 

activation.  

The percentage burn-off characterizes the mass loss of carbon during the pyrolysis or activation 

process. Proximate analysis was obtained from the Thermal Gravimetry Analysis (TGA ) 

technique under air atmosphere at a flowrate of 60 ml/min, using the TGA5500-0026 model. 

The process was ramped up using a heating rate of 10 °C/min to a maximum of 800 °C. 

Platinum HT pans were used as sample holders. Derivative Thermogravimetry (DTG) analysis 

was also performed under the same conditions. 

 

5.2.3.2 Microscopic analysis 

Micrograms of processed amarula waste were obtained using Field Emission – Scanning 

Electron Microscopy (FESEM) – JEOL JSM-7800F, coupled with energy dispersive x-ray 

spectroscopy (EDS). Before analysis, the samples were coated with gold, using a gold-

sputtering device. Transmission electron microscopy (TEM) analysis was done on selected 

AmSh waste ACs; the selected AC was dispersed in the methanol solution and then sonicated 

for 15 min. A drop of the suspended aqueous solution of the sample was then placed onto a 

copper grid. This was subjected to the TEM technique using a JEOL 2010F equipped with a 

Schottky field-emission gun that was operated at keV, and with an ultra-high-resolution pole 

piece providing a point resolution of 1,9 Å.  
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5.2.3.3 Spectroscopic analysis 

A previously-dried potassium bromide (KBr) was mixed with each thermally-processed 

amarula waste biomass sample to make pellets in a ratio of 1:100. Pelleted AC samples were 

subjected to the Fourier transform infrared (FTIR) spectroscopic technique using the Perkier 

Elmer Frontier model. The analysis of the functional groups present was carried out at a 

resolution of 8 cm-1 and 16 cm-1 scans, at which the wavelength was set at 4 000 cm-1–400 cm-

1. 

The X-ray diffraction patterns, were determined using Bruker’s D2 Phaser X-ray 

diffractometer, and using Cu-Kα (= 0.15406 Å). The radiation source was operated under a 

voltage of 40 kV, with a current of 25 mA. The diffraction angle (2θ) was varied from 10º to 

90º, using a scan rate of 4,2 °C/min. Peak analysis was carried out using Origin Pro 8.5 software 

and the deconvolution of peaks was done by peak fitting using Gaussian type. The lattice (L) 

size for crystalline (Lc) and amorphous (La) was further determined using Scherrer Equation 

5.2: 

β = Kλ/Lcosθ       Eq. 5.2 

Where: K is the constant -at which 0,9 was for Lc, and 1,84 was for La; ƴ is the wavelength; β 

is the full width at half maximum (FHMW); θ is the angle of the observed peak. The interlayer 

spacing d002 was carried out using Equation 5.3: 

d002 = λ/2sinθ       Eq. 5.3 

 

5.2.3.4 Textural properties 

Branauer - Emmett - Teller (BET) surface area and porosity analyses were carried out using 

Micrometrics TriStar II3020 under N2 adsorption at –196°C at a range of relative pressure 

(p/p°) of 10-6, at which the samples were first degassed for 12 h at 160 °C under inert gas flow. 

Micropores and mesopores were determined as a function of pore size using Barrett-Joyner-

Halenda (BJH). 
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5.2.4 Application to desulphurization of model diesel DBT 

5.2.4.1 Preparation of ≈ 100 ppm DBT model diesel 

100 ppm dibenzothiophene (DBT) model diesel fuel was prepared by dissolving it in a solvent 

mixture of 85 % hexadecane and 15 % toluene, as discussed previously (see Chapter 4). All 

the analyses of clean and dirty diesel were carried out using the gas chromatography-pulse 

flame photometric detector (GC-PFPD) technique. 

 

Fig. 5.3. Desulphurization process of DBT model diesel fuel, using processed amarula waste 

 

5.2.4.2 Desulphurization of model diesel (DBT) 

The synthesized AC of AmSh waste was sieved to obtain a 1–2 mm particle size ( Fig. 5.3.). 

The sieved AmShAC-800ST was then dried in an oven-dry at 110 °C for 4 h. The dried AC 

was then weighed into a 50 ml round-bottomed flask using an analytical balance, and its mass 

was recorded. Then 10 ml of model diesel (DBT) was massed and poured into the flask 

containing the massed AC. The reactor (flask) was immersed in a water bath at 27 °C ±2 °C at 

800 rpm with a continuous stirring of a magnetic stirrer, which was immediately started and 

timed as zero time. The temperature was controlled using a digital thermometer. 100 µl was 

pipetted into the 0,5 ml centrifuge tubes at 10 min intervals within 180 min. The pipetted reactor 
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samples were centrifuged using a small centrifuge for 5 min. Then 1 µl of the centrifuged clean 

model diesel was pipetted and injected into a GC-PFPD for analysis. The content of organo-

sulphur in model diesel was determined from the chromatograms obtained. The adsorption 

efficiency percentage and the adsorption capacity were calculated according to Equations 5.4 

and 5.5 for all synthesized ACs labelled as AmWaAC-800ST, AmSeAC-800ST and AmShAC-

800ST. The Co and Ct are the concentrations of DBT in the model diesel at the initial time and 

at time t in ppm, respectively. The qt was the adsorption capacity at time t in mg/g; Wsoln and 

Wads are the mass of the DBT model diesel solution and the mass of processed amarula waste, 

respectively.  

Desulphurization efficiency % = ((Co – Ct) /Co ) * 100   Eq. 5.4 

qt = (Co – Ct) Wsoln/Wads      Eq. 5.5 

The AmSh ACs that were produced at different steam residence times were also subjected to 

desulphurization, as per Fig. 5.3. 

 



 

 

5.3 Results and discussion 

5.3.1 Characterization 

5.3.1.1 The percentage burn-off for processed amarula waste 

Fig. 5.4 (a) shows the effect of steam residence time on the percentage burn-off for AmShAC. 

The results show that as the steam residence time increases, the percentage burn-off also 

increases. This was because the longer the carbons are exposed to water molecules, the more 

the active carbon layers are extracted from the solid carbon, and the more the pores are 

widened. However, the indirect proportionality of percentage yield on residence time was 

attributable to carbons being burnt or oxidized, because they stay longer and are exposed to 

water vapour at high temperatures, thus eventually forming more ash. Trends such as those 

seen in Table 5.1 have been observed by other researchers [20],[93],[94]. Bergna et al. [46] 

also found similar results when they produced AC using steam at 800 °C witha holding time 

of 60 min. A yield of 34,3 % is achieved. But when using 240 min as the holding time, they 

obtained a lower percentage yield [46]. In 2018, the research team of Bergna et al. [52] used 

wood chips to produce ACs with a steam residence time of 120 min and 240 min, respectively, 

and found similar trends in percentage yield. On the other hand, Asensio et al. [95] found that 

in order to obtain 50 % burn-off at 800 °C at a flow rate of 1,5 µmf, a residence time of 5 h 

was needed but when using 850 °C under the same conditions, 50 % burn-off was obtained at 

2 h (120 min) residence time.  

 

Fig. 5.4. Effect of steam residence time on (a) percentage burn-off and (b) porosity 

In this study, using AmSh waste as a precursor showed that a 50 % burn-off could be obtained 

at 80 min residence time, with a temperature of 800 °C as shown at the intersection point (Fig 



 

 

5.4 (a)). This would be ideal for industrial purposes or for scaling up to balance both the yield 

and the percentage burn-off, without compromising the quality of the product. 

Fig. 5.4 (b) also shows that, when the percentage burn-off increased as steam residence time 

increased, the porosity of the AmSh ACs also increased. The graph also shows, that more 

mesopores were developed at above 50 % burn-off. This is contrary to the findings obtained 

by Rodríguez-Reinoso et al. [49]:  at a higher percentage burn-off, the volume of the mesopores 

and the macropores decreased. 

Table 5.1 Percentage burn-off of AmShAC-ST at different steam residence times 

 

 

Upon comparing the percentage burn-off for different amarula waste ACs ( Table 5.2), it was 

found that the AmWa waste had a higher percentage burn-off, followed by the AmSh waste 

and then the AmSe waste ACs. This is attributed to the different materials producing different 

percentages of burn-off, due to the different constituents in the precursor. The AmWa waste 

ACs precursor had the edible pulp and a nut inside the shells. The precursor of the amarula 

seed waste AC had only the nuts inside the shell, whereas the precursor of the shell waste AC 

had the pulp, but the nuts were removed. Savova et al. [23] found a different percentage burn-

off when they produced ACs from almond shells, nut shells, apricot stones, cherry stones and 

grape seeds. 

  

Time (min) % Burn-off % Yield 

30 23 ±2 77 ± 2

45 27 ±4 73 ±4

75 57 ±5 43 ±5

90 76 ±2 24 ±2

Effect of steam residence time using

Amarula shells waste activated carbon



 

 

Table 5.2 Percentage burn-off for three types of amarula waste ACs 

 

 

5.3.1.2 Thermal analysis of processed amarula waste 

Thermal analysis has been applied by several researchers to determine the decomposition 

stages of the material [9],[42],[45]. In this study, TGA was performed on the processed amarula 

waste (AmSeAC-ST, AmSeAC-ST, and AmWaAC-ST), which showed three decomposition 

stages in each graph ( Fig. 5.5.). The first stage (˂ 100 °C) was due to dehydration. It showed 

a tiny curve, signifying less moisture content on the surface of processed amarula wastes 

compared to the unprocessed amarula waste (Chapter 4). This was because the processed 

amarula waste was then less hydrophobic, due to a loss of polarity during processing. The 

second stage between 400 °C and 600 °C was due to devolatilization. It was caused by thermal 

decomposition of oxygen groups on the surface of ACs and during the cracking and 

deformation of C=C and C–H in the aromatic ring of AC [96]. The third stage - between 600 

C and 800 C was due to retained residue product that consists of inorganic matter and fixed 

carbon. 

 

 

Fig. 5.5. TGA/DTG graph under air atmosphere for amarula waste ACs (a) AmWaAC-ST, 

(b) AmSeAC-ST and (c) AmWaAC-ST 

AmShAC-ST 27 ±4 73 ±2

AmSeAC-ST 25 ±3 75 ±3

AmWaAC-ST 30 ±5 69 ±4

Percentage burn-off for 

Amarula wastes activated carbons 

AC type % Burn-off % Yield



 

 

The total mass loss during thermal analysis was found to be 91,7 %, 93,6 % and 98,8 % for 

AmShAC-ST, AmSeAC-ST, and AmWaAC-ST, respectively. Despite the same habitant of the 

precursor, the differences in mass loss confirm that the precursor of AC does play an important 

role in the thermal characters of the final product, as stated by other researchers [93],[20],[94]. 

It was further found that the processed amarula waste was more thermally stable than the 

unprocessed amarula waste from our previous work (Chapter 4). This was due to the strong 

bonds formed between carbon–carbon atoms during thermal processing. This formation of 

strong bonds occurred because of the breakdown of the volatiles that were present, leaving only 

a carbon structure, which is single-bonded to one another by sigma bonds. Other researchers 

obtained a similar TGA curve when analysing ACs derived from biomass [9]. 

Table 5.3 TGA/DTG’s peak temperatures for amarula waste ACs 

 

 

 The peak temperatures for each of the amarula waste ACs from DTG curve are shown in Table 

5.3. The three identified peaks, in each graph show the amount of evolved volatiles, such as 

CO2, CO and CH4, during thermal decomposition of volatiles on ACs [96]. It was further 

observed that peak identification of amarula shell ACs occurred at a much higher temperature 

compared to that of the AmSe and the AmWa waste ACs. This confirms the ability of the 

AmShAC-ST to be more resistant to thermal treatment than the other two sample. Even though 

the amarula waste ACs can be used as an adsorbent at room temperature, the TGA/DTG results 

show that there is great potential in this type of waste for use as a catalyst or catalytic support 

for processes that occur at temperatures ≈ 500 °C. 

 

1st peak 2nd peak 3rd peak

 AmShAC-ST 504 536 556 91,7

AmSeAC-ST 492 515 537 93,6

AmWaAC-ST 495 518 537 98,8

AC type

TGA/DTG

Peaks Temperature °C
Total mass loss %



 

 

5.3.1.3 SEM-EDX analysis 

The morphology of the amarula waste ACs is shown in Fig. 5.6. It reveals the presence of 

cavities and large pores on the surface – unlike in the unprocessed amarula waste biomass 

discussed previously in Chapter 4, which showed only a smooth surface with no observable 

pores. These types of morphologies were also observed on ACs by other researchers [97],[98]. 

The formation of the observed pores is said to be due to the elimination of volatiles from the 

biomass during the first stage of thermal processing, which is called pyrolysis. This process 

leaves only a carbon material called biochar. The application of steam to the biochar tends to 

widen the pores, depending on the source type. This process occurs because every time a layer 

of carbon is removed, a hole or pore is formed. The removed carbon dissipates into the 

environment as carbon monoxide (CO)/carbon dioxide (CO2) formed from the oxygen in the 

water molecule, as shown in chemical Reactions 5.1, 5.2 and 5.3.  

 

Fig. 5.6. SEM images for amarula waste ACs at different magnifications: Images (a), (b), (c) 

are for AmShAC-ST; (d), (e), (f) are for AmSeAC-ST; and (g), (h), (i), are for AmWaAC-ST 



 

 

The amarula shells waste processed to AC, showed a network of holes and tiny particles on a 

surface, and large, deep open pores in a network format (Fig. 5.6 (a). Further magnification 

(Fig. 5.6 (b) and (c)) revealed large, irregular semi-open pores with smooth walls, and 

observable cracks inside the pores. This microgram resembles that of a glassy carbon image 

which was computer visualized by O’Molley [99]. According to the model, the AC structure 

is a tangle of threads of carbon atoms arranged in different ring structures. The spaces in 

between the threads result to various pore sizes, which makes it easy for molecules of different 

sizes to be adsorbed [100]. On the other hand, the morphology of amarula seed ACs (Fig. 5.6 

(d)) have a smoother surface compared to that of the amarula shell AC, except that the pores 

have a cone-like shape with smooth edges. Further magnification (Fig. 5.6 (e) and (f)),of the 

SEM image revealed tiny spheres inside the walls of the pores. The spheres inside the pores 

possessed a similar structure to the carbon aerogels structure modelled by Gavalda et al and 

Zhang et al. [101],[102]. The spheres in AmSe AC appeared naturally, unlike in carbon aerogel, 

as they are synthesized by polycondensation. According to Gavalda et al, the structure of the 

spheres depicts the graphitic microcrystalline with some layers, which contribute further to the 

heterogeneous adsorption process [101]. The spherical morphology was also seen on other 

synthesized carbon materials by Nath et al. [80], Li et al. [90], and Zhang et al. [103]. 

The AmWa waste AC (Fig. 5.6 (g)) showed a cage-like morphology with a rough surface and 

roughness on the walls of the pores. The pores appeared to be wider, but these pores did not 

extend deep to the end (Fig. 5.6 (h) and (i)), unlike the AmSe and the AmSh waste ACs. This 

type of morphology exhibited a similar model of carbon as that first proposed by Gibson et al 

(1946) and Riley (1947), and as discussed in by Byrne and Marsh [100], and Ruthven et al. 

[104], which describe a low-density carbon. This morphology also looks like the model of 

potato chips and wedges, as described in Chapter 9 of the book, Origins of Carbon [104]. This 

type of structure reveals slit-like pores, which result in non-homogeneity for adsorption sites.   



 

 

Table 5.4 Elements identified by EDX for processed amarula waste 

 

 

The SEM images also revealed some particles on the surface of the amarula waste ACs. These 

particles were identified during EDX analysis. They were found to be due to the inorganic 

elements of potassium, magnesium, calcium, and silica as shown in Table 5.4. They confirmed 

the presence of ash content found during TGA analysis.  

 

5.3.1.4 TEM analysis 

TEM analysis was carried out on the selected AmSh ACs, as shown in Fig. 5.7. The observed 

dark parts in image (a) in Fig. 5.7 signify agglomeration on the surface which might have 

resulted in a higher surface area of AmShAC-ST, whereas the bright parts were considered to 

be pores, confirming the SEM analysis above. The holes observed in the magnified images (b) 

and (c) in Fig. 5.7 were caused by the tangling of fibres, as observed in SEM micrographs. 

Therefore, these images confirm that a porous AC was indeed synthesized from AmSh waste 

biomass. Similar images were observed by other researchers [105]–[107]. 

Element Element Element 

wt % wt % wt %

C 78,4 97,0 68,0 86,2 59,9 84,2

O 0,8 0,7 3,5 3,3 8,1 8,6

N - - 7,7 8,4 - -

K 0,9 0,4 1,7 0,7 9,5 4,1

Mg 0,3 0,2 - - 0,6 0,4

Ca 1,0 0,4 - - - -

Si - - - - 1,5 0,9

AmSeAC-ST AmWaAC-ST

Elements

EDX analysis of processed Amarula wastes

Atom % Atom % Atom %

AmShAC-ST



 

 

 

Fig. 5.7. TEM images of amarula shell ACs at different magnification showing different 

structures 

The structure in Fig. 5.7 (d) looked like a hollow-ring fibre which represents an amorphous 

carbon observed in 2θ value 23°. The morphology in Fig. 5.7 (e) further showed some white 

dots that are more like shiny particles in the structure of AC, as in the TEM image in Saleh 

[74]. This may be attributed to the geometry of a diamond structure. This shiny structure may 

be attributed to another carbon type that is crystalline in AC, as confirmed by the XRD at 2θ 



 

 

value 44°. The fringes observed in (f) confirm the stickering of carbon layers for 5-, 6- or 7-

membered rings in the structure of AmSh waste AC [97],[108]–[111]. 

 

5.3.1.5 XRD analysis of amarula waste ACs 

The XRD analysis of unprocessed amarula waste biomass in our previous work had shown a 

highly intense peak at the 002 plane, which was due to crystalline cellulose and hemicellulose 

(Chapter 4). The thermal processing of these amarula waste samples broke down the cellulose 

and hemicellulose, therefore reducing the intensity of the (002) reflection peak and then 

broadening it. This was due to the decrease in the order of crystallinity as a result of heat 

treatment. This consequently shifted the asymmetric bands of 002 to 2θ angles valued at 22.9°, 

23.2° and 24.7° for AmSh, AmSe and AmWa waste ACs respectively, as shown in Fig. 5.8 (a). 

The second weak broad peak was observed at approximately 2θ value at 44° with a basal 

reflection plane of (10). This peak was formed in response to a high degree of randomness in 

the processed amarula wastes. It denotes the presence of amorphous carbon [71],[109],[112]–

[114]. It was for these reasons that the Scherrer expression in Equation 5.1 above was used to 

calculate the lattice size Lc and La using 0,9 and, 1,84 as K constants, respectively. It was found 

that AmSh waste AC had a higher crystalline size (Lc), followed by AmWa waste and then 

AmSe waste ACs, as shown in Table 5.5.  

 



 

 

 

Fig. 5.8. XRD patterns of amarula waste ACs 

 

It was further found that the AmShAC is more graphitic because the interlayer d-spacing was 

found to be higher in Table 5.5 and followed the trend AmShAC-ST ˃ AmSeAC-ST ˃ 

AmWaAC-ST.  

Table 5.5 Crystallinity parameters of amarula waste ACs 

 

 

Lc La

AmShAC-ST 10,66 41,68 3,88 8,63 0,93

 AmSeAC-ST 7,81 34,30 3,83 1,87 0,55

AmWaAC-ST 9,04 34,04 3,60 0,16 0,24

Lattice size Å
d002 (Å) I∏/Iƴ ꬵaAC type



 

 

Upon deconvolution in Figs. 5.8 (b), (c), and (d), it was found that the 002 reflection basal 

planes possessed two bands (λ band & П band). The first band (λ) on the left side at 2θ valued 

16.1°, 19.2° and 24.7°, were attributed to the aliphatic carbon chains for AmSh, AmSe and 

AmWa waste ACs, respectively. The second peak was due to the П band emerging from 

carbons in the aromatic rings [113] at 2θ angle valued at 23.1°, 24.8° and 25.1° respectively. 

The ratio of the carbon atoms in the aliphatic to that of the aromatic rings was determined using 

the integrated area under each fitted curve using Equation 5.6 [113]: 

Fa = AП/AП + Aλ      Eq. 5.6 

where fa is the aromaticity of AC, AП was the area of carbons in the aromatic rings and Aλ is 

the area of the aliphatic carbon chains in ACs. From the results in Table 5.3, it was observed 

that the aromaticity (fa) followed the trend AmShAC-ST ˃ AmSeAC-ST ˃ AmWaAC-ST.  

Mannoj (2012) ranked coal production using the intensity ratio of the deconvoluted peaks. A 

similar approach was followed in this study. The ACs were ranked by determining the ratio of 

intensities (I) of the deconvoluted peaks, as shown in Table 5.5. AmSh ACs were found to have 

a higher rank value, which makes it more feasible for industrial application. Furthermore, a 

similar trend was observed for all three amarula waste ACs as that of fa, d002 and La. 

 

5.3.1.6 FTIR analysis 

The FTIR spectra of the processed amarula waste in Fig. 5.9 showed fewer vibrational bands 

compared to the unprocessed amarula waste discussed previously (Chapter 4). The O–H 

stretching band, which was very broad at 3 600 cm-1–3 100 cm-1, has now become very strong, 

highly intense, and less broad in the current study (comparison is shown in the Appendix B: 

Fig. B5). This is because processed amarula waste has lost its hydrophilicity, meaning less 

moisture absorbed by the material. This confirms the TGA analysis in Fig. 5.5, where the first 

stage of decomposition which was attributed to moisture loss has decreased due to a lack of 

moisture on the surface, resulting from the degraded hemicellulose and cellulose. Therefore, 

the present O–H functional groups at 3 442 cm-1 in the amarula waste ACs spectra, are due 

mainly to the phenols, lactones, and carboxylic groups.  

 



 

 

 

Fig. 5.9. FTIR spectra of processed amarula wastes 

 

More of these acidic groups were mainly formed because of the steam that was passed through 

during thermal processing, as shown in the chemical Reactions 5.1, 5.2, and 5.3. It was also 

observed that the two vibrational bands that were due to C–H symmetric and asymmetric bands 

of methyl and ethyl at the range 2 850 cm-1–2 950 cm-1 in the unprocessed amarula waste 

biomass (Chapter 4), have either now disappeared or are too tiny to identify in the processed 

amarula waste. This was attributed to the oxidation of the aliphatic carbon chains during steam 

activation and the cause of more stable C=C and C≡C functional groups being established on 

the surface. Moreover, other new, weak vibrational bands were observed at the range of 3 700 

cm-1–3 900 cm-1 which were attributed to the sp C–H of alkynes [32]. These bands were 

confirmed by the presence of a C≡C functional group, which appeared as a weak band between 

2 300 cm-1–2 400cm-1. This C≡C triple bond functional group was also observed by Ali and 

Idris [105], Saka [115], and Tran et al. [116]. The peak which was due to a C=O vibrational 

band at 1 737 cm-1in the unprocessed amarula waste (Chapter 4) has now disappeared in the 

processed amarula waste, because of the thermal breakdown of the hemicellulose and has 

formed more of the carboxylic groups. The C=O stretch at 1 649cm-1 is attributed to the carbon–

oxygen conjugated with carbon basal planes of carbonyl, quinols, lactose, and carboxylic 

groups in ACs [32]. The respective C=C and C–C stretching bends at 1 565 cm-1 and 1 410 cm-

1 are the confirmation of vibrating bands in the condensed skeleton of aromatic rings in the 

amarula waste ACs. It was further observed that the peak which was very strong and highly 

intense at 1 031 cm-1 in the unprocessed amarula waste (Fig. 4.5) has shifted to 1 087 cm-1 and 

has become very weak and less intense in these processed amarula waste. This is because of 



 

 

thermal processing which broke down the C=O bonds of the carbonyl functional groups that 

were present and formed more of the C–O bonds for carboxylic, lactone and phenolic groups, 

therefore reducing the vibrational bend of the C–O bands. The sp2 C–H out-of-plane bend 

shifted from 897 cm-1 to 659 cm-1 in the processed amarula waste, confirming the formation of 

more aromatic rings. Other researchers [32],[37] also found similar FTIR bends of ACs as in 

this study. It can therefore be concluded that, of the three amarula waste ACs in the current 

study, the AmWaAC-ST had the strongest bends of alkynes. This was due to the high content 

of volatiles and aliphatic carbon, as confirmed in Fig. 5.5 (c) of the TGA analysis and in Fig. 

5.8 (d) of the deconvoluted peaks of XRD analysis, respectively. Despite that, it was found that 

the AmSh ACs had more of the hydroxyl groups and the carboxylic groups present because it 

had the strongest peaks at 3 443 cm-1 and at 1 087 cm-1 followed by the AmSe waste and then 

the AmWa waste ACs. 

5.3.1.7 Textural properties 

Upon analysis of amarula waste ACs produced at 45 min steam residence time, it was found 

that the AmSh AC had the highest BET surface area of 740 m2/g and the highest total pore 

volume of 0,37 cm3/g, followed by the AmWa waste then the AmSe waste AC, as shown in 

Table 5.6 (green, brown, and yellow colour). These results confirm the SEM analysis in Fig. 

5.6, where the three amarula waste ACs had a morphology showing very large pores of 

different shapes in each AC type. 



 

 

 

Table 5.6 Comparison of textural surface analysis of amarula waste ACs with ACs from literature. 

 

 

Activation TemperatureSteam Residence BET S-Area t-micropore External S-Area BJH S-Area BJH Pore vol t-micropore Total PoreTotal Pore BJH pore 

method (°C) time (min) m
2
/g S-Area m

2
/g m

2
/g m

2
/g cm

2
/g Vol cm

3
/gVol (cm

3
/g)Size (nm) Size (nm)

Outs hulls steam 800 120 625 - - - - - - - - [93]

Corn stove steam 800 120 311 - - - - - - - - [93]

Corn corb steam 850 60 607 - - - - - - - - [13]

Bamboo wastes steam 850 60 870 - - - - - - - - [119]

Guayule Bugasse steam 800 45 716 - - - - - - - - [115]

Apricot stones steam 700 120 820 - - - - 0,46 0,5 - - [53]

Almond shells steam - - 484 - - - - - - - - [118]

Rubber seeds shells steam - - 948 - - - - - - - - [117]

Moso Bamboo steam 800 60 486,8 385,51 - - - - 0,2354 1,9231 - [24]

Ma Bamboo steam 800 60 464,7 391,95 - - - - 0,2329 2,0049 - [24]

Wood chips Birch steam 800 240 617 318,00 300 - - 0,136 0,509 - - [122]

Wood chips Spruce steam 800 240 679 317,00 369 - - 0,136 0,555 - - [122]

Peat steam 800 240 543 - - - - - 0,18 - - [46]

Commercial AC unknown - - 541 - - - - - 0,42 0,33 - Sigma Aldridge-SA

Amarula fruit wastes steam 800 45 425,98 357,35 68,63 38,86 0,0351 0,0187 0,23 2,20 3,60 This study

Amarula seeds wastes steam 800 45 279,36 238,36 41,00 19,1 0,01695 0,0170 0,15 2,16 3,55 This Study

30 434,47 345,67 88,80 182 0,0923 0,1783 0,29 2,66 3,15

45 740,36 498,54 241,76 201 0,1749 0,1983 0,37 2,75 3,47

75 881,08 557,08 324,00 312 0,2314 0,1998 0,78 2,89 3,85

90 1193,25 404,00 789,00 905 0,3345 0,2023 0,98 3,27 4,40

Amarula shell wastes steam 800 This Study

AC Precasor

Conditions Surface area Pore Volume Pore Size

Ref
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The observed high surface area and the increased porosity in the thermally processed amarula 

waste is attributed to the removal of volatiles from the amarula waste biomass precursors 

during the pyrolysis stage. This first stage formed mainly micropores and more carbon atoms, 

which contributed to the greater surface area and porosity of an intermediate product (biochar) 

as shown in the Appendix B: Table B2. The second stage, which involved the application of 

steam to the biochar, created more pores, widened them, and further deepened them, depending 

on the structure of the precursor or the biochar. Similar results were also found by other 

researchers such as Sheng-Fong, Lima and Rajapaksha, who also produced ACs from various 

precursors using a steam-activation process [24],[117],[118]. The textural properties of 

amarula waste ACs in this study are listed in Table 5.6, where they were compared with other 

ACs produced in other literatures [13],[24],[46],[52],[53],[94],[117],[119]–[121]. Amarula 

waste ACs were found to be compatible with the other ACs in the literature. The surface area 

of AmSh waste ACs was also compared with the commercial AC which was purchased from 

sigma Aldrich in South Africa. It was found that the AmSh AC produced at 45min had a higher 

BET surface area of 740 m2/g compared to commercial AC that had a BET surface area of 541 

m2/g with a total pore volume of 0,42 cm3/g. This confirms that the AmSh ACs can be 

commercialized and be competent in the AC industry. Besides that, the SEM morphology did 

confirm that amarula shells AC had a glassy-like structure of carbon which is suitable for 

industrial purposes. 

 

Fig. 5.10. BET and micropore surface area with steam residence time of AmShAC-ST 
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Textural properties were further carried out on the selected AmShAC for the effect of steam 

residence time. It was found that as the steam residence time increased from 30 min to 90 min, 

the BET surface area increased from 434 m2/g to 1 193 m2/g. It was also found that even the 

porosity increased with an increase in steam residence time, as shown in Table 5.6 (yellow 

colours). This is attributed to the fact that steam activation removes the sp3 bulk carbon; 

therefore, the longer the steam is exposed to the char, the more carbons are removed, and the 

more pores are formed, resulting in a higher surface area. Besides that, there is enough diffusion 

of water vapour throughout the porous network of the char. The formation of more mesopores 

is due to the H2O molecule that has easy access to the already available micropores on the solid. 

In addition, as the H2O molecule removes the carbon atoms, it occupies the space that was 

occupied by the carbon and therefore creates more mesopores. Again, it is because the longer 

the material is exposed to steam, the more the entire surface of the material gets enough 

exposure for reactivity, consequently increasing the BET surface area. As a consequence, more 

pores are widened and deepened, which leads to more mesopores and macropores being 

observed at 90 min residence time. Similar trends of results as in this study were obtained by 

other researchers who determined the effect of steam residence time on ACs [46]. However, 

some researchers, such as Zhang and his team [121], found the opposite of this. They prepared 

AC via pyrolysis and then used the steam-activation time effect as in this study and found that 

as they increased the steam residence time, the BET surface area and the pore volume decreased 

[121]. Fu et al. [122] also found similar results.  For this reason, further textural analysis was 

done to determine the t-micropores surface area of amarula waste ACs. It was found that the t-

micropore surface area increased with steam residence time up to a certain plateau, at 75 min 

residence time as shown in Fig. 5.10. The micropore surface area then decreased as the steam 

residence time increased further to 90 min. This was attributed to the fact that the already 

present micropore surface area became raptured as the available micro-pores were widened and 

deepened by more steam. The effect of this was a reduced surface area of the micropores. 

Therefore, in this study, it was found that it is the micropore surface area that “decreased” at a 

certain point in time when the steam residence time was increased, whereas the BET surface 

area increased with an increase in the steam residence time.  
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5.3.2 Desulphurization of ≈ 100 ppm model diesel fuel 

5.3.2.1 Effect of adsorption time on processed amarula waste 

Fig. 5.11 shows the results for the effect of adsorption time of DBT in model diesel on 

processed amarula waste. It was found that all the amarula waste ACs improved the adsorption 

of the DBT molecule in model diesel fuel compared to the unprocessed amarula waste 

discussed previously. This could have been due to the presence of micropores and mesopores 

that were introduced by thermal processing with steam together with the O-functional groups 

on the surface. More of the DBT was reduced within 60 min due to the available active sites 

on the surface of ACs. The adsorption process slowed down to 90 min and there was almost 

no change until 180 min because the surface was now being covered by the DBT molecules 

and the pores were now filled, consequently reducing the activity. It was found that the removal 

of the DBT molecule increased massively to almost 60 % within 90 min adsorption time for 

the AmSh ACs. From there the curve flattened, showing only a small significant change in 

adsorption efficiency up to 180 min. A similar trend was observed in all the amarula waste 

ACs.  

 

 

Fig. 5.11. Effect of adsorption time of DBT on amarula waste ACs 
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However, for AmSe waste AC, the removal of the DBT molecule within the first 10 min was 

higher than that of the AmSh and the AmWa waste ACs. After 30 min and up to 180 min, the 

AmSe reduced less of the DBT molecule. The fast activity of AmSe AC within 30 min might 

be due to pi–pi bonding, that resulted from the aromatic rings of ACs (Fig. 5.1) and the aromatic 

rings of the DBT molecule (Fig. 5.15) mentioned later. In addition, Fig. 5.3 (b) for a 

deconvoluted peak of 002 showed that the AmSe waste ACs had more of the aromatic carbons 

than the other two amarula waste ACs. This could have been attributed to the AmSeAC having 

higher activity within the first 10 min. The lack of higher activity on the AmSeAC-ST as time 

progresses may be due to having the smallest t-micropore volume of 0,017 cm3/g which, was 

observed during textural analysis in Table 5.6 above. This volume is too small to accommodate 

a molecule of ≈ 1 nm size. This then proves that not only the pi–pi bonding contributed to 

adsorption of DBT molecule, but the porosity of the AC plays an important role. This was 

proved by other researchers such as Deng et al. [123] and Jha et al.[124]. 

The AmSh waste AC were found to have higher activity from 30 min to 180 min. This could 

have been due to more mesopores present, which then quickly facilitated the movement of the 

DBT molecule to the micropores until they were filled. Rajapaksha et al. [118] found that 

steamed biochar facilitated the adsorption of sulfamethazine because of the presence of 

mesopores. Despite that, owing to the presence of more mesopores, more DBT molecules were 

adsorbed until all the pores were filled. This porosity was also confirmed by the textural 

analysis in Table 5.6. The active site of the AC, which comprises the O-functional groups, may 

also have contributed to more adsorption capacity in the AmSh ACs because the FTIR showed 

a highly intense peak of O–H and C–O which belonged mainly to carboxylic acids. This type 

of bonding may have occurred by electrophilic addition because oxygen is an electron-

withdrawing element that can form O–S bonds. Therefore, the trend of adsorption capacity for 

amarula waste AC was AmShAC-ST ˃AmWaAC-ST ˃ AmSeAC-ST within 30–180 min. It 

can then be concluded that the amarula seed waste ACs showed higher initial adsorption rate 

of DBT in model diesel within 10 min, followed by the amarula shells then the fruit waste ACs. 
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Fig. 5.12. Adsorption efficiency of amarula shell ACs produced at different steam residence 

time 

 

AmSh waste ACs, which were selected and used to determine the effect of steam residence 

time, were then applied to reducing the DBT molecule in diesel fuel, as shown in Fig. 5.12. It 

was found that the adsorption capacity increased with the ACs produced at a longer time. In 

addition, it was observed that the AmShAC-ST-45min adsorbed 50 % of DBT within 60 min, 

whereas AmShAC-ST-90min adsorbed more than 50 % of DBT molecules in model diesel 

within just 30 min, as shown in Fig. 5.12; despite that, the adsorption quickly slowed down 

towards equilibrium. This is because the ACs produced at the longer time had more of the 

micro-pores and more of the mesopores and macropores, as confirmed in Table 5.6. 

Furthermore, the FTIR spectra in Appendix B: Fig. B6 confirmed the intense broader peak of 

C–O of the carboxylic groups at 1 087 cm-1. These improved textural, and surface characters, 

allowed more of the DBT molecules to be adsorbed, which then reduced the concentration of 

the organo-sulphur compound massively. Zhang et al. [121], in their study of bamboo waste, 

also showed that the ACs produced by steam activation increased the oxygen density on the 

surface, which further increased the activity of the adsorbent.  

 

5.3.2.2 Kinetic models 

Kinetic models were applied to the experimental data for the processed amarula waste ACs, as 

shown in Fig. 5.13. Equations 5.7, 5.8 and 5.9 were used to determine the best fit of the model  
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ln(qe-qt) = ln(qe)-k1t      Eq. 5.7 

t/q t=1/k2qe^
2 + (1/qe) t     Eq. 5.8 

qe = ki^
1/2 + C       Eq. 5.9 

at which qt and qe (in mg/g) were the adsorption capacity at time (t) and at equilibrium (e). The 

C represents the intercept which describes the thickness of the boundary layer on the surface 

of the adsorbent, whereas k1, k2, and ki are kinetic constants in 1/mg, mg/g.min, and mg/g.mg1/2 

for pseudo 1st order, pseudo 2nd order and intraparticle diffusion models respectively 

[116],[125]–[127]. According to some of the literature, when a correlation value (r2) is close to 

unity (1), then the fitted results follow that model [69],[74],[76],[78],[91]. 

The results in this study showed that AmShAC-ST and AmSeAC-ST followed both the pseudo 

1st-order and the pseudo 2nd-order kinetics models because their highest r2 values were close 

to unity with values above 0,9 as shown in Table 5.7. This implies that both the chemisorption 

and the physisorption might have been involved mainly in the adsorption process of DBT. On 

the other side, the AmWaAC-ST had the highest r2 value for intraparticle diffusion (of 0,8847) 

followed by pseudo 2nd-order kinetics (with 0,7334). This indicates that the adsorption on the 

AmWa waste might have occurred mainly via both particle diffusion and chemisorption. 

Some scientists and researchers also applied kinetics on the experimental results for adsorption 

of DBT and found that they followed pseudo 2nd order kinetic therefore the adsorption was 

through chemisorption [67],[68],[78],[79],[115],[128]. On the contrary, Samaniego found that 

their results followed pseudo 1st order kinetics and therefore the adsorption was via physical 

adsorption [69]. Based on the structure of amarula ACs, adsorption occurred via physisorption 

when the organo-sulphur molecules were adsorbed inside the pores of ACs, and when the 

aromatic rings were breaking to form pi–pi complex interaction with the aromatic rings of the 

DBT molecule. A chemisorption adsorption may have also occurred because of the presence 

of the C–O and O–H groups. The O–H functional groups formed an electrophilic addition 

reaction between S–O via hydrogen bonding.  

It is stated that when the calculated adsorption capacity (qe calc) values are close to experimental 

adsorption capacity (qe exp) values under that particular kinetic model, then that model is 

considered as the best fit [91],[115],[128]. For this reason, the qe exp data was compared with 

the qe calc data under each kinetic model. According to the results in Table 5.7, the qe calc values 

were consistent with the qe exp values for AmShAC-ST under pseudo 2nd-order kinetics, for 
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AmSeAC-ST under the intraparticle diffusion model, and for AmWaAC-ST under the pseudo 

1st-order kinetic model. 

 

Fig. 5.13. Kinetic models of (a) pseudo 1st order, (b) pseudo 2nd order, (c) intraparticle 

diffusion and (d) intraparticle diffusion, showing multi-linear steps of adsorption 
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Table 5.7 Kinetic parameters of amarula waste ACs 

 

 

Furthermore, this study used chi-square (x2) to validate the best-fit kinetic models obtained for 

the results. Chi-squared (x2) test is normally analysed under the same abscissa and ordinate to 

determine the best-fit model, which makes it more advantageous. It states that if the calculated 

Chi-squared value (x2) is smaller under that model, then the results followed that model [129]. 

The x2 results for the adsorption of DBT in model diesel on processed amarula waste samples 

seen in Table 5.8 were obtained using Equation 5.10, where qe exp and qe calc are the equilibrium 

adsorption capacity for experimental and calculated data, respectively. Therefore, the smallest 

x2 values were found to be 0,019 for AmShAC-ST under the pseudo 2nd-order model, 0,0047 

for AmSeAC-ST under the intraparticle diffusion model and 0,078 for AmWaAC-ST under 

the pseudo 1st-order kinetic model. These x2 results are consistent with the results in Table 5.7 

in terms of comparison of qe calc and qe exp: 

X2 = ∑(qe exp – qe calc)
2/qe calc    Eq. 5.10 

For this reason, it can be concluded that the adsorption mechanism of AmSh waste AC occurred 

mainly via chemisorption, at which there was involvement of valence forces through the 

exchange or sharing of electrons between the outer surface of AmShAC and the DBT 

molecules in model diesel fuel. The AmSeAC, however, followed intraparticle diffusion, 

implying that further adsorption of molecules from the outer surface to the pores of the 

adsorbent occurred. On the other hand, the AmWaAC followed mainly the pseudo 1st-order 

according to x2 values, but there might also be intraparticle diffusion that occurred because of 

its r2 values, which were highest.  

qe calc K1 qe calc K2 qe calc Ki
qe exp

(mg/g) (1/mg) (mg/g) (mg/g.min) (mg/g) (mg/g.mg
 0,5

)

AmShAC-ST-45min 850,394 -3,47E-02 0,9593 0,69541 1,05E+02 0,9261 687,65 6,1772 131,7 0,7969 0,5905

AmSeAC-ST-45min 133,807 -2,56E-02 0,9590 163,9344 2,76E-06 0,9850 0,33 0,0023 0,1182 0,6054 0,2884

AmWaAC-ST-45min 0,28078 2,80E-03 0,0594 666,6667 2,50E-07 0,7234 532,16 5,1602 67,746 0,8847 0,4733

Pseudo 1st order Pseudo 2nd order Intraparticle diffusion

r
2

r
2

r
2CAds Type

Kinetic Parameters
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Table 5.8 Chi-squared values for amarula waste ACs 

 

 

Although the x2 values of the amarula waste ACs showed consistency of qe values for calculated 

and experimental data, the graph in Fig. 5.13 (c) showed that the plots did not pass through the 

origin. Therefore, the intraparticle diffusion model is not the sole rate-limiting step for 

adsorption mechanism; other adsorption mechanisms are involved on the surface [78]. The 

intercept C, which is referred to as a boundary layer effect, showed a high value of 132 for 

AmShAC than that for AmWaAC, confirming that there was a greater contribution of surface 

adsorption in the rate-limiting step. This may be valid for AmShAC which had an r2 value of 

0,9261 under pseudo 2nd-order model, a value that is not that far from unity. On the other side, 

the same graph extended in Fig. 5.13 (d) also showed multi-linear plots for amarula waste ACs, 

which further confirms different adsorption mechanisms. This was attributed to the rate of mass 

transfer, which is different at the initial and the final adsorption stages. In the initial stage, 

which was fast, the adsorption occurred via film diffusion while, in the second stage, it was 

through pore diffusion and intraparticle transportation. Pant and Sing [130] had a similar 

finding in his study.  

It can be concluded that, the adsorption of DBT in model diesel on AmSh and AmWa waste 

ACs, was controlled by pore diffusion and intraparticle diffusion whereas for the AmSe waste 

ACs, the adsorption process was controlled by film diffusion. This then validated those 

observed O-functional groups on the outer surface of AC in Fig. 5.9 and those various pore 

sizes analysed in Table 5.6.and in Fig. 5.6. These properties are the main contributors to the 

multiple adsorption mechanism of DBT molecules in diesel fuel on amarula waste ACs. It can 

further be concluded that the rate-limiting step was film diffusion for AmShAC and AmWaAC, 

whereas for AmSeAC it was pore diffusion.  

Pseudo 1st Pseudo 2nd Itraparticle

order order diffusion

AmShAC-ST-45min 1,22E+06 1,86E-02 7,99E+05

AmSeAC-ST-45min 6,18E+04 9,29E+04 0,0047

AmWaAC-ST-45min 7,83E-02 9,38E+05 5,97E+05

Chi square (x
2
) values in the  processed Amarula wastes

AC type



 

126 

 

5.3.2.3 Adsorption isotherms 

Adsorption isotherms are models that represent the amount of solute adsorbed by adsorbent 

during the adsorption process. Hence, they are imperative for designing adsorption systems for 

determining the correlation of experimental data. Several researchers have applied adsorption 

isotherms to various applications [76],[79],[131],[132]. In this study, linear Langmuir and 

Freundlich isotherms were applied to experimental data to determine the best fit of adsorption 

isotherms using Equations 5.11 and 5.12 respectively [133].  

qe =qm – (1/KL)(qe/Ce)     Eq. 5.11 

logqe = nlogCe + log KF    Eq. 5.12 

The qe and qm is the adsorption capacity of amarula waste ACs at equilibrium and the latter at 

maximum for monolayer coverage in mg/g. The Ce is the equilibrium concentration of DBT on 

the processed amarula ACs in mg/g. The KL and KF are isotherm constants for Langmuir and 

Freundlich, respectively. The latter indicates the adsorption capacity and the strength of the 

adsorption bond, whereas the n constant is the heterogeneity factor that describes the bond 

distribution [133]. The constants were determined from the linear plot of qe vs qe/Ce and from 

log qe vs log Ce respectively (Fig. 5.14.). The separation factor sf was calculated by Ahmadi et 

al. [78]. The isotherm parameters for amarula waste AC are listed in Table 5.9. 

 

Fig. 5.14. (a) Langmuir and (b) Freundlich adsorption isotherms for amarula waste ACs 

 

The correlation values r2 were found to be close to unity for Langmuir isotherms in all the 

amarula waste ACs confirming the literature that says when experimental data is fitted to the 
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adsorption isotherm model, then the correlation value should be close to unity for the model to 

be considered the best fit [69]. The value of qm for AmShAC-ST was 0,85 mg/g, which was 

higher, followed by AmWaAC-ST with 0,044 mg/g. These indicate that the adsorption of the 

DBT molecule on them followed more monolayer coverage compared to AmSeAC-ST, which 

had a lower qmax of 0,016 mg/g. 
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Table 5.9 Parameters of adsorption isotherms for amarula waste ACs 

 

 

In the Freundlich isotherm, the correlation (r2) values for amarula waste ACs were less than 

0,5 and they were smaller than those in the Langmuir isotherms. This confirmed that the 

Freundlich isotherm was not the best fit. AmWaAC-ST had a higher KF value of 5,05, 

indicating that it had a higher interaction of DBT on its surface. This was attributed to more 

aliphatic carbons, which were observed in the deconvoluted XRD analysis above. 

The n values for amarula waste ACs were higher compared to the sf values of the Langmuir 

isotherms. This indicates that there could also be some heterogeneous sites that may have 

occurred but in less quantity. On the other hand, AmSeAC-ST had the highest n value of 3,17 

compared to the other ACs, indicating that its heterogeneity had the strongest bond distribution 

compared to those of other amarula waste ACs. These confirmed the kinetics discussed above. 

 

Fig. 5.15. Molecule and dimensions of DBT [134] 

 

  

qm KL sf KF

(mg/g) (g/mg) (g/mg)

AmShAC-ST 0,9322 0,085 -0,032 -1,89 0,0928 1,78 0,58 -0,58

AmSeAC-ST 0,9829 0,016 -0,016 -0,47 0,3613 0,61 -0,49 3,17

AmWaAC-ST 0,9569 0,045 -0,023 -1,08 0,1018 5,05 1,62 -1,22

Ads type
Langmuir Freundluich 

r
2

r
2 C n

Adsorption isotherms parameters
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5.4 Conclusion 

The amarula waste biomass from the production of Amarula liqueur, was successfully 

processed thermally by steam to ACs. The content of the DBT in model diesel fuel was 

successfully reduced further to 64 %, 54 % and 31 % by low-cost AmSh, AmWa and AmSe 

waste ACs, respectively. Thermal analysis (TGA/DTG) showed that the AmSh waste ACs 

were more thermally stable than the AmSe and AmWa waste ACs. It was concluded that 

despite the habitant of the amarula waste precursors, the microscopic analysis of the three 

amarula waste ACs had a morphology of sponge-like pores with a different pore shape which 

possessed slit-like shape porosity, concave, and tangled-like porosity that made it easier for 

more DBT molecules to diffuse through the pores via Van De Waal forces. The spectroscopic 

analysis of FTIR confirmed that the presence of dense O-functional groups on the acidic 

surface of ACs played an important role by increasing the desulphurization efficiency of the 

DBT molecule in model diesel fuel. Here, AmShAC performed better than the other amarula 

waste ACs. This surface adsorption occurred via chemisorption and Lewis acid–base 

interaction, whereas the XRD spectroscopy showed diffractograms that revealed the presence 

of hexagonal and cubic structure in all the amarula waste ACs. This further confirmed that the 

produced amarula waste ACs are amorphous. The deconvoluted XRD patterns showed that 

there were more aromatic carbons in AmSh ACs than in AmWa and AmSe ACs, making it 

more crystalline than the others. This contributes further to the much higher absorptivity of 

DBT. Textural properties further confirmed a massive improvement of (740 m2/g, 430 m2/g 

and 240 m2/g) on the surface area for AmShAC-ST, AmWaAC-ST, and AmSeAC-ST 

respectively. In addition, pore sizes and pore volumes increased in the ACs when compared to 

the unprocessed amarula waste biomass in our previous work (Chapter 4) The AmShAC which 

were synthesized for a much longer steam residence time of 90 min revealed an improved 

surface area of approximately 1 200 m2/g and a total pore volume of 0,4 cm3/g. Therefore, this 

textural improvement resulted to a much higher adsorption efficiency of 73 %, which was close 

to the 72% of commercial AC that had a surface area of 540 m2/g and total pore volume of 0,42 

cm3/g.  

It was generally found that the adsorption of organo-sulphur compounds in diesel fuel depends 

on different adsorption mechanisms, which involves both the reactive and the unreactive active 

sites of AC. This was confirmed by one of the kinetic models and the adsorption isotherms 

applied to our experimental results. Despite that, it can finally be concluded that this study 
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successfully mitigated the waste-management issues by using amarula waste on the landfill to 

produce valuable products using environmentally friendly and sustainable operations. Some 

studies [46] have proved that the quantity of initial mass during the steam activation process 

does not have any impact on the product properties because the carbon–steam reaction is a gas–

surface reaction not a gas–mass interaction. For these reasons, we can proudly conclude further 

that the production of amarula waste ACs by steam can be scaled up for commercial purposes 

at a particular rate, depending on the quality of production and the end-use, without 

compromising the quality of the product. This study further proved that the valuable product 

AC from the amarula waste successfully reduced the content of toxic substances such as DBT 

in diesel fuel that contribute negatively to climate change when emitted into the atmosphere. 
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Chapter 6 

 

Gasification Biochar as a Potential Adsorbent in 

Adsorptive Desulphurization of Diesel Fuel 

 

Chapter abstract 

With the aim of seeking highly efficient and low-cost adsorbents, for small scale adsorptive 

desulfurization (ADS) of diesel fuel, gasification chars which are solid carbon-based materials 

with highly porous structure were used as adsorption agents for ADS of diesel fuel. Four chars 

were used as adsorbents for the ADS of model diesel fuels in a stirred basket reactor: Char-1 

from the gasification of coal fines mixed with an algae binder; Char-2 from the gasification of 

wood pellets; Char-3 from plasma gasification of wood pellets; Char-4 from amarula shell 

waste. The clean and dirty diesel samples were analyzed using the GC-PFPD technique. The 

performance of this biochar was compared with a commercial activated carbon (COMAC). The 

gasification chars were further activated using two different activation agents (KOH and steam) 

and used in the ADS process. The laboratory results show that the gasification char had to be 

modified before use, to improve the ADS efficiency of diesel fuels. Although the gasification 

chars showed a lower sulphur-removing capacity than the one with commercial activated 

carbon, due to processing conditions, there are potential opportunities for using gasification 

char for desulphurization. The fresh and used adsorbents were characterized using TGA, BET, 

XRD, SEM-EDX and FTIR. The research outcome of this study could provide information 

needed for the design of a small-scale ADS of diesel fuel. 
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6.1 Introduction 

Dibenzothiophene (DBT) is a toxic organo-sulphur molecule that is mainly found in distillates 

of crude oil, such as diesel fuel [1]. When the sulphur compounds (DBT and their alkyl 

derivatives) are present in high concentrations, it has a negative impact on the environment, as 

the compounds are emitted into the atmosphere and indirectly cause green-house gases that 

contaminate the atmosphere and result in global warming [2]. Furthermore, they corrode 

catalytic converters and eventually strain the economy. In addition, with long-term exposure, 

they cause health problems such as carcinogen and infertility in human beings. Furthermore, 

transportation fuel also contributes to the air pollution, hence its toxic constituents are a major 

concern [3]–[5]. 

Different desulphurization techniques have been developed, such as hydrodesulphurization 

(HDS), oxidative desulphurization (ODS), bio-desulphurization (BOD) and adsorption 

desulphurization (ADS) [1]–[5]. The latter was selected for this study, due to its low energy 

consumption during adsorption and regeneration of the adsorbents. The challenge with ADS 

has been that some adsorbents - such as metal-metal oxides, zeolites, and MOFs - are not 

economical for use in production, because they have to undergo various expensive processes 

before reaching the desired efficiency. Therefore, alternative cheaper adsorbents are preferred, 

such as activated carbon [6]–[14]. However, the use of activated carbon has an economic 

drawback when it is produced from non-renewable resources such as coal; but, when it is 

produced from biomass or waste carbon materials, it becomes a cheaper and more sustainable 

product. Likewise, biochar is an emerging sustainable adsorbent that has been found to be cost-

effective when sourced from biomass or biomass waste as in articles [15],[16],[17]–[24] 

[25],[26].  Biochar is produced by means of carbonization, pyrolysis, or gasification processes. 

During syngas production, biochar is produced as a waste product. Therefore, the use of biochar 

from gasification reactors becomes a sustainable way of utilizing waste biochar as a green 

adsorbent. 

Biochar is a microporous carbonaceous material that is produced under an inert or limited 

oxygen atmosphere condition. Fig. 6.1 shows the molecular structure of biochar. Joseph and 

Shackley defined biochar as: “The porous carbonaceous solid produced by the thermochemical 

conversion of organic materials in an oxygen depleted atmosphere that has physicochemical 

properties suitable for safe and long-term storage of carbon in the environment” [27],[28]. The 

International Biochar Initiative (IBI 2012) defined biochar as a solid material that is obtained 
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by thermochemical conversion of biomass in an oxygen-limited environment [29]. Biochar is 

considered different from charcoal, in that charcoal is a source of charred organic matter for 

producing fuel and energy, whereas biochar can be applied for carbon sequestration and 

environmental management [30],[31]. The quality of the biochar also depends on production 

conditions, such as feedstock type [19],[32],[33], temperature [22],[34], heating rate [35],[36], 

atmospheric conditions [22],[24],[32],[37], and the type of reactor. However, fewer studies 

have been done on the properties of biochar when using different gasification reactors, hence 

a core focus of this study was to determine the impact of a gasification reactor on biochar 

properties. 

 

Fig. 6.1. Molecular structure of biochar  

 

Biochar has been in existence since the 18th century when it was used to improve soil quality. 

In the 19th century, it became more popular and was found to mitigate climate change, 

environmental management and energy production issues [30]. Other scientists have made use 

of biochar in the treatment of water [31],[34],[38]. It was also concluded that it is advantageous 

to the environment due to its resistance to microbial decay and because it has a high adsorption 

capacity for ions and molecules. Therefore, in recent years, some researchers have used biochar 

as an adsorbent for removing organic and inorganic contaminants, such as heavy metals or for 

gas and energy storage [22],[25],[26],[38]–[42]. However, there is fewer literature on removing 
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organo-pollutants in diesel fuel when using biochar as an adsorbent. Therefore, this study used 

a biochar waste material during syngas production from different gasification reactors, in order 

to reduce the sulphur content in DBT model diesel fuel.  

This biochar was then activated by means of KOH and a steam activating agent, to enhance the 

adsorption properties of the DBT molecule. The approach of using chemical and physical 

activation with biochar was reported by several researchers [18],[37],[43]–[52]. It is stated that 

the use of KOH as an activating agent is a tool for creating micropores in the material 

[47],[48],[53],[54]. However, Arie [55] obtained mesoporous activated carbons in his study 

when using a KOH activating agent with biochar. This could have been due to a different feed 

stock or activating conditions used by individual researchers in their studies. When steam is 

used as an activating agent, it enhances the surface functional groups and the porosity of the 

material. Rajapaksha et al. [37]  activated biochar with steam, and found that the BET surface 

area and total pore volume of biochar increased from 421.31 m2/g to 576.09 m2/g, and from 

0.0219 cm3/g to 0.1091 cm3/g, respectively.  

 

6.2 Methodology 

The biochar from gasification reaction was applied as they are, and later processed by chemical 

(KOH) activating agent and by physical (steam) activating agent. The application was done 

through adsorptive desulphurization, using a stirred batch reactor.  

 

6.2.1 Materials 

The materials used were as follows: amarula shell waste biochar (AmSh-BC); wood biochar 

(Wood-DGBC); algae-coal biochar (ALGC-DGBC); wood biochar (Wood-PGBC); a 

horizontal electric tube furnace; quartz tubes and quartz crucible boats; Afrox nitrogen gas (99 

% purity); chemicals (99 % pure reagents from sigma): KOH pellets, dibenzothiophene (DBT), 

hexadecane and toluene.  
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6.2.2 Sampling and activating of gasification char 

AmSh-BC was sampled after the pyrolysis of amarula shell waste, as described in Chapter 5. 

Wood-DGBC and Wood-PGBC were sampled from biochar waste after gasification of wood 

from a down draft gasifier (DG) and a plasma gasifier (PG) respectively. ALGC-DGBC was a 

biochar waste obtained using the down draft gasifier (DG) and pellets made of algae and coal 

fines. All the biochar was sieved to obtained ≈ 1-2 mm particle size and applied for the 

adsorption of DBT in model diesel, as described in Chapters 4 and 5.  

 

6.2.2.1 Steam activation 

The biochar was then processed by steam activation according to the procedure described in 

Chapter 5. The samples were labelled AmSh-BC-ST, Wood DGBC-ST, Wood-PGBC-ST, and 

ALGC-DGBC-ST, and then used for desulphurization of model diesel fuel. 

 

 

Fig. 6.2. Schematic for activating gasification chars 
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6.2.2.2 Potassium hydroxide (KOH) activation 

The 48 % (w/v) KOH solution was used as a different activating agent to process the biochar. 

Each massed biochar sample was impregnated with a KOH solution with a ratio of 1:3 

(C:KOH). The mixture was stirred continuously at room temperature for 1 h in an open system. 

The slurry was filtered and dried at 110 °C in an oven over-night. The dried impregnated 

biochar was subjected to a horizontal furnace using a quartz tube as a reactor. The 800 °C of 

conventional heat was applied to the system at 10 °C/min together with a nitrogen flow of 60 

ml/min. The temperature was held for 2 h, before allowing the system to cool to room 

temperature. The biochar was washed with hot and cold distilled water until neutral PH was 

obtained. The samples were oven dried, labelled as AmSh-BC-KOH, Wood DGBC-KOH, 

Wood-PGBC-KOH, and ALGC-DGBC-KOH, and then subjected to adsorption of DBT in 

model diesel (Fig. 6.1). 

Both processed and unprocessed biochar were characterized using FTIR, BET and SEM-EDX 

techniques for surface analysis, textural properties, and for microscopic analysis respectively, 

as per our previous work (chapter 4 and 6). 

 

6.3 Results and discussion 

6.3.1 Performance of biochar in terms of desulphurization of diesel fuel 

The biochar was found to reduce DBT in model diesel fuel, as shown by the adsorption 

mechanism in Fig. 6.3. However, it had to be activated by KOH and steam activating agents, 

after which the desulphurization efficiency increased three times. 
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Fig. 6.3. Adsorption mechanism of DBT molecule on biochar 

 

6.3.1.1 Performance of biochar before activation 

Fig. 6.4 (a) shows the adsorption of DBT in model diesel fuel by biochar from different sources 

and when using different gasification reactors, before processing. The biochar was able to 

reduce the organo-sulphur molecule; however, the percentage removal was found to be very 

low when compared to COMAC, which was used as the reference standard. This could have 

been due to the very small BET surface area and total pore volume, as observed in Table 6.1 

of the textural analysis. The smaller surface area provided less area for electrostatic adsorption 

of DBT on the biochar. The diffusion of DBT molecules that occurred via physical attraction 

was limited to the tiny pores of biochar, because the molecule was too large to penetrate 

through the pores. Despite this, it was found that the unprocessed biochar could have adsorbed 
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some DBT molecules via heteroatoms of oxygen on the surface of biochar, as shown in Fig. 

6.3. The FTIR spectra in Fig. 6.5 (a) confirmed the presence of O-H, C=O, and C-O functional 

groups on the biochar at 3 441 cm-1, 1 662 cm-1 and 1 064 cm-1 respectively. The O-functional 

groups observed were attributed to phenols, lactose, carboxylic, carbonyls and quinols on the 

surface of the biochar. These functional groups could have interacted with the fused sulphur 

atom in a DBT molecule via hydrogen bonding to create exothermic adsorption. Other 

researchers [44],[56],[57] also found that the O-functional groups enhanced the adsorption of 

organo-pollutants. In addition, both the biochar and the DBT molecule possessed the benzene 

ring structure. Therefore, the C=C functional group observed at 1 541 cm-1 provided validation 

for the vibrational bend of the aromatic ring skeletons found in the biochar. It was this type of 

functional group that further contributed to the formation of a π-π complex between the biochar 

and the DBT molecule. The BET analysis for each individual biochar was found to be similar 

to that obtained by other researchers [19],[17],[32] who used different precursors for biochar 

production. The gasification reactor may have also contributed to this adsorption difference, at 

which the wood biochar from the down-draft gasifier (DG) had higher textural properties than 

the one from the plasma gasifier (PG). This could be attributed to the high energy ions from 

the plasma, which destroyed the surface of the material. So, it was found that the performance 

of gasification biochar on DBT adsorption, was in the order of AmSh-BC > ALGC-DGBC > 

Wood-DBGC > Wood-PGBC. 

 

 

Fig. 6.4. Desulphurization efficiency of biochar (a) before KOH, (b) after KOH and (c) after 

steam activation (Temp. 25 ℃, ads 10wt % (m/v), stirring 800 rpm) 
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6.3.1.2 Biochar after KOH processing 

The biochar processed by KOH showed an increase in surface area, despite it being 

impregnated for just 1 h of continuous stirring at room temperature, compared to the 

unprocessed biochar. The activation of carbon with KOH is described by Reactions 6.1 - 6.8 

[45],[47],[53],[55],[58]–[61]  

C + 4KOH ⇄ K2CO3 + K2O + 2H2…...…………………………………………Reaction 6.1 

K2CO3 + C ⇄ 2K + 2CO…..……………………………………………………Reaction 6.2 

K2O + C ⇄C-O-K + K …………………………………………………………Reaction 6.3 

C-O-K + H2O ⇄ C-O-H + KOH …….…………………………………………Reaction 6.4 

The K2CO3 that was formed in Reaction 6.1 was reduced by C to form K, CO, CO2 and H2. 

This resulted in the formation of more pores. The boiling point of potassium is 780 °C [47], 

however, the activation temperature used in this study was 800 °C. This resulted in Reactions 

6.5 & 6.6, and the K2O produced in Reaction 6.1 was further reduced by the hydrogen and 

carbon present in the system, to form potassium (K) metals. It was these K metals that further 

created more voids in the existing pores of biochar, and thus increased the porosity and the 

surface area of the gasification chars (Table 6.1 of the textural analysis). 

K2O + H2 ⇄ 2K + H2O…………………………………………………………..Reaction 6.5  

K2O + C ⇄ 2K + CO…………………………………………………………….Reaction 6.6 

In this study, the textural properties of KOH/BC were compared with the KOH/BC in literature 

[39],[45],[55]. These differences could have been due to the impregnation time and 

impregnation temperature applied. Luo J. soaked biochar with 1 L of 2M KOH for 4 h at 25 

°C, and found a BET surface area of 128.42 m2/g from 75.30 m2/g [39]. Garba A. produced 

AC by impregnating biochar with KOH at 70 °C and obtained a surface area of 305.1 m2/g 

from [45]. Arie et al. [55] . impregnated salacca peel biochar with 10 % KOH (1:2) for 20 h 

and recorded a surface area of 813 m2/g. In this study, the impregnation was done for just 1 h 

at room temperature, so as to save energy, and to see how active the biochar would be if it was 

slightly exposed to KOH.  
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Table 6.1 Textural analysis of biochar before KOH, after KOH and after steam activation 

 

The outcomes detailed in this section, may suggest that when the gasifier char was totally 

immersed in a highly-concentrated KOH, it was assumed that the film of KOH covered the 

external surface and the entire internal surface of the char for a complete reaction [53]. 

However, the process may not have been completed. In this work, the activation process was 

carried out under inert conditions; therefore, it may have been difficult for the surface pyrolysis 

to occur on the surface of the char. This could have then resulted in the surface structure of the 

carbon being partially activated. 

Fig. 6.4 (b) shows the improved adsorption efficiency of DBT in model diesel on biochar 

processed by KOH. These results are similar to the results of the study done by Saleh T.A.: he 

treated biochar with basic and acidic chemicals and found that the basic chemicals had a lower 

adsorption efficiency of DBT at optimal conditions than the acid-treated biochar [14]. As 

explained above, the O-functional groups also contributed to the adsorption of DBT in model 

diesel. Therefore, the FTIR spectra of KOH/BC showed similar functional groups as the raw 

biochar, except that the vibrational bends of OH, C=O, C-O and C=C shifted to a higher value 

wavenumber, as shown in Fig. 6.5 (b). This was because the KOH adds more of the O-

functional groups to the carbon. The activation process detailed above, also showed that the 

K2CO3 is one of the by-products seen during activation, which adds more C-O groups to the 

char. Hence the spectra showed more intense peaks and more shifting of the peaks. In addition, 

the KOH/BC spectra showed two strong bands between 3 700 cm-1 – 3 900 cm-1. This was 

attributed to the sp C-H band from the C-C triple bond of the alkynes and was confirmed by 

the vibrational bands at 2 376 cm-1 for C≡C function group on the surface [45],[62],[63]. 

To further understand the impact of KOH on the surface of biochar and its desulphurization, a 

protocol known as Boehm titration was proposed by Oickle et al. [64] and applied by other 

researchers [14],[19],[62]. This approach will be used in our next research study. This is to 

quantitatively determine the acidic groups (carboxylic, lactones, phenols and quinones) and the 
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basic groups (ethers, pyrone, and carbonyl). This technique will be incorporated into the TPD 

analysis.  

So, under KOH activation, the ADS efficiency was found to be in the order of Wood-DGBC-

KOH > Wood- PGBC-KOH > AmShBC-KOH > ALGC-DGBC-KOH. 

 

6.3.1.3 Biochar after steam processing 

The biochar was found to have more increased surface area after steam processing compared 

to KOH/BC and unprocessed char (except Wood- DGBC). This improvement was attributed 

to steam creating more micropores and widening the micropores already present to create 

mesopores. This phenomenon occurred because the steam removed trapped products from 

incomplete combustion during thermal treatment [37]. This then increased the surface area of 

the steamed biochar. Similar results were obtained by other researchers 

[42],[49],[50],[65],[66]. There was also increased desulphurization efficiency of DBT in model 

diesel on the steamed biochar, as shown in Fig. 6.4 (c) above. Furthermore, the presence of 

mesopores speeds up the movement of the DBT molecules to the micropores - hence more 

DBT was removed. Some researchers found similar results; that the presence of micropores 

and mesopores improved the adsorption of organo-sulphur compounds in diesel fuel 

[9],[13],[67]–[70]. Our previous work (chapter 4 and 5) confirmed that it is not only the 

porosity that contributes to the adsorption of organo-sulphur pollutants, but that even the 

heteroatoms, such as oxygen on the surface plays an important role. Therefore, analysis of the 

functional groups of steamed biochar was carried out, as shown in Fig. 6.5 (c) spectrum below. 

The FTIR spectra confirmed the presence of O-H, C=O, C-O and C=C functional groups, which 

were highly intense and had shifted to 3 459 cm-1, 1 624 cm-1, 1 054 cm-1 and 1 541 cm-1 

respectively, due to steam activation on biochar. The spectra also showed that there were no 

visible bands after 3 700 cm-1, compared to the BC and KOH/BC, except in ALGC-DGBC, 

which had a very weak peak at 2 330 cm-1.  

However, the steam could have contributed more to the acidic functional groups forming, 

which then made the steam-biochar more acidic, and further contributed to acid-base 

interaction with the DBT molecule, which is basic in nature. Shafeeyan et al. [71] showed the 

structure of activated carbon with basic and acidic functional groups. Some researchers 

[9],[11],[13] also stated that the organo-sulphur molecules are bound to favour the adsorption 
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on an acidic adsorbent, because of their basic nature . Therefore, the KOH activation could 

have increased the basic functional groups on biochar, and thus limiting acid-base interaction 

with the DBT molecules; hence KOH/BC had a lower desulphurization efficiency than 

steam/BC.  

Yang E. obtained 80 % and 62 % adsorption efficiency in 50 ppm DBT model diesel using 

modified bamboo biochar that was oxidized and un-oxidized [16]. This percentage removal 

was found to be higher than in this study (64 %). The major differences in desulphurization 

efficiency were attributed to the textural and structural properties of the adsorbent. In Yang’s  

study [13], ZnCl2 was used to process bamboo biochar at 500 °C; later the ZnCl2/Bamboo BC 

was modified with HNO3 at 700 °C before applying it for desulphurization. In our study, a one-

step process was used that required less energy, less chemicals (KOH) and a shorter production 

time, which means a more sustainable process when steam is utilized.  

Upon comparing, the individual performance of gasification char after steam activation, it was 

found that their desulphurization efficiency was in the order of AmSh-BC-ST > Wood-PGBC-

ST > Wood-DGBC-ST > ALGC-DGBC-ST. This might have been attributed to the higher pore 

volume of AmSh-BC-ST as seen in Table 6.1 above. 

 

 

Fig. 6.5. FTIR spectra of biochar (a) before (b) after KOH, and (c) after steam activation 

 

6.3.2 Microscopic analysis of gasification char 

The morphology of biochar before activation, after KOH activation, and after steam activation 

is shown in Fig. 6.6. All the biochar before processing biochar showed the presence of tiny 
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pores on the surface. These existing pores could have been due to gasification of the 

carbonaceous precursor, which removed the volatiles and thus left the carbon structure with 

micropores. Micropores are classified as ultra-micropores (≤ 0.7 nm) and super-micropores 

(0.7-2.0 nm). The KOH processed biochar is shown in Fig. 6.6 (e), (f), (g) and (h). It showed 

that some surfaces had cavities, whereas other surfaces did not have cavities. This could have 

been due to partial activation of biochar by KOH, which only occurred within 1 hr of 

impregnation time. This then confirms the results above; that even though there was improved 

surface area and porosity of KOH/BC compared to raw biochar (Table 6.1), when compared to 

some studies, the surface area was smaller. The steamed biochar showed a morphology with 

more pores of different sizes: micropores (≤ 2 nm), mesopores (2-50 nm) and macropores (˃50 

nm). There were also some particles on the surface on both the processed and unprocessed 

biochar. These particles were identified as potassium (K), sodium (Na), magnesium (Mg) and 

calcium (Ca) during the EDS analysis shown in Appendix C: Tables C1, C2, and C3. However, 

EDX is not a suitable technique for determining the actual amount of the elements identified. 

Therefore, the observed carbon (C) and oxygen (O) elements will be quantitatively analyzed 

using the CHNSO analyzer in the next part of the research.  

 

6.3.2.1 Morphology of biochar before activation 

When analyzing different biochar samples before activation, it was found that the amarula shell 

waste biochar (Fig. 6.6 (a) (i)) showed well-defined micropores with an oval pore shape on the 

surface (Fig. 6.6 (a) (iii)). Image (a)(IV) further showed that there was some roughness inside 

some of the pores. This could have limited the smooth diffusion of the DBT molecule inside 

the AmSh-BC, confirming the low adsorption efficiency seen in Fig. 6.4 (a). 

Fig. 6.6 (b) shows the morphology of wood biochar (wood-DGBC) from a down-draft gasifier. 

The micrograms shown in Fig. 6.6 (b) (i) and (ii) show the upper view with more micropores 

close to each other, and a cross-sectional area that had more particles on the surface, 

respectively. This explains why the Wood-DGBC had a higher BET surface area than the 

AmSh-BC in Table 6.1. Upon magnification, the micrograms in Fig. 6.6 (b) (iii) & (iv) showed 

irregular pores, with some clustering inside the pores and some of the clusters consisting of 

branch-like trees. The clusters inside the pores could also have inhibited complete diffusion of 

the DBT, even though this biochar had larger pore sizes, compared to AmSh-BC. The larger 
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pore size is indicated in Table 6.1; however, the adsorption efficiency of DBT was lower than 

that of AmSh-BC.  

After analyzing the wood biochar (Wood-PGBC) from the plasma gasifier (Fig. 6.6 (c)), it was 

found that the microgram showed various morphology, as shown in Fig. 6.6 (c) (i). The 

magnification of the first point in Fig.6.6 (c) (ii) showed the presence of irregular pores filled 

with lots of clusters that nearly filled the pores. This morphology is like that of wood biochar 

from the down-draft gasifier, except that it had less clustering inside the pores. The 

magnification of the second point of analysis in 6.6 (c) (iii) showed the presence of round pores 

on the biochar, with no clustering and a smooth surface. This morphology 6.6 (c) (iii) was 

found to be similar to the one obtained by Bardestani R. for steamed activated biochar using a 

mixture of spruce and pine wood [18]. Further magnification of the inside of the pores (image 

6.6 (c) (iv) revealed that the clusters exhibited more tiny pores, while the clusters in wood-

DGBC did not have any tiny pores. This difference in wood biochar morphology is attributed 

to the design of the gasification reactor and different pore sizes in this biochar may be due to 

super-micropores and ultra-micropores. 

These differences in the biochar structure were also attributed to the precursor that was used to 

produce the biochar. Some researchers also found different morphological properties in biochar 

products when using different precursors [17],[32],[72]. Wood DGBC and ALGC-DGBC were 

obtained from the downs-draft gasifier, but had different morphology traits, due to the feed-

stocks inlet. Similarly, Barrera-Zapata’s team [17] also used different wood types during 

gasification at 700 °C and found different pore morphology types. Furthermore, the design of 

a reactor for gasification also plays an important role in the properties of the product. This was 

confirmed when using wood biochar that showed different morphology traits when using a 

down-draft gasifier and a plasma gasifier. There is less literature that provides a comparison of 

biochar obtained from different gasification reactors. 

Why did the AmSh-BC have a higher desulphurization efficiency than the other biochar 

samples studied, yet it had lower textural properties? It may be that more adsorption of DBT 

was controlled by chemisorption because of the high number of dense O-functional groups on 

the surface. This was confirmed using an FTIR spectrum of AmSh-BC, which was quite 

different to the other gasification chars. On the other hand, it could have been that the other 

gasification biochar was more basic. Sun et al. [32] produced biochar from different feedstock 

samples and found that they have different PH values, which was more basic. Therefore, 
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AmSh-BC could have been slightly acidic, which then resulted in more DBT being removed 

due to acid-base interaction. 

 

6.3.2.2 Morphology of biochar after KOH activation 

The AmSh-KOH micrograms are shown in Fig. 6.6 (e). The image shows parallel pores that 

are semi-closed. These pores are not distributed on the entire surface. Therefore, this 

morphology confirms that there was partial activation of amarula shell waste biochar, due to 

minimum exposure of the KOH particles, as described above. No tiny pores were observed, 

despite the increased magnification. Based on this morphology, it can be concluded that the 

KOH agent created mesopores from the existing micropores that were observed in unprocessed 

AmSh-BC. The surface of AmSh-BC-KOH had more particles on the surface compared to raw 

biochar. This was attributed to the increased content of potassium elements (K) from the KOH 

agent, as confirmed by EDS analysis (Appendix C: Table C2).  

The Wood-DGBC-KOH microscopic analysis showed two different morphologies: (i) and (ii) 

in Fig. 6.6 (f). Image 6.6 (i) shows lots of particles on the surface, despite 5 times magnification 

in (iii), which signifies that some surfaces were difficult to activate under the given conditions. 

The other microgram (6.6 (ii)) showed lots of semi-closed pore that were parallel to each other 

and close to each other. The pores exhibited some tiny pores inside the bigger pores. This 

morphology shows that the Wood-DGBC-KOH had both mesopores and micropores. The 

micrograms also showed more particles on the surface compared to the unprocessed wood 

biochar from the down-draft gasifier. These particles were also identified as Mg and K elements 

in higher quantity by means of the EDS shown in the Appendix C: Tables C2 and C3, 

respectively. 

 

6.3.2.3 Morphology of biochar after steam activation 

Fig. 6.6 (i), (j), (k) and (l) shows the morphology of biochar after steam activation for AmSh-

BC, Wood-DGBC, Wood-PGBC and ALGC-DGBC, respectively. The overview in the 

microgram of AmSh-BC-ST shows lots of deep wide large pores at just x300 magnification. 

Upon further magnification - x5 000 and x10 000, it was found that there were also tiny pores 

of different sizes covering the entire surface. This confirmed that AmSh-BC-ST contained 
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various size micropores, mesopores and macropores, and that these mesopores and macropores 

helped to speed up the movement of DBT, resulting in high desulphurization efficiency, as 

confirmed above. Th(is again validates the higher surface area and the pore volume of 0.39 

cm3/g observed in textural properties of AmSh-BC-ST (Table 6.1).  

 

  

Fig. 6.6. Micrograms showing the morphology of biochar: before - (a), (b), (c) (d); after KOH 

- (e), (f), (g), (h); and after steam - (i), (j), (k), (l) activation at different magnifications 
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The Wood-DGBC-ST showed an overview image that had two different morphology types. 

The microgram in Fig. 6.6 (j) (i) showed the presence of irregular pores with some ring- worm 

like fibres inside the large pores at x5 000 magnification. Upon further magnification (x20 

000), it was found that these rings had a smooth surface with no extra pores, but with goose-

bumps. This morphology resembles that of activated meso-carbon microbeads on carbon 

nanotubes (AMCMB/CNT), and that of activated carbon beads loaded with carbon nanofibers 

and nickel (Ni/CNF/ACB) obtained in articles [58] and [70]. The other microgram shown in 

(j) (ii) showed an overview morphology of lots of sphere-like-balls at x5 000 magnification. 

Upon further magnification to x20 000, it was found that some of these balls possessed some 

cracks and micropores on the surface. This morphology was similar to that found in 

[58],[67],[70],[73].  

Wood-PGBC-ST is shown in microgram Fig. 6 (k) (i). It has lots of spherical balls and branch-

like trees at x5 000 magnification. This microgram was further analyzed for three different 

sport at x20 000 magnification. It was found that the micrograms in (k) (ii) and (iv) had tiny 

pores of different sizes on the surface of the spherical balls. The microgram in (k) (iii) also 

showed tiny pores on the branch-like trees. These pores covered the entire surface and could 

have been due to the ultra-micropores (≤0.7 nm) and super-micropores (0.7-2.0 nm) in the 

steamed biochar from the plasma gasifier. The bead-like or aerosol morphology in this steamed 

biochar was also seen in [58],[67],[70],[73]. This morphology explains why this wood biochar 

had a higher desulphurization efficiency of DBT in model diesel fuel than the one from the 

down-draft gasifier. It also confirms that for DBT adsorption, there were more super-

micropores in the material, which contributed more to the desulphurization efficiency of 

organo-sulphur compounds. Other researchers [67],[70] also proved a similar scenario; that the 

micropores allow more of the DBT adsorption. 

The overview of the ALGC-DGBC-ST microgram seen in Fig. 6.6 (l) (i) shows a flake-like 

morphology, and a smooth surface on a scapula-like morphology at x5 000 magnification. The 

scapula was further magnified to x10 000 and then to x20 000 in image (ii) and (iv) 

respectively. There were no observable pores. Upon magnification to x20 000 of another point 

in microgram (iii), it was found that there were some large pores and a few lines on the surface 

of some flakes. These lines signified that there is the potential for pore formation if the steam 

reside for a longer period of time. This confirms why the desulphurization efficiency of DBT 

in model diesel from this gasifier biochar was the lowest. The difficulty in activating algae-

coal biochar under the same conditions as with the other samples was that its precursor was 
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made up of algae biomass combined with coal fines. Some coal materials might be destructive, 

making it difficult to activate under mild conditions [74]–[76].  

6.4 Conclusions 

It was concluded that the use of biochar waste obtained during syngas production has the 

potential for use as an adsorbent for adsorptive desulphurization of diesel fuel. In addition, it 

was found that biochar obtained when using different gasification reactors possessed different 

morphology and structural properties, which confirmed that the type of gasifier reactor design 

has a major impact on the biochar type. Moreover, the properties of biochar were also found to 

be influenced by the type of feedstock. These properties had a major influence on their 

capabilities for desulphurization of DBT in model diesel fuel. Nevertheless, this gasifier 

biochar had to be processed in order to enhance porosity and O-functional groups for higher 

adsorption efficiency.  

It was concluded that: (1) for steam activation the AmSh-BC performed better than the wood-

PGBC, Wood-DGBC and ALGC-DGBC in terms of desulphurization of DBT in model diesel 

fuel, irrespective of any processing approach; (2) for KOH activation, the Wood-DGBC had 

better desulphurization capacity than the other three BCs. It was further concluded that the use 

of steam activation with biochar improved the desulphurization efficiency significantly 

compared to KOH activation of Wood-PGBC and AmSh-BC. This was because these two 

steamed/BCs had better textural and structural surface properties than the KOH biochar. This 

was revealed by BET and FTIR analysis, respectively. 

It was also concluded that the KOH/BC showed improved activity on DBT in model diesel 

fuel, even though the preparation of the adsorbent involved exposure of biochar with a chemical 

for just 1 h. Therefore, longer impregnation time and a higher temperature during adsorbent 

preparation may be required for improved performance of KOH/BC on DBT adsorption. 

Microscopic analysis (SEM) confirmed the presence of various micropores on biochar, except 

in algae-coal biochar. The micrograms further showed improved porosity after using KOH and 

steam as activating agents on gasifier biochar. However, it was found that wood biochar had 

more than one morphology compared to ALGC-DGBC and AmSh-BC. This confirmed that 

some feedstock can possess more than one morphology under the same processing conditions.  

Finally, it was concluded that the amarula shell waste biochar performed better than the wood-

PGBC, Wood-DGBC and ALGC-DGBC in terms of desulphurization of DBT in model diesel 
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fuel, irrespective of any processing approach. It was generally found that KOH produced 

processed biochar that is more microporous, whereas steam produced micro porosity, 

mesopores and macropores in the processed biochar. Despite this, the outcomes of the research 

provided valuable information for designing a small-scale plant for adsorptive desulphurization 

of diesel fuel. 
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Chapter 7 

 

General Conclusion 

It was concluded that, in general, the unprocessed amarula waste biomass from the production 

of Amarula liqueur, was able to reduce the sulphur content in diesel fuel. This was because of 

the active functional groups present in large quantities in the biomass, as confirmed by FTIR 

analysis. It was also found that the crystallinity of the biomass also contributed to improved 

absorptivity of DBT. This was confirmed by XRD analysis. The amarula shell waste biomass 

had the highest adsorption capacity of DBT and a higher crystallinity than the amarula seed 

and fruit waste biomass samples. The TEM and EDX analysis confirmed the presence of 

sulphur on the surface of the biomass after adsorption; this was not seen on the amarula waste 

biomass before adsorption. Although the textural analysis showed the presence of micro 

porosity, which limited the adsorption of DBT, it was found that the entire adsorption process 

was controlled by the chemisorption process. 

The thermally processed amarula waste biomass was found to improve the desulphurization 

efficiency significantly. This was because heat treatment removed all the volatiles on the 

surface of the biomass, which resulted in the microporosity. Steam processing also further 

widened the micro porosity and formed the mesoporosity. Microscopic analysis confirmed the 

presence of macropores, mesopores and micropores. Therefore, it was concluded that the 

adsorption of DBT by processed amarula waste was controlled by the speed of diffusion to the 

pores, which resulted in the highest absorptivity. FTIR analysis showed the reduced content of 

O-functional groups due to thermal cracking - hence chemisorption limited the adsorption 

process of DBT with processed amarula waste. It was found that the processed amarula shells 

waste to activated carbons had a higher adsorption capacity than the processed amarula seed 

and fruit waste activated carbons. 

Gasification biochar was also found to be a potential adsorbent for reducing sulphur content in 

diesel fuel. The performance effect on desulphurization of diesel fuel was compared to that of 

amarula shells waste biochar. It was found that the amarula shells waste biochar performed 

better than gasification char from plasma and down draft gasifiers. It was concluded that, 

besides the raw material, the reactor design for a gasifier contributed to different properties of 
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biochar, which resulted in different levels of absorptivity of organo-sulphur compounds in 

diesel fuel. It was further found that the gasification biochar that was processed by KOH to 

activated carbon improved the surface area and the porosity of the biochar by two-fold. This 

was found to improve the desulphurization efficiency of diesel fuel. It was also found that the 

gasification biochar of Wood-PGBC and the AmShBC that was processed by steam improved 

the adsorptive desulphurization efficiency significantly, owing to the various pore sizes which 

were able to adsorb the large toxic molecule. The processed amarula shell waste biochar was 

found to perform better than the processed gasification biochar, irrespective of the activation 

agent type. 

It was generally concluded that this study was able to deep desulphurize diesel fuel using 

processed and unprocessed amarula waste as low-cost adsorbents. Therefore, a possible process 

for mitigating land-pollution and for waste management was achieved by utilizing amarula 

waste biomass that was polluting the environment from the waste of Amarula liqueur 

production. Furthermore, sustainable, and efficient processes for converting amarula waste 

biomass to activated carbons was achieved through steam activation, which is a sustainable 

and environmentally friendly activating process. In addition, the desulphurization of diesel fuel 

was carried out at room temperature, which is a sustainable approach that saves on energy 

consumption.  

The content of toxic organo-sulphur compounds in diesel fuel was reduced using sustainable 

processes. This in later stage will overcame the issue of air pollution and thus mitigate the 

climate change issues. On that note, it was concluded that the study provided valuable data to 

design a small-scale desulphurization plant for purifying diesel fuel.  

 

 

 

 



174 

 

Appendix A / Supplementary data 
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Appendix A: Table A1 Peak temperatures from DTG of Amarula wastes biomass under 

Nitrogen atmosphere 

 

 

 

  

Biomass 

Type Before After Before After Before After Before After Before After Before After

Raw AmSh 53 49 205 - 311 316 356 355 416 434 82 80,4

Raw AmSe 43 37 192 - 313 316 357 355 431 433 81,3 80,8

Raw AmWa 40 35 219 - 317 312 349 349 384 404 77,5 72,5

Peak temperature (◦C) under N2 Atmosphere
Total masss loss %

Moisture Llight volatiles Hemicellulose Cellulose Lignin
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Appendix A: Table A2 Peak temperatures from DTG of Amarula wastes biomass under Air 

conditions 

 

 

 

 

Appendix A: Fig. A1. Calibration curves for external method of analysis of 

Dibenzothiophene 

 

 

Appendix A: Table A3 Adsorption efficiencies or effect of adsorption time on Amarula 

wastes biomass 

 

 

Biomass 

Type Before After Before After Before After Before After Before After Before After

Raw AmSh 44 43 - - 321 - 334 490 425 716 90,3 81,9

Raw AmSe 39 28 298 315 320 327 339 392 425 410 91,4 97,2

Raw AmWa 54 30,3 298 256 321 323 328 417 413 451 97 95,9

Peak temperature (◦C) under Air Atmosphere
Total masss loss %

Moisture Llight volatiles Hemicellulose Cellulose Lignin

Adsorption 

 temp (°C) Raw AmSh Raw AmSe Raw AmWa

20 17,5 9,3 8,1

25 30,3 19,1 9,5

35 14,8 11,1 11,7

45 14,7 6,9 9,6

55 8,9 13,7 11,9

Adsorption efficiency %
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Appendix A: Table A4 Parameters of kinetic models for the effect of temperature on 

Amarula shells wastes biomass 

 

 

 

Appendix A: Table A5 Amarula Seeds Wastes Biomass-Kinetic parameters for the effect of 

adsorption temperature 

 

 

 

Appendix A: Table A6 Amarula Fruit wastes biomass: Kinetic parameters for the effect of 

adsorption temperature 

 

 

Adsorption

temp °C qe calc K1 R 2 qe calc K2 R 2 qe calc Ki C R 2

20 0,01 -0,01157 0,1373 0,16 1088,5539 0,9963 0,19 0,0011 0,09 0,3709 0,161

25 0,06 -0,0093 0,2051 0,28 256,92354 0,9956 0,32 0,0019 0,15 0,399 0,278

35 0,01 -0,015 0,2558 0,14 1213,8907 0,9968 0,16 0,0008 0,08 0,272 0,136

45 0,05 -0,0176 0,5355 0,14 3426,2618 0,9869 0,16 0,0011 0,06 0,5413 0,134

55 0,02 -0,0209 0,5028 0,09 13182,74 0,976 0,10 0,0007 0,04 0,4924 0,081

Pseudo 2nd order Intra particle diffusionPseudo 1st order

Constants and Correlation values of kinetic models for effect of temp - Raw AmSh

qe exp

Adsorption

temp °C qe calc K1 R 2 qe calc K2 R 2 qe calc Ki C R 2

20 0,02 -0,0131 0,1293 0,08 11,986 0,9922 0,10 0,0004 0,06 0,1258 0,08507

25 0,03 -0,0184 0,3693 0,18 5,5747 0,9983 0,20 0,0012 0,09 0,3596 0,175208

35 0,02 -0,0134 0,2589 0,10 9,6241 0,9879 0,11 0,0007 0,05 0,4459 0,101813

45 0,02 -0,0134 0,2589 0,10 9,6241 0,9971 0,11 0,0007 0,05 0,4459 0,101813

55 0,04 -0,0113 0,2651 0,13 7,5783 0,9846 0,15 0,0011 0,05 0,4768 0,125958

Constants and Correlation values of kinetic models for effect of temp - Raw AmSe

Pseudo 1st order Pseudo 2nd order Intra particle diffusion
qe exp

Adsorption

temp °C qe calc K1 R 2 qe calc K2 R 2 qe calc Ki C R 2

20 0,01 -0,0192 0,5215 0,07 16306,49 0,9736 0,08 0,0004 0,04 0,2843 0,07

25 0,20 -0,0128 0,3856 0,09 1798,6866 0,9876 0,11 0,0006 0,06 0,233 0,09

35 0,16 -0,0148 0,261 0,11 3611,8021 0,997 0,13 0,0008 0,06 0,4009 0,11

45 0,02 -0,0211 0,2684 0,09 7541,9057 0,9937 0,10 0,0006 0,05 0,3816 0,09

55 0,24 -0,0116 0,2991 0,12 6310,0229 0,8727 0,14 0,0008 0,07 0,1895 0,11

Constants and Correlation values of kinetic models for effect of temp - Raw AmWa

Pseudo 1st order Pseudo 2nd order Intra particle diffusion
qe exp
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Appendix A: Fig. A2. Van Hoff plot on Amarula wastes biomass 

 



178 

 

Appendix B /Supplementary data 
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Appendix B: Fig. B1. Market size of Activated Carbon [90] 

 

 

 

Appendix B: Fig. B2. TGA/DTG of Amarula wastes biochar 
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Appendix B: Fig. B3. Morphology of Amarula wastes Biochar 

 

 

Appendix B: Fig. B4. TEM image of Amarula shells biochar 
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Appendix B: Fig. B5. FTIR spectra of processed and unprocessed Amarula wastes 
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Appendix B: Fig. B6. Effect of steam residence time on C-O group of Amarula shells wastes 

activated carbons 

 

 

Appendix B: Fig. B7. Effect of Residence time on AC in the application of Desulphurization 

of model diesel fuel 



 

183 

 

 

Appendix B: Table B1 Aromaticity from Areas of Aromatic(Ar) and Aliphatic(Al) carbons 

in the Amarula wastes ACs 

 

 

Appendix B: Table 2 BET analysis of Amarula wastes Biochar 

 

 

Appendix B Table B3 Adsorption efficiency % of Amarula wastes Activated with 

adsorption time 

 

 

Appendix B: Table B4 Effect of steam residence time during production of AmShAC in the 

application of desulphurization of model diesel 

AC type Aromaticity (fa)

AmShAC-ST 0,93

AmSeAC-ST 0,55

AmWaAC-ST 0,08

BET-S-Area Pore Size Pore Volume 

 (m
2
/g)   (Å)  (cm

3
/g)

AmSh-B 19,69 43,31 0,021

AmSe-B 37,96 37,48 0,035

AmWa-B 28,8 40,37 0,029

AmShAC-ST 13 28 50 55 64

AmSeAC-ST 17 19 24 27 31

AmWaAC-ST 5 21 31 42 52

Ads Type 
30 min  60 min 90 min 180 min

Ads Eff iciency %  @ 25◦C

10min 
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Appendix B: Table B5 Adsorption capacity of processed Amarula wastes 

 

 

 

AmShAC-ST-30 30 44 53 64

AmShAC-ST-45 28 50 55 65

AmShAC-ST-75 40 60 63 68

AmShAC-ST-90 52 64 68 73

Effect of Seam Ads Eff iciency %  @ 25◦C

Residence Time (min) 30 min  60 min 90 min 180 min

AmWaAC-ST-45min 0,120 0,279 0,369 0,473

AmSeAC-ST-45min 0,099 0,123 0,137 0,160

AmShAC-ST-30min 0,274 0,398 0,479 0,584

AmShAC-ST-45min 0,260 0,459 0,503 0,594

AmShAC-ST-75min 0,362 0,547 0,578 0,623

AmShAC-ST-90min 0,475 0,582 0,628 0,670

Adsorption capacity qt (mg/g)

Ads type 30 min 60 min 90 min 180 min
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Appendix C /Supplementary data 

 

Gasification Biochar as Potential adsorbent In Adsorptive 

Desulphurization of Diesel Fuel 
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Appendix C: Table C1 EDX analysis of Biochar before activation 

 

  

element element element element 

wt % wt % wt % wt %

C 94,9 96,6 71,3 84,2 67 86,9 - -

O 3,9 3 12,7 11,3 7,5 7,3 - -

Na - - - - - - - -

K 0,8 0,3 4 1,6 3,7 1,5 - -

Mg - - 0,5 0,3 0,5 0,3 - -

Ca - - 6,2 2,2 7,6 3 - -

Si 0,4 0,2 - - - - - -

ALGC-DGBC

Atom %

Before activation-EDX analysis of Gassification chars

Elements

Amsh-BC Wood-DGBC Wood PGBC

Atom % Atom % Atom %

mailto:yaoy@unisa.ac.za*
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Appendix C: Table C2 EDX analysis of biochar after KOH activation 

 

 

Appendix C: Table C3 EDX analysis of biochar after steam activation 

 

 

element element element element 

wt % wt % wt % wt %

C 78,4 97 68 86,2 - - - -

O 0,8 0,7 3,5 3,3 - - - -

Na - - - - - - - -

K 0,9 0,4 1,7 0,7 - - - -

Mg 0,3 0,2 7,7 8,4 - - - -

Ca 1 0,4 - - - - - -

Si - - - - - - - -

After KOH activation-EDX analysis of Gassification chars

Elements

Amsh-BC Wood-DGBC Wood PGBC ALGC-DGBC

Atom % Atom % Atom % Atom %

element element element element 

wt % wt % wt % wt %

C 78,4 97 70,7 90,2 58,8 78,4 68,3 84,1

O 0,8 0,7 5,3 5,1 14 14 10,5 9,7

Na - - - - - 0,5 0,3

K 0,9 0,4 2,2 0,9 1,3 0,5 - -

Mg 0,3 0,2 0,4 0,3 1,4 0,9 - -

Ca 1 0,4 6,4 2,4 13,2 5,3 1,6 0,6

Si - - - - - - 4,7 2,5

Al - - - - - - 3,3 1,8

After Steam activation-EDX analysis of Gassification chars

Elements

Amsh-BC Wood-DGBC Wood PGBC ALGC-DGBC

Atom % Atom % Atom % Atom %
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Appendix D / Supplementary data 

 

Commercial activated carbon (Com-AC) was used as 

Reference Standard Material (RSM) to determine some 

parameters effects on ADS of ≈ 100ppm DBT model diesel 

fuel 

 

 

 

 

Appendix D Fig. D1. Effect of adsorption time of DBT model diesel fuel on ComAC: 10wt 

% ads dosage, 25 ⁰C ads temp, 800 rpm stirring, 1 444 min ads time and 1-2 mm size particle 

size of ComAC 
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Appendix D: Fig. D2. Effect of particle size of DBT model diesel fuel on Com-AC: 10wt % 

ads dosage, 25 ⁰C ads temp, 800 rpm stirring and 90 min ads time 
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Appendix D: Fig. D3. Effect of adsorption temperature of DBT model diesel fuel on Com-

AC:10wt % ads dosage, 800 rpm stirring 180 min ads time, and 1-2 mm particle size of 

ComAC 
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Appendix D: Fig. D4. Effect of adsorbent dosage on DBT model diesel fuel on ComAC: 25 

⁰C ads temp, 800 rpm stirring 180 min ads time and 1-2 mm size particle size of ComAC 


