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iii. Abstract 

The utilization of waste materials as precursors for generating low-cost and effective 

carbonaceous materials, which can be used on a large scale, is very attractive and 

would help to solve the issues associated with waste disposal. In this work, scrap tyre, 

municipal solid waste in the form of refuse derived fuel (RDF) and date stones were 

selected for char and activated carbon production. The produced carbons were 

investigated as valuable adsorbent materials for control of (i) a problematic industrial 

nitric oxide (NO) gaseous pollutant or alternatively (ii) as a low-cost catalyst for tar 

cracking in relation to cleaning up the syngas produced from the gasification of 

biomass. The investigated carbonaceous materials were prepared using a fixed bed 

reactor.  

(i) The use of waste derived activated carbons as an adsorbent for NO removal under 

different test conditions at a low temperature of 50 ºC was investigated using a fixed 

bed reactor. The activated carbons were synthesized through carbonisation of the 

precursor at a temperature of 600 ºC, followed by subsequent physical activation with 

steam at 900 ºC. The NO removal efficiency of the waste-derived activated carbons 

was compared with different commercial carbons with varied porous texture and 

surface chemistry. Date stones activated carbon exhibited the highest NO removal 

efficiency of 40%, whereas a lower NO removal efficiency of 23% and 21% was 

obtained with RDF and tyre activated carbons respectively at 120 minutes time on 

stream. Commercially produced activated carbons had NO removal efficiencies of 

between 40% and 60%. The lower NO sorption of waste tyre and RDF activated 

carbons compared to those of commercial activated carbons or date stones was 

because of the difference in porous texture. Considering the Kinetic diameter of NO 

is 0.317 nm, effective adsorbents should exhibit a large volume of micropores. It was 

shown that the pores of the commercial activated carbons and date stones are mostly 

located in the micropore range of 1-2 nm (micropores), whereas RDF and waste tyre 

derived activated carbons have a much greater number of pores with diameters in the 

range of 2-10 nm (mesopores). Chemical activation can greatly alter the pore size and 

characteristics of the produced carbon. Therefore, surface modification of waste tyre 

was investigated via chemical activation to develop the porous texture and thereby 

enhance the NO adsorption capacity of tyre derived activated carbon. Thus, the 

influence of chemical activation of the waste tyre with KOH, K2CO3, NaOH and 

Na2CO3 on porosity development and the corresponding NO adsorption was 

investigated. It was shown that the activation of waste tyre with KOH favored the 

production of activated carbon with high micropore volume, which has been 

considered a key feature affecting NO adsorption at low temperature. Therefore, waste 

tyre activated with KOH at a char: KOH ratio of 1:3, with a total micropore volume 

of 0.437 cm3 g-1 and surface area of 621 m2 g-1 gave the highest NO adsorption capacity 
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(17.23 mg g-1), which was double that of the physically activated tyre derived activated 

carbon. The results obtained in this study have shown that the adsorption capacity of 

carbonaceous sorbents relies greatly on the porous texture, in particular, the micropore 

structure of the carbon, as well as on the method of activation, but to a lesser extent 

on the BET surface area and acid-base surface groups on the carbon surface.    

(ii) Char materials derived from the pyrolysis of scrap tyre, RDF and date stones were 

also investigated in term of their use as a catalyst for the catalytic cracking of biomass 

pyrolysis gases during the two-stage pyrolysis/gasification of biomass. Biomass was 

used to generate a range of hydrocarbon gases typically found in biomass gasification 

tars through the pyrolysis of biomass. Among the investigated chars for bio-oil/tar 

decomposition, at a char cracking temperature of 800 ºC, tyre-derived pyrolysis char 

presented the highest activity resulting in a 70% reduction in bio-oil/tar yield 

compared to the non-char catalytic experiments. The results suggest that tar 

decomposition by char materials is mainly ascribed to the catalytic conversion of tar 

species, as the decrease of the hydrocarbon tar yields was accompanied with a 

consequent increase in total gas yield. Analysis of the tar composition showed the 

presence of naphthalene, fluorene and phenanthrene as the major polyaromatic 

hydrocarbon (PAH) components at the higher cracking temperature. To understand 

the tar decomposition mechanism and to further investigate the influence of porous 

texture and oxygen functional groups of char on tar decomposition process, the 

catalytic cracking of tar model (furfural, phenol, toluene, methylnaphthalene) over 

tyre char was investigated. The most reactive compound was furfural, followed by 

phenol and toluene, whereas methylnaphthalene presented the lowest reactivity. The 

results also indicated that both the porous texture and the oxygen functional groups of 

the carbonaceous materials had a marginal effect on tar decomposition. Additionally, 

tyre char was used as a sacrificial catalyst for the reforming/gasification of tars from 

the gasification of biomass to produce a hydrogen-rich syngas and also to contribute 

to the yield of biomass syngas through tyre char gasification reactions. The influence 

of tyre ash metals, catalyst bed temperature, steam to biomass ratio and reaction time 

were investigated. The metallic mineral content of tyre char has been shown to 

contribute significantly to the tar degradation. The maximum H2 content of the product 

syngas of 56 vol.% was obtained at a reforming temperature of 900 ºC and with steam 

to biomass ratio of 6 g g-1. Tyre char was also subjected to steam gasification during 

the process, whereby the tyre pyrolysis char catalyst is sacrificed to produce hydrogen 

and carbon monoxide to enhance the yield of the syngas.   

Overall, this research work shows that waste derived carbonaceous materials are low-

cost promising adsorbents for NO control and tar removal from the syngas produced 

from biomass gasification. 
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1. CHAPTER 1.   INTRODUCTION 

1.1 World Energy Consumption and Waste Generation 

Energy consumption and waste generation are expected to increase worldwide as a 

result of growths in population and industrialization [1]. As can be seen in Figure 1.1-

1 (a), total worldwide energy demand is expected to be about 25% higher in 2040 

compared to the energy consumption in 2014, and fossil fuels will still continue to 

dominate the global energy use. The major source of energy comes from fossil fuels 

and accounts for 85% of total energy use and where oil remains the world's largest 

source of energy [2]. However, to mitigate environmental issues associated with fossil 

fuel use, another sustainable source of energy is needed. As presented in Figure 1.1-1 

(b), a marginal change (0.3%) is expected with the energy provided by biomass/wastes 

[2]. In addition, global municipal solid waste generation is estimated to double by 

2025. The current global generation rate is 1.3 billion tonnes per year and is likely to 

be around 2.2 billion tonnes in 2025, with landfills remaining the most widely used 

disposal option [3].  

Developing value-added products derived from waste materials is a promising route 

to solve the environmental issues associated with increasing amounts of waste being 

landfilled [4]. Furthermore, energy and waste management issues have become a 

matter of global concern. Therefore, managing the waste in a sustainable way and 

developing waste to energy facilities would help to solve both issues. Recovering 

energy from waste is performed through thermal treatment processes such as 

gasification, incineration and pyrolysis.  
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Figure 1.1-1. (a) World energy demand and (b) energy sources [2]. 

   *1 quadrillion BTUs = 1.05 ×1018. 
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1.2 Energy Recovery from Waste 

Waste is considered as an unavoidable by-product of human activity [5], however, it 

can be regarded as a resource of valuable products [6]. Waste could have an important 

role in both meeting the rising demand for energy and in mitigating the environmental 

pollution caused by waste management practices such as landfills. Therefore, waste to 

energy technologies offer various environmental benefits such as; offsetting the use of 

fossil fuels for energy production thereby reducing CO2 emissions, reducing the 

overall waste quantities requiring final disposal in landfills, providing a safe and 

economical option for wastes that have significant disposal issues and avoiding 

methane emissions from landfill [7]. The main available technologies for converting 

waste to energy are thermochemical, biochemical and physicochemical.  

In thermochemical conversion processes, the organic matter is decomposed thermally 

to produce fuel oil, syngas or heat energy, through pyrolysis, gasification or 

incineration respectively.  

1.3 Thermochemical Conversion Process 

The possible options for converting waste into useful products are displayed in Figure 

1.3-1 [8]. Different ranges of products are generated depending on the process. For 

example, both gasification and pyrolysis are used to convert the waste to secondary 

products (liquid, gas and solid) that undergo further processing to generate energy in 

the form of heat and/or electricity, while in incineration the energetic value of waste 

is recovered directly [9-10].  
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Figure 1.3-1. Thermochemical conversion processes [8]. 

The main difference between the incineration, gasification and pyrolysis, is the 

amount of air that is supplied to thermal reactors as presented in Figure 1.3-2 [11].  

 

Figure 1.3-2. The difference between the incineration, gasification and pyrolysis 

conversion processes. 

1.3.1 Incineration 

Incineration is the oxidation of the combustible materials contained in the waste [9]. 

Incineration is used as a waste treatment option to reduce the volume and the hazard 

of waste [12]. Incineration allows the reduction of about 90 wt.% of the total volume 
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of waste to generate heat, water vapour, CO2, N2 and O2, and depending on the waste 

composition, other emissions may be formed such as CO, HF, HCl, NOx, SO2, dioxins 

and furans, heavy metals and others [9, 13]. Incineration can be applied to a wide range 

of wastes such as municipal solid wastes (MSW) (not-pre-treated), refuse derived fuels 

(RDF), hazardous wastes, clinical wastes and sewage sludge [12]. Additionally, 

incineration allows the recovery of much of the energy bound in the waste in the form 

of electricity or heat [14]. Generally, 1 tonne of waste generates about 400-700 kWh 

of electricity and about 1205 kWh as heat. One tonne of MSW requires about 4000-

4500 m3 of air to be fully oxidized. The main products are 300 kg bottom ash (25-30 

% of the solid waste input), 30 kg air pollution control (APC) residues and flue gas 

volumes of about 4500-6000 Nm3 are generated [11]. The flue gas should contain low 

level of pollutants as stated by the EC Industrial Emissions Directive (2010) as also 

set out in the EC Waste Incineration Directive (2000). The concentration of MSW 

incineration flue gas components and final emission limits set by the European 

Commission in the Industrial Emissions Directive 2010, Waste Incineration Directive 

2000 [15], are displayed in Table 1.3-1; 

Table 1.3-1. The concentration of pollutants in MSW incineration flue gas and 

Emission limits set by the European Commission.  

Pollutant Concentration in raw gas (mg m-3) 

(Basis: 6500 m3/t waste, 11% 

O2)[16] 

Emission limit (mg m-3) 

(dry, 273K, 101.3 KPa) 

[14] 

Dust 1000-5000 10 

HCl 500-2000 10 

SO2 150-400 50 

NOx as NO2 250-450 200 

CO 10-30 50 

Hg 0.1-0.5 0.05 

PCDD/F 0.5-5.0 0.1 
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1.3.2 Pyrolysis 

Pyrolysis is the thermal degradation of waste in the absence of oxygen to produce gas, 

liquid (tars and oils) and char consisting of carbon [17]. Yields of pyrolysis products 

depend on the pyrolysis operating conditions such as heating rates, residence time and 

pyrolysis temperature. These conditions can be optimised to obtain the required final 

product. Based on the heating rate and pyrolysis temperature, pyrolysis is categorised 

into slow, fast and flash processes. Slow pyrolysis is conducted at temperatures of 

400-800 ºC with  heating rates of 10-80 ºC min-1, while fast pyrolysis is carried out at 

temperatures of about 500 ºC with  relatively high heating rates of > 100 ºC s-1 [18]. 

Various feedstocks have been investigated including biomass, RDF, plastics and tyres. 

Products yields obtained from the conventional pyrolysis of these materials are 

summarized in Table 1.3-2 

Table 1.3-2. Pyrolysis products from different waste material 

 

Char product yields depends on the pyrolysis conditions. For example, slow pyrolysis 

of tyre produces a char of about 40-50 wt.%, while the pyrolysis of MSW produces 

about 33-50 wt.% [22]. Char can be recovered and used as low-value adsorbent or 

upgraded to activated carbon [22]. The pyrolysis gas composition depends on the type 

of waste material. Both MSW and biomass waste have a high oxygen content, thus the 

main pyrolysis gases are carbon monoxide and carbon dioxide. In contrast, as tyres 

have low content of oxygenated compounds, pyrolysis of tyres yields high 

concentrations of hydrogen, methane and hydrocarbon gases [22]. Pyrolysis gas could 

be used to power turbines and engines for electricity generation.  

Raw material Temperature 

(̊C) 

Pyrolysis type Gas 

(wt.%) 

Oil 

(wt.%) 

Char 

(wt.%) 

Ref 

RDF 600 Moderate 20.0 49.0 35.0 [19] 

Tyres 600 Moderate 5.8 54.0 40.2 [20] 

Biomass (wood) 600 Moderate 27.0 50.4 22.6 [21] 
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1.3.3 Gasification 

Gasification is a process that converts the carbonaceous materials into combustible 

gas called synthesis gas at a quite high temperature (>600 ºC) and with the presence 

of steam, oxygen, air or mixtures of these [23]. Oxygen or steam gasification leads to 

a gas product with a medium heating value (10-18 MJ m-3), while gasification with air 

produces a gas with a low heating value (4-7 MJ m-3) [9, 22]. Steam is the most 

commonly used gasification agent and can produce a combustible gas with high 

hydrogen content [17]. The gas composition produced from biomass gasification as a 

function of the type of gasifying agent is presented in Table 1.3-3 [24]. As shown in 

Table 1.3-3, the synthesis gas obtained with the use of steam has a higher hydrogen 

content, compared to the other gasifying agents.  

Table 1.3-3. Composition of gaseous species from biomass gasification. 

 

Gasifying 

agent 

Temperature 

range (̊C) 

Gas product (vol.%) 

H2 CO2 CO CH4 C2-C6 H2O 

Steam+ O2 785-830 14-32 14-36 43-52 6-8 3-4 38-61 

Steam 750-780 38-56 13-17 17-32 7-12 2 52-60 

Air 780-830 5-16 9-19 10-22 2-6 0-3 11-34 

Various raw materials can be used in the gasification process such as biomass, 

agricultural waste, sewage sludge, petroleum based materials and coal [25]. However, 

for an efficient gasification process and with a high conversion efficiency and minimal 

tar formation, a pre-treatment step is required for certain types of waste in order to 

obtain a homogenous carbon-based material. A gasification system consists mainly of 

a gasifier, which is used to produce the combustible gas, a gas cleaning system to clean 

the syngas and remove the harmful components before the application of the gas and 

an energy recovery system [9, 17].  

The most frequently used gasification reactors are fixed bed, fluidized bed and 

entrained flow gasifiers [9, 26]. Fixed bed gasifiers can be classified as downdraft, 

cross-flow or updraft. Depending on the fluidization pattern, fluidized beds can also 
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be further classified into bubbling and circulating fluidized bed gasifiers. During 

gasification, the feedstock undergoes several stages (Figure 1.3-3) and these begin 

with drying to evaporate the moisture contents of the feedstock at a temperature of 

about 150 ºC, followed by pyrolysis where light hydrocarbons, CO, CO2, char and tar 

are produced in the absence of oxygen. Evaporation is followed by an oxidation stage 

in which carbon content of the feedstock are reacted with oxygen, and finally, a 

reduction stage in which syngas is produced through several endothermic reactions 

[22, 26]. 

 

 

Figure 1.3-3. Main processes during biomass gasification [27]. 

The main product of gasification is syngas which consists mainly of carbon monoxide 

and hydrogen (about 85 volume percent) and smaller quantities of methane and carbon 

dioxide [28]. The most common syngas applications are shown in Figure 1.3-4. 

Syngas can be used to generate electricity or to produce heat or it can be further 

processed to produce hydrogen by the water gas-shift reaction, synthesis fuels by the 

Fisher-Tropsch process, ethanol by fermentation and methanol by methanol synthesis 

which can be further processed to produce other chemicals and fuels such as olefins, 

gasoline, formaldehyde and dimethyl ether [29].  
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Figure 1.3-4. Production of fuels and chemicals from syngas [29]. 

Gasification is a promising process, which could play a significant role in solving the 

issues associated with waste accumulation and greenhouse gas emissions. However, 

one of the main issues associated with gasification is tar formation in the syngas. Tars 

can condense in the process equipment-causing blockage of pipelines and downstream 

syngas utilisation systems such as engine and turbine fuel lines and injector nozzles.  

1.4 Wastes as sources for higher value carbon products 

An increasing degree of importance is currently given to the conversion of wastes to 

useful products. Pyrolysis and gasification both have the potential to yield valuable 

products which can be used in various applications. For instance, carbonaceous 

materials (including char and activated carbon materials) can play a vital role in 

addressing several environmental issues [30]. The use of wastes as raw materials for 

production of low-cost adsorbents is an attractive pathway to minimize the amount of 

wastes. It will also decrease costs of waste disposal. Waste-derived carbons offer low 

cost alternatives to commercial activated carbons and have been used in wide 

applications such as adsorption of heavy metals and organic pollutants [31-32], tar 

cracking [33-34] and gas pollutants removal [35-36]. 

In this project, three different waste materials were selected for char and activated 

carbon production to be investigated as valuable adsorbent materials for control of a 
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NOx, a problematic gaseous pollutant from industries, or alternatively as a low-cost 

catalyst for the removal of tar during biomass gasification process.  

1.4.1 Refuse Derived Fuel (RDF) 

Recently, the global MSW generation level has increased significantly, and it is 

expected to be 2.2 billion tonnes by 2025 [37]. Typically, municipal solid wastes 

(MSW) are composed of paper, food, wood, cotton, plastic, glass, and various 

inorganic wastes from industrial, commercial and residential sources. According to 

the data reported by the World Bank, worldwide composition of MSW is presented in 

Figure 1.4-1 [37].   

 
 

Figure 1.4-1. Global municipal solid waste composition [37]. 

While MSW is a heterogeneous waste, which has not been sorted and shredded, RDF 

represents the municipal solid waste with the elimination of recyclable materials such 

as metals and glass. As such, RDF is a more homogenous fraction of MSW. The main 

steps involved in the production of RDF are bag splitting, size screening, magnetic 

separation and coarse shredding and finally a refining separation stage [38].  

1.4.2 Waste tyre  

Another attractive waste raw material for the production of valuable products is waste 

tyres. It is projected that about 1 billion waste tyres are generated annually worldwide 

[39]. Increasing amounts of waste tyre represent a serious environmental issue as tyres 

can neither self-decompose at normal atmospheric conditions nor even respond to 
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biological degradation processes [30]. In addition, most developed countries prohibit 

the disposal of waste tyres in landfills [40].  

Therefore, there is a need to find another treatment option that could transform waste 

tyres to valuable materials without causing environmental problems. Pyrolysis has 

been shown by several researchers to be an effective method that converts waste tyres 

to useful products [20, 41-42]. Tyre rubber has been found to decompose at 450 ºC 

and the process reaches completion at 500-600 ºC [43-45]. The main products obtained 

from the pyrolysis of waste tyres are 33-38% char, 38-58% oil and 10-30% gas [20].  

Typical tyre chars have a BET surface area of about 100 m2 g-1, which make tyre- 

derived chars good precursors for production of activated carbon adsorbents [46]. The 

carbon char can be used for many applications depending on its pore size, porosity and 

surface area. Tyre char has also been reported to have a high aqueous adsorption 

capacity of large molecular weight species [47]. Moreover, tyre-derived activated 

carbon has been used to adsorb SO2 from flue gas [48], butane [49], phenol from water 

[50] methylene blue and phenol [51]. Therefore, production of adsorbent from waste 

tyres represents a doubly useful solution to address the environmental pollution 

associated with tyres as it can transform a hard-to-dispose waste material to a 

pollution-cleaning adsorbent [52].  

1.4.3 Biomass  

Materials with a biological origin that are derived from plant and animal matter are 

called biomass [53].  Biomass is a source of various valuable products such as bio-oil, 

biochar, syngas and chemicals. In this research, date stones are used as a source of 

biomass material to produce char and activated carbon. Worldwide production of dates 

was about 7.9 million in 2010 [54]. Gulf Cooperation Council (GCC) countries are 

one of the world’s major producers of dates. Large quantities of agricultural waste are 

produced from date trees [55]. These wastes consist mainly of cellulose (57%), lignin 

(15%), hemicellulose (23%) and other components that can be used in several 

applications [55-56]. However, these wastes are normally combusted in farms causing 

serious environmental issues. Therefore, there is a need to find a suitable application 
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of this waste. Date stones represent about 10% in weight of the fruit [55]. It has been 

reported by other researchers that date stones have excellent natural structure and they 

are suitable for preparing activated carbons [56-57]. 

1.5 Objectives of this research 

From the aforementioned information, it can be deduced that the use of waste materials 

as sources of higher value carbon materials offers a unique solution of utilization of 

waste materials and slowly biodegrading materials such as tyres. The utilization of 

these raw materials as precursors for generating low-cost and effective carbonaceous 

materials is very attractive and would help to solve the issues associated with waste 

disposal [58]. In addition, this would also contribute to diverting the waste away from 

landfills; thereby protecting the environment by reducing volumes of wastes deposited 

in landfills and consequently reducing the adverse impacts of landfills. Limited 

attention has been devoted to the use of carbonaceous materials derived from waste 

materials for NO adsorption or tar decomposition. To the author’s best knowledge, no 

reports related to the use of carbonaceous materials derived from RDF, waste tyres, 

and date stones for either the removal of nitric oxide at low temperatures or tar 

decomposition can be found in the literature. It is thus important to assess and develop 

applications of these carbonaceous materials, thereby making them ready for 

commercial use.  

Therefore, in light of these, the aim of this project is to use the carbon derived from 

these waste materials as a low-cost route to develop two different novel processes; 

(i) As an adsorbent for the removal of NOx from a combustion plant. The combustion 

of solid fuels such as coal, biomass and wastes generates nitrogen oxides (NOx), which 

cause environmental problems such as acid rain and smog. This research is aimed to 

produce activated carbons from RDF, waste tyres and waste biomass to be used as 

adsorbents to trap NO at low temperatures.  

(ii) Using the waste derived pyrolysis chars to catalyse the cracking of tar compounds 

in the product syngas from the gasification of biomass. The aim is to further convert 



  

13 

 

tars contained in syngas to produce a hydrogen rich-syngas. There is increasing 

worldwide concern in relation to the use of fossil fuels and the associated emissions 

of greenhouse gases. The thermochemical conversion of biomass, as a renewable 

source of energy, have received increased interest since it is considered as a viable and 

sustainable alternative source of energy supply [59]. However, tar formation during 

biomass gasification is one of the main problems, which can prevent the direct use of 

the producer gas in gas turbines and gas engines. Tar is a chemically complex mixture 

of aromatic hydrocarbons and oxygenated hydrocarbons and is normally defined as 

hydrocarbons with molecular weight higher than benzene (MW > 78) [60]. This 

research is aimed to develop a novel low-cost char to crack the tar, thereby producing 

a clean synthesis gas. There have been a few studies published on the use of char for 

tar decomposition during the gasification of biomass waste. However, chars from date 

stones, RDF and waste tyre are used for the first time in this project for tar cracking.  

To achieve these aims, various phases of the research were mapped out, with each 

phase having set objectives. These were: 

Phase 1: Preparation of char and activated carbons from waste tyres, RDF and date 

stones. This phase of the project involves: 

 Carbonisation of waste materials to produce char 

 Physical and chemical activation of chars using a fixed bed reactor  

Phase 2: NO removal using waste derived activated carbons. This phase involves: 

 Characterization of the waste derived activated carbons in terms of porous 

texture, BET surface area, surface chemistry and morphology.  

 Evaluation of NO removal performance of waste derived activated carbons at 

a temperature of 50 ºC. 

 Comparison with commercial activated carbons with various porous texture 

and surface chemistry 

 Assessment of the effects of porous texture and surface chemistry of carbons 

on NO removal. 



  

14 

 

 Investigation of the influence of adsorption temperature, NO and O2 

concentrations on NO adsorption.  

 Comparison of the effect of physical and chemical activation on the porosity 

development of waste tyre activated carbon and consequently on NO removal 

at low temperatures 

 Assessment of the influence of various chemical activation agents on altering 

the porous texture of waste tyre-derived activated carbon.   

Phase 3: Tar removal using waste derived pyrolysis chars. This phase involves: 

 Gasification of Biomass in a two-stage fixed bed reactor.  

 Investigation of the effectiveness of waste-derived chars for tar cracking 

during the pyrolysis-gasification of biomass.  

 Investigation of the influence of operating conditions on tar species and gas 

composition. Analysis of the tar composition obtained with the three different 

char materials. 

 A comparison of the above results with the performance of tyre char for 

cracking of tar model compounds. 

 Assessment of the influence of porous texture and oxygen functional groups 

on contributing to the catalytic activity of carbonaceous materials.   

 Steam reforming of biomass tar over tyre char for hydrogen-rich syngas 

production.  

 Investigation of the effect of ash minerals, steam rate, reforming temperature 

and reaction time on hydrogen production.  
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2. CHAPTER 2.   LITERATURE REVIEW 

2.1 Waste derived carbonaceous materials 

2.1.1 Carbonisation 

Carbonisation is the process to convert organic material to a solid residue richer in 

carbon content by pyrolysis in the absence of oxygen [1]. A schematic representation 

of the carbonisation process is shown in Figure 2.1-1. 

 

Figure 2.1-1. Carbonisation reaction of carbonaceous material [2]. 

Decomposition of the feedstock precursor occurs during carbonisation, usually at 

temperatures below 800 ºC and in the absence of oxygen [3]. During this process the 

non-carbon species are eliminated, volatiles, aromatic and hydrogen are released and, 

a solid rich in carbon, called char is produced [2]. The char can be used directly as an 

adsorbent or upgraded to activated carbon [4]. Compared to the starting precursor, the 

formed char has a higher carbon content. The char consists of disordered short 

graphitic crystals, with the presence of micropores which are not accessible because 

of the blockage of micropores and mesopores due to soot deposition that could be 
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formed at high temperatures and high heating rates. Generally, low heating rates 

generate chars with a well-developed mesopore and macropore structure [2]. 

Process conditions, such as heating rates and pyrolysis temperatures, greatly influence 

the characteristics of pyrolysis chars. Generally, low heating rates maximize yields of 

char. Yields of char have been reported to decrease with the increase in pyrolysis 

temperatures. For example, Dai et al. [5] pyrolysed waste tyre in a circulating fluidized 

bed reactor. They found that the char yield decreased from 40 to 27 wt.% as the 

temperature of pyrolysis increased from 450 to 800 ºC. Using a fixed bed reactor, Kar 

[6] pyrolysed 10 g of waste tyre at temperatures ranging from 375 to 500 ºC at a 

heating rate of 10 ºC min-1. The char yield was found to decrease with increasing 

temperature from 50.7 wt.% (375 ºC) to 26.4 wt.% (500 ºC). The char yields attained 

from pyrolysis of tyre ranged from 22 to 49 wt.%. Buah et al. [7] also showed during 

their pyrolysis of RDF in a fixed bed reactor that as pyrolysis temperature was raised 

from 400 to 700 ºC, yields of char fell from 49.8 to about 32 wt.%, with a BET surface 

area of 82.06 m2 g -1. They reported that the complete pyrolysis of RDF was achieved 

at a temperature of 600 ºC. Tippayawong et al. [8] indicated that the most significant 

reduction in the yield of RDF char occurred at temperatures up to around 600 ºC. 

Regarding the influence of pyrolysis temperature on characteristics of the product 

char, Guo and Lua [9] reported that the volatile content of the produced RDF char 

decreased from 63.6 wt.% at 400 ºC to 2.2 wt.% at 900 ºC. They also reported that 

both fixed carbon and the ash contents increased with the increase in pyrolysis 

temperature. This was attributed to an increase of devolatilization of the sample during 

pyrolysis, which increased the fixed carbon content of char. Buah et al. [7] also 

investigated the characteristics of chars produced from the fixed bed pyrolysis of RDF 

over a temperature range of 400-700 ºC and reported a decrease in volatile content 

from 41.5 to 13.7 wt.% with increasing pyrolysis temperature. They also reported that 

hydrogen, sulphur and nitrogen contents of the product chars were reduced as the 

pyrolysis temperature was increased, which is also ascribed to the increasing 

devolatilization of the chars with temperature.   
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2.1.2 Activation 

Activated carbon is a solid black carbonaceous material, which has a well-developed 

porous structure and high surface area. It can be prepared from various carbon 

containing materials by physical or chemical activation of pyrolysed char. Activation 

of the char is required to develop the pores, as pores formed during carbonisation are 

filled with tarry pyrolysis products [3, 10]. Carbonisation temperature, heating rate 

and the activation conditions all affect the pore structure and the surface area of the 

resultant product. Typical surface areas of the commercial carbons are in the range of 

400-1600 m2 g-1 [3]. Regarding the pore dimensions, activated carbon has a wide range 

of pores which can be classified according to their widths as: micropores with pore 

widths < 2 nm, mesopores with pore widths of 2-50 nm and macropores with pore 

widths of > 50 nm. To increase the adsorption capacity of activated carbon, the pore 

network should be developed during the preparation of activated carbon by physical 

or chemical treatments. 

The main existing feedstocks for commercial production of active carbons are peat, 

anthracite, bituminous coal, coconut shell and wood. Carbon contents of these 

materials are in the range of 40 to 90% [3]. Activated carbon has a high adsorption 

capacity and it has been found to be effectively used in pollution control processes for 

removal of gaseous pollutants such as heavy metals, nitric oxides and sulphur dioxide 

[11]. The following properties make the activated carbon suitable for adsorption 

applications: surface structure can be easily modified; they can be used in both acidic 

and basic conditions; their pore structure can be modified to be used for different 

purposes [12-13]. Generally, activated carbon has a highly-developed surface area and 

a porous structure consisting of pores with different sizes in which the adsorbate 

molecules are captured during the adsorption process. Moreover, activated carbon has 

a chemical structure with associated heteroatoms (hydrogen, oxygen, nitrogen, 

sulphur), which are bonded at the edges of aromatic sheets or to carbon atoms within 

the carbon matrix forming various surface functional groups which can be acidic, basic 

or neutral [14]. The main functional groups present in activated carbon are carboxyl, 

carbonyl, lactones and phenols. These functional groups are responsible for the uptake 

of pollutants. The nature of these functional groups may be modified by chemical or 



  

24 

 

thermal treatments to enhance the uptake of different pollutants [15]. Mainly the type 

of the precursor and the activation method affects the surface functional groups and 

pore structure of activated carbons. The activated carbon surface has various 

proportions of active sites distributed mainly at the edges and defects within the carbon 

layers. These active sites are made of unsaturated valences. An increase in the surface 

area and porosity result in an increase in the proportion of these active sites [16]. 

Development of low cost activated carbon adsorbents using waste materials has 

attracted the attention of many researchers, as a route for producing valuable materials 

from wastes and as an alternative to waste disposal. A variety of solid wastes and 

biomass wastes have been used as feedstock to produce activated carbon [10, 17-25]. 

For example, activated carbons have been produced from municipal solid waste and 

used in the metals extraction industry [25]; from waste tyres and used for dioxin 

adsorption from flue gases [19]; also from waste tyres for use in adsorption of phenolic 

compounds [21]; from waste fibreboard for use for copper (II) adsorption [22]; from 

tannery wastes for use in the removal of dyes [10] and from agricultural wastes for the 

removal of pesticides from water [23]. 

Activated carbons can be prepared either by physical or chemical activation.  

2.1.2.1 Physical activation 

The physical activation consists of: the pyrolysis of the precursor followed by the 

activation of the resultant char at higher temperatures (800 – 1000 °C) with the use of 

steam or CO2 as the activating agents [21-23]. In this method, the reaction occurs 

between the carbon atom and the oxidizing gas. Reactions involved during the physical 

activation of char in the presence of steam and CO2 are reported as follows [26]: 

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2 +117 KJ mol-1 (2.1) 

𝐶 + 𝐶𝑂2 → 2𝐶𝑂 +159 KJ mol-1 ( 2.2) 

Both reactions are endothermic, implying that heat has to be supplied to perform the 

activation [26]. However, a higher activation temperature is required with carbon 
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dioxide activation of carbon, as the carbon-steam reaction showed a lower reaction 

enthalpy (Eq. 2.1). During the steam activation of char, the carbon fraction of char is 

combusted or 'burned off' producing carbon monoxide and hydrogen, thus creating 

porous sites [27].  

Regarding the effect of activating agent, recent studies found that the activation kinetic 

with steam is higher than that with CO2 [28-29]. The BET surface areas of the CO2-

activated carbons were found to be in the range of 70-980 m2 g-1 [30-32], whereas 

steam-activated carbons revealed surface areas of higher than 1000 m2 g-1 [33-35]. 

This was attributed to the molecular dimension of steam, as the water molecule is 

smaller than the CO2 molecule (Figure 2.1-2), which allows faster diffusion into the 

carbon porous structure [26]. It was found that using steam as an activating agent 

increased the pores in tyre carbons [33].  

             

Figure 2.1-2. The dimension of water (a) and carbon dioxide (b) molecules. 

In contrast, Rodriguez-Reinoso et al. [28] concluded that CO2, as activating agent, 

produced activated carbon with a higher micropore volume than the one activated with 

steam. In addition, the use of CO2 caused an opening of ultramicropores, followed by 

widening to form supermicropores, while in the case with steam, the entire fraction of 

microporosity was widened from the beginning of the process.  

Apart from the influence of the nature of an activating agent, activation temperature 

and degree of activation are also essential factors affecting characteristics of carbons. 

A number of studies reported an increase in pore volume and BET surface area with 
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activation temperature and time [36-37]. For example, in a study conducted by Fung 

et al. [38], it was shown that BET surface area of tyre char increased with the increase 

of activation time and activation temperature. Longer activation time provides more 

time for the carbon to react with activating agent. Activation is usually carried out at 

temperatures higher than 900 ºC to maintain high reaction rates [39]. The adsorptive 

capacity of activated carbon is generally related to the BET surface area and porous 

texture [40]. Guo and Luo [40] studied the influence of activation temperatures on the 

BET surface area and porosity development of activated carbons prepared from oil 

palm stones and reported an increase in the BET surface areas with increasing 

activation temperatures from 750 to 900 ºC. High activation temperatures were 

essential to enlarge the pores created during pyrolysis and to create new pores.  A 

study of preparation of activated carbon from waste tyre was carried out by 

Ariyadejwanich et al. [34]. Physical activation of the tyre chars was carried out with 

steam at 850 ºC and with a heating rate of 20 ºC min -1. The BET surface area of the 

obtained activated carbon was found to be four times higher than the surface area of 

the chars.  

In addition, Buah and Williams [25] also investigated the influence of activation hold 

time on the porosity development of the activated carbons produced from RDF. At the 

same activation temperature, carbon yields linearly decreased with increasing holding 

time, as the degree of carbon burn-off via carbon gasification was observed to be 

proportional to the duration of activation. The BET surface area of the obtained 

activated carbons was found to increase with increasing the activation time, reaching 

the maximum value of 494 m2 g-1 after 3 hours of activation. Ash minerals could also 

have a significant influence on the pore formation during the activation process [35]. 

Thus, Ariyadejwanich et al. [34] carried out a study where tyre chars were 

demineralized with HCl before steam activation. The acid treatment was found to be 

highly effective for the removal of ash minerals that blocked the pore structure of the 

carbonised char, leading to the production of a highly mesoporous activated carbon 

with mesoporous volume and BET surface area up to 1.62 cm3 g-1 and 1119 m2 g-1, 

respectively. 
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2.1.2.2 Chemical activation 

Chemical activation has been shown to form carbons with high BET surface area and 

narrow micropores [41-42]. Preparation of activated carbon by chemical activation 

involves the impregnation of a raw or previously carbonised material with chemical 

activating agents at temperatures lower than 800 °C, under an inert atmosphere. The 

most widely used chemical activating agents are KOH, H3PO4, ZnCl2. However, the 

use of ZnCl2 and H3PO4 is less environmentally friendly due to environmental 

contamination and eutrophication issues associated with their use. In addition, alkali-

metals-based compounds such as K2CO3, NaOH and Na2CO3 have been effectively 

used as chemical agents for the production of chemically activated carbons. Among 

the alkali metal salts, KOH is the most effective activating agent in producing 

activated carbon with a well-developed porous texture and with an improvement in 

surface area [43]. Fierro et al. [44] concluded that chemical activation of lignin with 

KOH produced a microporous activated carbon with a BET surface area and 

micropore volume 1.5 and 1.2 times higher than the ones activated with NaOH. The 

same conclusion was reported by Hayashi et al. [45]. Generally, the mechanism of 

chemical activation depends on the type of precursor. For example, anthracites 

activated with NaOH had higher surface areas than those prepared with KOH [46]. 

This can be explained by the porous texture of the starting material; anthracite for 

example is already ultramicroporous, and with Na+ being smaller than K+, it can 

penetrate more deeply into the carbon structure and generate smaller pores than K+ 

[44]. The most widely used method of chemical activation consists of a preliminary 

carbonisation of the precursor, impregnation of the resultant char with an aqueous 

solution of the activating agent followed by drying and finally heat treatment of the 

resultant mixture at an inert atmosphere [47-49]. The second method involves the 

direct impregnation of the precursor in aqueous solution, followed by drying and heat 

treatment [45, 50]. A two-step chemical activation of rice straw, in which the raw 

material is first carbonised and subsequently activated with KOH, has been reported 

to lead to porous activated carbons with high BET surface area and high adsorption 

capacity [51]. Lin et al. [52] prepared activated carbon from waste tyres through a two-

step chemical activation method. Waste tyres were carbonised first at 800 °C for 1 

hour under nitrogen. Then, char was mixed with KOH at a KOH/carbon mass ratio of 
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4:1 and activated at 800 °C at different activation times ranging between 1 to 3 hours. 

The highest BET surface area of 758 m2 g-1 was obtained at an activation time of 2 

hours.  

Regarding the mechanism of the KOH activation of carbon, it is generally accepted 

by different researchers that the mechanism involves a series of chemical reactions 

and potassium intercalation into the lamella of the crystallites that form the carbon, 

thus widening the space between the carbon layers, which results in increasing the 

total surface area [52-53]. During the heat treatment under nitrogen, KOH reacts with 

disordered or amorphous carbon, which is oxidized to form potassium carbonate. 

Additionally, other decomposition product such as potassium is formed as follows [53-

55]: 

4𝐾𝑂𝐻 +  C → 𝐾2𝐶𝑂3 ( 2.3) 

𝐾2𝐶𝑂3 +  2C → 2𝐾 + 3𝐶𝑂 ( 2.4) 

A number of researchers have investigated the influence of activation temperature and 

KOH-to sample ratio on the porous texture of the carbonaceous materials. For 

example, Evans et al. [56] showed that an activation temperature of 400 °C was 

ineffective to develop the porous texture and increase the surface area of a sucrose-

derived char treated with KOH. According to the results of Yang et al. [57], 850 °C is 

an optimum activation temperature to obtain a mesoporous carbon from the 

mesophase pitch with high BET surface area using KOH as an activating agent. In 

another study, Guo and Luo [14] have activated palm shell with KOH at temperatures 

between 500 and 900 °C and observed an increase of BET surface area up to 800 °C. 

The decrease of BET surface area between 800 and 900 °C was attributed to the over 

burn-off of micropore walls which results in the formation of mesopores and 

macropores. In terms of correlation between porosity evolution and activation 

temperature, experimental tests conducted by Carvalho et al. [58] revealed that, during 

the preparation of activated carbons using chemically activated cork waste, mostly 

narrow micropores were created between 500 and 700 °C and at higher temperatures 

these were widened to from supermicropores.   
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Similar to the influence of activation temperature, increasing the amount of activating 

agent has also been found to have a strong influence on developing the BET surface 

area of activated carbon [41, 44]. In a study which set out to determine the optimum 

KOH/carbon weight ratio, Fierro et al. [44] reported a sharp increase in the BET 

surface area of KOH activated kraft lignin up to a KOH/carbon weight ratio of 2:1, 

and above this ratio the increase was not significant. In another study, commercial 

carbons were chemically activated with KOH at KOH-carbon ratios varied from 0.5 

to 4 at 800 °C by Meng and Park [41]. The increase of chemical agent resulted in an 

increase in both BET surface area and total pore volumes. With a low KOH ratio of 1, 

micropores were favoured, while at a high ratio of 4, mesopores were found to form. 

2.2 Waste derived materials applications 

2.2.1 Tar reduction 

Synthesis gas produced from waste or biomass gasification is considered as an 

alternative fuel to replace fossil fuels, however it also contains tar which can cause 

pipeline, injector and fuel line blockages, thereby restricting its end-use. Tar 

concentration in the syngas should be reduced to a level that complies with the 

specifications of end-use equipment such as engines or turbines. Depending on the 

operating parameters and the gasifier design, tar yields from biomass gasification are 

estimated to be between 0.5-100 g m-3 [59]. The acceptable tar concentration in the 

syngas depends on the end application. For example, for fuel cells or methanol 

synthesis, less than 1 and 0.1 mg Nm-3, respectively is required, while for gas engines, 

the limit is less than 0.5 mg Nm-3 [60-61]. 

2.2.1.1 Tar definition and classification 

Tar is considered as one of the strongest barriers for the commercialization of 

gasification [61]. According to Milne [62], tar is defined as the organics produced 

under thermal treatment of any organic material and consists of a complex mixture of 

various compounds with a wide range of molecular weights [63], and some of the 

compounds, such as benzene and polyaromatic hydrocarbons (PAHs), are toxic and 



  

30 

 

could cause serious environmental hazards [59]. The typical composition of biomass 

tars is shown in Figure 2.2-1. 

 

 

 

 

 

Figure 2.2-1. Biomass tar composition [64]. 

Different approaches are used to classify tar. According to Devi et al. [65] and Li and 

Suzuki [66], and based on the molecular weight, tar components are classified into 

five classes (Table 2.2-1). Class 2 includes tar compounds with heterocyclic compouds 

such as phenols. Class 3 refers to aromatics with 1-ring such as xylene; while light 

PAHs, with 2-3 rings, and heavy PAHs are grouped in class 4 and 5 respectively. This 

classification is based on the chemical, solubility, and condensability of tar 

compounds. 

Table 2.2-1. Tar classification based on molecular weight of tar compounds [67]. 

On the other hand, Milne et al. [62], classified tar species into four different groups 

depending on the reaction regimes as presented in Figure 2.2-2. 

Tar class Property 

Class 1 GC undetectable heaviest tars which condense at high temperature  

Class 2 Heterocyclic aromatic compounds such as phenol, pyridine and cresols 

Class 3 Light hydrocarbon aromatic compounds (1 ring) such as toluene and 

xylenes 

Class 4 Polyaromatic hydrocarbon compounds (2-3 rings) such indene, 

naphthalenes, biphenyl, flourene and phenanthrene 

Class 5 Heavy polyaromatic hydrocarbon compounds (4-7 rings) such as 

fluoranthene, pyrene and chrysene 
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Figure 2.2-2. Tar classes as reported by Milne et al. [62]. 

2.2.1.2 Tar formation 

The formation of tar chemical components depends highly on reaction temperature as 

shown in Figure 2.2-3, as temperature increases tar changes from mixed oxygenates 

at 400 °C to large PAH at 900 °C [68].  
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Figure 2.2-3. Chemical tar components formation with temperature [68]. 

Formation of PAH from biomass thermal decomposition can be explained by several 

pathways. Some researchers suggested that PAHs are formed through secondary 

reactions via a Diels-Alder mechanism [69-72]. Pyrolysis of alkanes at high 

temperatures is assumed to form alkenes via dehydrogenation, dienes via cyclization 

and then, through aromatization, aromatic compounds are produced [72]. Another 

route, for PAH formation, through deoxygenation of oxygenated aromatic compounds, 

at moderate to high temperatures, was also reported by other researchers [72-73].  

The main components of biomass as shown in Figure 2.2-4 are cellulose, 

hemicellulose and lignin. During pyrolysis, biomass has been found to undergo the 

following four stages: at temperatures < 493 K moisture was evaporated; at 

temperatures of 493-588 K and 588-673 K decomposition of hemicellulose and 

cellulose respectively were observed; and lignin decomposition occurred mainly at 

temperatures > 673K [74]. Primary tar components formed from cellulose and 

hemicellose are anhydrosugars, low molecular weight carbonyls, carboxylic acids and 

furans [75], while lignin forms mono aromatic such as phenols, guaiacols and its 

derivatives [74]. Secondary reactions of these primary tars produce catechols, cresols, 

xylenols, phenol, PAHs, coke and gases [74, 76].  
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Figure 2.2-4. Biomass components (a) cellulose, (b) hemicellulose and (c) lignin 

[77]. 

Lignin, generally consists of 20 - 40 wt.% dry of biomass [74] and is the only part of 

biomass which is aromatic in nature; therefore it represents a potential precursor for 

tar generation. The pyrolysis of lignin units, vanillin (C8H8O3), guaiacol (C7H8O2), 

and catechol (C6H6O2) results in the formation of primary tars, and then by reaction 

with hydrogen it forms secondary tars [78]. Thermal decomposition of lignin is started 

by cleaving the weak α-ether and β-ether bonds, forming guaiacyl and syringyl-type 

aromatics, which further react to from catechols and pyrogallols. Decomposition of 

these aromatics results in the formation of PAH [79-80] as presented in the reaction 

scheme shown in Figure 2.2-5 [80]. 
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Figure 2.2-5. Lignin decomposition mechanism [80]. 

Tars can undergo a series of dehydrogenation, cyclization, and condensation reactions, 

forming larger polyaromatic hydrocarbons and soot. These large tar species can be 

generated from the aromatic structure either by a resonantly stabilized radical (RSR) 

mechanism or by hydrogen abstraction acetylene addition (HACA). However, the 

HACA mechanism is the most reported mechanism for PAH formation [81]. Single 

ring compounds such as benzene can be considered as PAH precursors, naphthalene 

can be formed from benzene via phenylacetylene [80]. 

2.2.1.3 Decomposition mechanism 

Tar decomposition occurs mainly due to cracking, steam and dry reforming reactions 

[83]. The main reaction steps occur during tar cracking in both gasification atmosphere 

and in an inert atmosphere are:(1) radical-forming reactions, (2) propagation reactions, 

(3) hydrogen transfer, (4) isomerization reactions, and (5) termination reactions [84]. 

According to Van der Hoeven [85], at high reaction temperatures and long residence 

times, thermal conversion of tar includes both cracking and polymerization reactions 

as shown in Figure 2.2-6. Therefore, both cracking and polymerizations products are 

expected to be formed during the tar conversion process. The addition of hydrogen to 

the aromatics and subsequent breaking of the ring structures generally form cracking 

products. Methane, ethane, ethene and benzene were reported to be the most important 

cracking products formed during thermal tar treatment [85]. 
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Figure 2.2-6. Cracking and polymerization products formed during tar conversion 

process [85]. 

Due to the complexity of the composition of real tar, tar model compounds have been 

used to study the decomposition mechanism. Benzene and naphthalene are considered 

as the two main tar components formed during biomass pyrolysis or gasification. Jess 

[86] studied the mechanism of thermal conversion of aromatic hydrocarbons in the 

presence of H2 and steam, using benzene, naphthalene and toluene as tar model 

compounds; the reaction scheme is shown in Figure 2.2-7, from which it can be seen 

that benzene is the key component in tar decomposition. 

 

Figure 2.2-7. Simplified reaction scheme of tar conversion in the presence of 

hydrogen and steam [81]. 

In addition, hydration plays a significant role in the decomposition of both benzene 

and naphthalene tar species. For example, the ring breaks in benzene and through 

hydration reactions; methane, ethane and ethene are formed. While in the case of 

naphthalene, the reaction is started with a hydration, where naphthalene is converted 

to dihydronaphthalene, and with the further addition of hydrogen, benzene is produced 
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as shown in Figure 2.2-8 [85]. Jess [86], also pointed out that soot was formed, due to 

condensation reactions, mainly from large hydrocarbons molecules such as 

naphthalene and a temperature of at least 1400 °C is required to convert soot and 

organic cracking products to CO and H2.  

 

Figure 2.2-8. Naphthalene cracking mechanism [85]. 

Nair et al. [87] proposed an alternative mechanism for naphthalene decomposition by 

pulsed corona method. From the reaction scheme presented in Figure 2.2-9, it can be 

seen that naphthalene-dione and phthalicanhydride, as by-products, were found to 

form by an oxidation mechanism of intermediate products. Polymerization products 

are formed through merging of aromatics under release of hydrogen [85]. 

 

Figure 2.2-9. Naphthalene decomposition mechanism [87]. 
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2.2.1.4 Tar removal cracking methods 

Waste and biomass are recognized as a renewable source of energy [88]. Gasification, 

as a thermochemical process, enables the conversion of these materials into chemicals, 

syngas fuel, power and heat [89]. However, one of the issues associated with 

gasification is tar. Much research has been done in order to find a suitable and effective 

method for tar removal. Generally, tar removal technologies can be divided into two 

categories: treatments inside the gasifier (primary methods) and downstream from the 

gasifier where a separate reactor is used to reduce the tar content (secondary methods). 

Tar removal inside the gasifier is carried out by controlling the gasification operating 

conditions such as operating temperature, type of gasifying agent, equivalent ratio and 

type of in-bed catalysts [90]. In both primary and secondary methods, tar removal is 

achieved either by physical removal using a scrubber or ceramic filters, or chemical 

treatment which is mainly carried out by thermal and catalytic cracking. While 

physical methods are effective and easy to use, the tar content is often not fully 

destroyed. Thermal processes operate at a very high temperatures (>1000 °C), to crack 

the heavy tar compounds to less problematic species such as hydrogen, carbon 

monoxide and methane [91-92]. On the other hand, the catalytic tar removal process 

is an effective approach for gas cleaning, because lower reaction temperatures is 

required (600-800 °C) and tar removal efficiency can reach about 90-95% [60]. In 

addition, no tarry wastes are generated that require further treatment [92]. 

2.2.1.5 Catalytic tar cracking 

According to Sutton et al. [93], the catalyst may be selected based on the following 

criteria: (1) effectiveness for tar removal, (2) ability to provide a suitable syngas ratio 

for the required purpose, (3) activity for reforming of heavy hydrocarbons, (4) 

resistance to deactivation, (5) should be stable and cheap, (6) easily regenerated. Tar 

decomposition occurs mainly due to a series of chemical reactions. The final product 

composition is a result of the following reactions [67]: 
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Various catalysts have been extensively investigated for tar reduction during the 

biomass gasification process, including non-metallic catalysts, such as minerals [65, 

94-95], nickel based catalysts [96-98], zeolites [99], alkali metals [100] and others. 

Dolomite CaO·MgO (CO3)2 and olivine FeMg (SiO4)2 are natural minerals that consist 

of magnesium and iron oxides which are responsible for the catalytic activity of these 

catalysts [64]. Dolomites are the most widely used non-metallic catalysts for tar 

removal [101] and they have been studied as a primary [102] and a secondary measure 

[103] for tar reduction in biomass gasification. Wei et al. [94] investigated biomass 

gasification for hydrogen production and concluded that dolomite exhibits a higher 

catalytic activity in terms of tar reduction and a significant increase in hydrogen 

production compared to that of limestone and olivine. In another study reported by 

Devi et al. [65], 63% and 43% tar conversions were observed over calcined dolomites 

and olivine respectively. Similarly, Gusta et al. [95] studied the catalytic 

decomposition of biomass tars over dolomites using a double bed micro-reactor in a 

two stage process and reported a good performance on tar conversion to gaseous 

species by an average of 21% over non-catalytic tests at a temperature of 750 °C. 

However, dolomites are physically softer and can be easily eroded [65]. On the other 

hand, olivine has been found to have a higher resistance to attrition and according to 

the results obtained by Devi et al. [65] and Rapagna et al. [104], olivine has been found 

to have a similar catalytic activity to dolomite. Although dolomites and olivine can 

decrease the tar content to a certain extent but the activity is still lower than that of the 

metallic catalysts, such as nickel oxides [105]. 

Significant work has been reported on the use of nickel catalysts for syngas cleaning 

during biomass gasification. The main advantages of Ni-based catalysts are their high 

Thermal cracking  𝑝𝐶𝑛𝐻𝑚 (𝑡𝑎𝑟) → 𝑞𝐶𝑥𝐻𝑦(𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑡𝑎𝑟) + 𝑟𝐻2 (2.5) 

Dry reforming 𝐶𝑛𝐻𝑚 (𝑡𝑎𝑟) + 𝑛𝐶𝑂2 → (
𝑥

2
)𝐻2 + 2𝑛𝐶𝑂 

(2.6) 

Steam reforming 𝐶𝑛𝐻𝑚 (𝑡𝑎𝑟) + 𝑛𝐻2𝑂 → 𝑛𝐶𝑂 + (𝑛 +
𝑥

2
)𝐻2 

(2.7) 

Carbon formation 𝐶𝑛𝐻𝑚(𝑡𝑎𝑟) → 𝑛𝐶 + (
𝑥

2
)𝐻2 

(2.8) 
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activity and selectivity to hydrogen [106]. To determine the influence of bed material 

on tar decomposition, Simell and Bredenberg [107] examined tar decomposition using 

various materials, such as Ni/Al2O3, dolomite, activated alumina, silica-alumina 

catalyst and silicon carbide and reported a complete tar decomposition was achieved 

with the nickel catalyst at a temperature and gas residence time of 900 °C and 0.3 s, 

respectively. Similarly, Zhang et al. [92] reported almost complete tar decomposition, 

using commercial nickel catalysts, accompanied with an increase in hydrogen 

concentration by 6-11 vol. %.  

To improve the activity and stability of nickel catalysts, researchers have developed 

various catalyst supports, metal additives and preparation methods. The most widely 

used support materials are alumina [108-110], dolomite [108], silica [109], and 

magnesium oxide [111]. Srinakruang et al. [108], investigated the effectiveness of 

three catalyst supports, dolomite, Al2O3 and silica-alumina mixed oxide (SiO2-Al2O3) 

on suppressing carbon deposition during tar reforming. Ni/ dolomite was prepared by 

a precipitation method while Ni/Al2O3 and Ni/SiO-Al2O3 were prepared by an 

impregnation method. The catalytic activity of the prepared catalysts in the steam 

reforming of toluene at a temperature of 700 °C and Ni loading of 15 wt.% was found 

to increase in the following order Ni/Al2O3> Ni/dolomite> Ni/SiO2-Al2O3. However, 

Ni on dolomite catalysts showed a high stability for toluene steam reforming, over 7 

hours. Additionally, Ni-dolomites inhibited coke formation, while a significant 

amount of carbon of about 7.2 and 1.7 wt.% was detected on Ni/SiO-Al2O3 and Ni-

Al2O3 respectively. Catalyst promoter metals such as cobalt [112], iron [112], copper 

[106], cerium [98, 113], platinum [114], and magnesium [115] have been also studied 

by researchers to improve the catalyst activity. Garcia et al. [116] have synthesised 

different Ni-based catalysts, supported on α-Al2O3, for hydrogen production from the 

catalytic steam reforming of biomass. To improve the catalyst activity, magnesium 

and lanthanum were added as support modifiers to enhance the coke gasification rate, 

and cobalt and chromium were used as promotors to reduce the carbon deposition. In 

comparison to the other catalysts, the researchers concluded that chromium and cobalt 

promoted nickel supported on MgO-La2O-α-Al2O3 performed the best in terms of 

stability and high hydrogen production 
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The main problems associated with the use of such catalysts are the high cost, 

difficulty of regeneration and the deactivation from sulphur coke deposition on the 

catalyst. Additionally, most of these catalysts are not environmentally sustainable. 

These disadvantages would inhibit the wide applications of such potentially 

commercial catalysts [78, 105]. As an alternative, waste materials have great potential 

as a raw carbon material for production of chars and activated carbons with catalytic 

properties [117]. Several studies have examined the use of carbonaceous char at high 

temperatures (500-800 °C) to act as a catalyst for tar decomposition [101, 118-121]. 

The use of char for tar decomposition is more advantageous than commercial catalysts 

due to many factors such as, char is a by-product of feedstock pyrolysis and 

gasification which is more economical. In addition, char does not need regeneration, 

because it can be either gasified or combusted if deactivated due to coking and 

moreover, char may be free from poisoning by sulfur or chlorine species [122].  

2.2.1.5.1 Char for catalytic tar conversion 

Pyrolysis and gasification processes have the potential to yield useful products such 

as char. Char is produced alongside tar during the pyrolysis process, therefore it is 

very attractive to use char as a cheap catalyst for tar cracking. Additionally, the spent 

char can be used as a solid fuel, therefore char deactivation is not a serious issue 

compared to other commercial catalysts [123]. Depending on the feedstock material, 

char contains minerals and abundant surface functional groups that make char a 

promising alternative to metal catalysts. Carbonaceous materials, including char and 

activated carbon, have been found to have some catalytic properties for removal of 

environmental pollutants [124-127] and for tar reforming [101, 118, 120-121]. Char 

can be used in various ways such as; an adsorbent, a catalyst support loaded with 

metals and it could also be gasified into gas species. The high efficiency of char and 

char supported catalysts is suggested to be due to its surface functional groups, porous 

texture and surface area [67]. Moliner et al. [128] investigated the influence of carbon 

textural properties and surface chemistry on methane decomposition. It was suggested 

that the surface oxygenated groups control the initial conversion rate and the long-

term catalytic activity depends mainly on the char surface area and the pore size 

distribution. Mesoporous carbon with high BET surface area was found to be more 
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active in providing a stable and sustainable hydrogen production. In another study 

conducted by Jin [129], the difference in the BET surface area of the studied carbon 

samples was one of the reasons for the different performance of carbon catalysts 

during the catalytic upgrading of coal oil. Activated carbon with a BET surface area 

of 803 m2 g-1 had a higher efficiency than char with a BET surface area of 2 m2 g-1. 

Additionally, Krerkkaiwan et al. [130], observed a higher catalytic activity of the 

blended coal and wood biomass char in the tar decomposition compared with either 

coal or biomass chars, in terms of higher H2 and higher carbon conversion into gas 

which was also attributed to its high BET surface area. 

The most commonly used process conditions for catalytic tar reduction involve 

temperatures between 800 and 900 °C in an atmosphere of steam and CO2 [101]. In a 

study carried out by Zhao et al. [131], a two-stage pyrolysis-gasification reactor was 

used to investigate a range of process conditions for tar removal from the pyrolysis of 

rice straw using biomass char produced from the same raw material. They investigated 

the influence of different reforming agents, CO2, H2O or O2 introduced into the second 

stage reactor and different char temperatures of 700-1000 °C. In comparison to the 

other reforming agents, the presence of steam was found to be the most effective for 

tar removal. They concluded that a higher temperature of char bed eliminated most of 

the tar. Zhao et al. [131], reported that in the absence of reforming agent, where 

catalytic cracking of tar over the char bed occurred, significant removal of tar was 

observed; for example 85% tar conversion at 700 °C and increased to 95% at 900 °C. 

To further understand the role that char plays in tar reduction, it is of interest to 

investigate the reactions of biomass pyrolysis gases over a bed of pyrolysis char at 

high temperatures. A high temperature of biomass char bed for the cracking of biomass 

pyrolysis gases in a separate hot char reactor, at temperatures between 500 and 700 °C, 

was examined by Sun et al. [118]. Similarly Gilbert et al. [120] used a two-stage 

reactor system to investigate the cracking of biomass produced pyrolysis gas over a 

hot bed of wood char, with particles size of 10-15 mm, at temperatures between 500 

and 800 °C. They reported a tar removal of 67%. In another study conducted by Dabai 

et al. [132], a tar removal of 97% was reported using spruce char at 800 °C. However, 

the amount of char in these studies were different, a char ratio of 5.4-7.4 was used in 



  

42 

 

Dabai et al. [132] study, whereas a ratio of only 0.6-1.8 was used by Gilbert et al. 

[120]. 

During the pyrolysis of biomass, steam is expected to be formed, through 

autogeneration, from the release of moisture and as a reaction product from pyrolysis 

of the biomass. Pyrolysis will also produce significant concentrations of CO2. 

Therefore, although pyrolysis and char cracking may take place in an inert atmosphere 

of nitrogen or argon [118, 120], the pyrolysis of biomass will produce a partial 

oxidation atmosphere through the formation of steam and CO2 as reaction products 

which can further react with the char to produce CO, CO2, H2. 

Guoxin and Hao [133] showed that biomass moisture content can autogenerate a steam 

atmosphere which can react with biomass pyrolysis gases to enhance reaction between 

the evolved intermediate products of pyrolysis due to the reforming of tar, methane 

and higher hydrocarbons, via reforming reactions and the water gas shift reaction. 

They found that the fastest reaction was observed with fast heating rates where the 

evolved autogenerated steam could react with the pyrolysis gases due to the fast drying 

and pyrolysis gases occurring over shorter residence times compared to slow heating 

rates. A direct correlation was observed with the high moisture content of the biomass 

and the higher hydrogen production. The presence of a downstream hot char bed at 

temperatures between 700 and 900 °C would provide a further zone for thermal and 

catalytic degradation of tar and higher hydrocarbons, together with autogenerated 

steam char gasification reactions and also steam reforming reactions of the pyrolysis 

tar and hydrocarbons. 

However, in none of the reported studies was the decomposition of real biomass tar 

investigated in any detail and tar decomposition was not correlated to different char 

samples with different structures. Hosokai et al. [122] concluded that further research 

needs to be carried out to better understand the reaction mechanism taking place on 

the char surface during tar decomposition. It is hence worthwhile to investigate tar 

decomposition using different char structures. 
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2.2.1.5.2 Syngas production from biomass steam reforming 

Pyrolysis vapor products can also undergo steam reforming for syngas and H2 

production [134]. Hydrogen is considered as an important fuel of the future, which 

can reduce the reliance on oil. Hydrogen can be generated via various chemical 

processes including ion exchange membranes, biomass gasification, ethanol and 

methanol steam reforming. However, fossil fuel reforming, mainly natural gas, is 

known to contribute to about 90% of the current total hydrogen production [135-136]. 

Therefore, there has been a growing effort to find alternative processes for hydrogen 

production. Gasification is one of the effective thermochemical conversion processes 

of  biomass energy that lead to the formation of a hydrogen rich gas which can be used 

for fuel cell systems and synthesis reactions including Fischer-Tropsch and methanol 

reactions [67]. For these applications, there are certain requirements for the syngas 

composition, mostly in terms of H2/CO ratio [137]. Generally, a syngas with H2/CO 

ratio of 1-2 is needed to be fed to the downstream catalytic processes [138]. Therefore, 

it is extremely important to predict the overall gasification efficiency, in terms of 

chemical composition of the syngas, using char materials. There is a need to 

understand the catalytic activity of char for tar cracking and it is consumption during 

the reforming process [139].  

Various gasifying agents are used during the gasification process depending on the 

desired gas composition [140]. Steam is well-known to increase the heating value of 

syngas and produce a gas with a higher content of hydrogen [141]. With the use of 

steam as a gasifying agent during the biomass gasification process, hydrogen-rich 

syngas is expected to be formed. It has been reported that up to 60-70 vol.% of H2 was 

generated using a fixed bed [142] and a pilot-scale fluidized bed [143]. Biomass is 

decomposed in the first stage to form gases, char and volatiles followed by a reforming 

stage where volatiles are reformed with the presence of steam and catalyst to syngas. 

The presence of steam during the char-volatiles reaction enhances the reforming of 

large and small ring aromatics. The C-C and C-O bonds on the char surface are 

expected to break during the reaction of steam with char, which may lead to the 

formation of radicals that would act as a catalyst for tar reforming. This reaction is 

also expected to form additional oxygen containing groups that increase the char 
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catalytic activity for tar cracking [144]. In addition, steam-char reactions enhanced the 

formation of additional oxygen containing groups. Which may also act as active sites 

to catalyse the tar cracking reactions during volatiles-char interactions as has been 

reported by Song et al. [144]. 

Choi et al. [145] investigated the gasification of a sewage sludge with the use of 

activated carbon as a catalyst and reported that the introduction of steam at 800 ºC 

enhanced the steam reforming reactions and produced a free tar syngas with a high 

content of hydrogen (35-45 vol.%). The authors concluded that with this process the 

total condensed liquid decreased from 20 to 14.4 wt.% and the product syngas 

increased from 52.5 to 64.9 wt.%. In contrast, Striugos et al. [146] claimed that the 

conversion of tar during the steam reforming of biomass was only 1% higher than that 

with no steam. Biomass has a high percent of moisture, therefore the auto-generated 

steam during the catalytic cracking could also act as a gasifying agent and enhance the 

cracking of tar compounds. Regarding char gasification during the process of 

simultaneous reforming/gasification of pyrolysis oil and char, the volatiles formed 

during the pyrolysis process could be a strong inhibitor for char gasification [147-

148]. The carbon deposits or coke could be formed during the interaction of volatiles 

with the char surface. However, the presence of minerals could facilitate or enhance 

the char gasification as was observed by Bayarsaikhan et al. [147].  They reported that 

the carbon conversion of the acid-treated char was found to be negative which suggests 

that the coke deposits on the char surface without being gasified or the tar deposition 

rate is faster than the steam gasification rate. 

2.2.1.5.3 Tar model compounds 

Because of the complexity of real tar streams, most studies use tar model compounds, 

to study the reaction mechanism. Coll et al. [149] investigated the steam reforming of 

five tar model compounds with commercial nickel catalysts and found the following 

order of reactivity: benzene > toluene > anthracene > pyrene > naphthalene. In another 

study conducted by Burhenne and Aicher [150], the decomposition of benzene as a tar 

model compound on different wood char samples and commercial activated carbon 

using a fixed bed reactor was investigated at high temperatures (850-1050 °C). The 
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non-activated chars were found to exhibit a low activity, as the benzene conversion 

was almost similar to the experiments performed in an empty rector. In contrast, char 

activated with CO2 exhibited a high benzene removal of about 100% at the start of the 

experiment, however after 10-minute reaction time it dropped to 25% due to the 

deactivation of the char caused by coking. In contrast, the commercial activated carbon 

was found to have a higher benzene removal and the conversion of 50% was stable 

during 2-hour experimental time, which was attributed to the higher amount of 

mesopores. Similar results were observed by Moliner et al. [128], who concluded that 

mesoporous carbon provided a more stable decomposition of methane compared to 

the microporous carbon which was found to deactivate rapidly. In contrast, Park et al 

[151] reported a similar tar cracking behaviour for the investigated char samples 

despite the difference in the porous texture and mineral contents. The nature of the tar 

model compound has also been found to influence the char activity for tar 

decomposition [152]. Naphthalene is one of the most refractory compounds among 

the aromatic compounds [122] and represents the major fraction of two-ring aromatic 

compounds found in gasification tars [149], therefore, it is commonly used as a model 

tar compound [86]. In an investigation into the thermal decomposition of different tar 

model compounds, Jess [86] studied the thermal conversion of toluene, naphthalene 

and benzene in the presence of hydrogen and steam in a tabular flow reactor at 

temperatures of 700-1400 °C and residence times of 0.3-2 s. The reaction activity was 

found to follow the order of toluene > naphthalene > benzene. Jess [86] pointed out 

that steam had little effect on the decomposition of aromatics. He reported also that 

soot and methane could not be completely converted to hydrogen and CO, even at a 

high reaction temperature. In another study conducted by Fuentes-Cano et al. [152], 

catalytic conversion of both toluene and naphthalene over chars made of coal, coconut 

and sewage sludge, was examined in a fixed bed reactor with the presence of 15 vol.% 

steam. In spite of the difference in porous texture of the studied char materials, the tar 

conversion was found to be similar for the three types of chars. The initial conversion 

of naphthalene and toluene has been reported to be around 60 and 80% respectively, 

however, as the reaction proceeds a constant deactivation of char was observed and 

after a 60-minute reaction time the conversion for both tar model compounds 

decreased to about 40%.  
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2.2.1.6 Mechanism of tar cracking over char surface 

Tar model compounds have been used to understand the tar cracking mechanism using 

carbonaceous materials [78]. The tar conversion mechanism over carbon is similar to 

that occurring with porous materials and involves various steps such as deposition, 

dehydrogenation and gasification of the carbon deposits if H2O or CO2 are present 

[122, 153]. Hosokai et al. [122] investigated the decomposition of benzene, phenol, 

naphthalene, phenanthrene and pyrene over charcoal at temperatures in the range of 

700-900 °C in the presence and absence of steam and concluded that the main 

mechanism of decomposition was coking rather than direct steam reforming and the 

micropores were the active sites for coking. It was also reported that the presence of 

steam enhanced the activity of charcoal by gasifying the coke and creating more 

micropores. The cracking activity of char may be associated with its porous texture 

which provides the active surfaces required for tar cracking, resulting in a longer 

residence time [105, 122, 154]. The presence of macropores and mesopores plays a 

crucial role in transporting the reactant compounds into the internal surface of the 

carbon as presented in Figure 2.2-10 [155]. Zeng et al. [154] concluded that char with 

higher BET surface area performed the best in terms of production of lower tar content 

in the product syngas.  

 

Figure 2.2-10. The role of carbon porous texture in tar cracking [64]. 

Tar removal mechanism was proposed to be based on coke formation [145, 152, 156], 

where tar adsorbed on the carbon surface and becomes dehydrogenated into coke. The 
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formed coke could then be gasified through reactions with gases and steam. As 

presented in Figure 2.2-11, tar is adsorbed on the char surface and undergoes 

polymerization reactions which results in the formation of H2 and soot, the formed 

soot could then block active sites present on the char surface and limit the interaction 

of gaseous tar compounds with the char surface [59, 152]. Therefore, the carbon 

gasification rate should be higher than the deposition rate, to avoid the soot 

accumulation over the char surface. The deactivation of carbon materials after tar 

decomposition due to coking has been reported by various researchers [145]. The 

deactivation is mainly due to the pore blockage by tar and coke. However, with the 

presence of steam, the deactivation has no major influence on the quality of syngas 

and, moreover at a longer reaction time the carbon deactivation was not significant as 

the deposited tar and coke, on the char surface, reacted continuously with steam [157]. 

Hosokai et al. [122] investigated decomposition of naphthalene and benzene over 

charcoal at a temperature of 900 °C and with a bed height of 30 mm in the absence of 

steam. They concluded that the aromatic compounds were decomposed over charcoal 

mainly by coking, as most of the carbon-containing gases were found to form due to 

the thermal cracking of charcoal itself instead of by direct cracking of aromatics. 

However, with the presence of steam, the activity of charcoal was maintained and the 

conversion of naphthalene and benzene increased to 84 and 99% respectively. 

 

Figure 2.2-11. Mechanism of tar conversion over char [152]. 
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Choi et al. [145], reported that the decrease in tar content in syngas during the 

gasification of sewage sludge, was accompanied with a significant increase in H2 

production. In comparison to the experiments without activated carbon, hydrogen 

production was found to increase from 28.1 to 45.4 vol.% with the use of activated 

carbon. The authors attributed the formation of hydrogen, with the use of activated 

carbon, to the process of thermal and catalytic cracking of adsorbed tar and coke over 

the carbon surface as presented in Figure 2.2-12. 

 
 

Figure 2.2-12. Tar cracking mechanism over activated carbon via reactions with gas 

components [145]. 

Another tar removal mechanism with carbon materials is based on tar cracking 

reactions, where the adsorbed tar components on the carbon surface undergoes various 

reactions resulting in cracking the tar and producing H2 and small molecules according 

to steam reforming, dry reforming and thermal cracking [156]. 

The process of tar cracking is accompanied with an increase in total gas yield. 

Generally, more H2 is produced due to the polymerization, cyclization and 

aromatization of tar components [158] and the oxygen in the tar is transferred into 

pyrolysis gas in the form of CO and CO2 [158]. For example, Han et al. [158] observed 

a 30 % increase in total gas yield when char was used for the catalytic cracking of coal 

pyrolysis tar. The increase was observed mainly in H2, CH4 and CO gaseous species, 
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while little change was observed with the production yields of CO2 and C2-C3 

hydrocarbons.  

2.2.2 NOx adsorption 

2.2.2.1 The NOx problem 

Atmospheric pollution is one of the greatest environmental problems that the world is 

facing today. The combustion of solid fuels is well-known to discharge various types 

of pollutants that cause several environmental impacts. One of these toxic pollutants 

is nitrogen oxides (NOx) which cause environmental problems such as acid rain and 

global warming [159]. Several types of nitrogen oxides with various chemical and 

physical properties are known to exist. However, NOx emissions in flue gas consist of 

a mixture which contains about 95% NO and 5% NO2 [160]. Three different reaction 

paths are responsible for NOx formation: Fuel NOx is formed mainly from the 

oxidation of elemental nitrogen contained in waste fuels, thermal NOx is formed due 

to the reaction between nitrogen and oxygen present in the combustion air which is 

initiated at a high flame temperature of around 1100 °C and prompt NOx that forms as 

a result of reaction of hydrocarbon radicals and molecular nitrogen and oxygen [161].   

2.2.2.2 Environmental Impacts 

NOx gases are known to cause various environmental issues such as acid rain, 

photochemical smog and ozone depletion [162]. NO can be easily oxidized to NO2 

which is considered as a highly toxic gas due to its ability to cause pulmonary edema 

and other severe effects [161]. In addition, NO is responsible for ozone formation in 

the troposphere layer of the atmosphere. In the presence of sunlight, NO reacts with 

oxygen to form NO2 and ozone [161]. Also, NOx has been found to cause a wide 

variety of human health impacts such as respiratory diseases, damage to lung tissue, 

pneumonia, and premature death [163]. 
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2.2.2.3 Abatement of NOx 

Various factors could influence the concentration of formed NOx such as flow velocity 

in the combustion space, temperature of combustion, burner design and fuel 

composition [164]. Due to the diversity of NOx containing exhaust gases, formed from 

various NOx sources, different control technologies have been established. However, 

NOx removal technologies can be classified into primary methods, which prevent the 

production of NOx by employing various techniques for combustion modification; and 

secondary methods that reduce the concentration of formed NOx in the resultant flue 

gas, such as selective catalytic or non-catalytic reduction and adsorption methods. 

Several technologies have been developed to control NOx emissions [159, 165]. 

Ammonia (or urea) addition to the flue gases (selective non-catalytic reduction, 

SNCR) can reduce NOx by reaction to produce nitrogen and water, but is effective 

only over a narrow temperature range (~850 to 950 C). Selective catalytic reduction 

(SCR) uses a catalyst in the presence of added ammonia which reproduces the 

ammonia reduction reaction but at a lower temperature (~250 to 400 C). The 

effectiveness of SCR for NOx reduction can reach 85% and is a widely used 

technology [166]. However, the use of SCR has some drawbacks such as the difficulty 

of chemicals handling and storage, and ‘slippage’ of ammonia, because of less than 

100% reaction [159, 165]. Additionally, SCR is a costly method and the catalyst is 

prone to deactivation when SO2 is present in the flue gases. Therefore, there is interest 

in the development of low cost and efficient techniques to control NOx to meet the 

stringent emission limits in current environmental regulations.   

2.2.2.3.1 NO removal by activated carbon 

Activated carbons have been widely investigated as adsorbents for control of gases 

and vapours [167-168]. Removal of pollutants by adsorption is an effective method 

for the control of a range of pollutants. Although different adsorbents have been 

investigated including metal oxides, alumina, FeOOH and silica [169-172], activated 

carbon remains one of the main materials that can be used in numerous applications. 

Activated carbons have been used as adsorbents for many pollutants such as heavy 
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metals, SO2 and NOx. The efficiency of activated carbon for pollutants adsorption is 

controlled by the degree of pore structure development and the chemical arrangement 

and the type and number of heteroatoms on the carbons’ surfaces [105, 173].  

Activated carbon is used as an adsorbent for many pollutants such as heavy metals 

(particularly mercury), SO2 and NOx. The following properties make activated carbon 

suitable for adsorption applications: surface structure can be easily modified; they can 

be used in both acidic and basic conditions; their pore structure can be changed to be 

used for different purposes [12-13]. A fixed bed is the most effective arrangement for 

conducting experimental adsorption operations [174].  

There have been several reports on the use of activated carbons to control NOx. The 

kinetics of NOx removal by carbon of commercial origin has been studied by many 

researchers [175-180] and it has been concluded that the origin of the precursor, the 

natural impurities in the feedstock, surface chemistry and the conditions used to 

prepare the activated carbon are the main factors which can control its efficiency for 

NOx reduction [181]. Although there has been much research into NOx control using 

activated carbons, the factors controlling the NOx adsorption process are still not clear. 

Of particular interest for NOx control are low temperature processes where the NOx 

can be adsorbed after the gas scrubbing unit where very low levels of sulphur dioxide 

are found. Current NOx removal systems using selective catalytic reduction require 

temperatures typically between 200 and 400 °C, which may require some re-heating 

of the flue gases, resulting in an energy penalty for the process. Carbon-based 

adsorbents have been investigated to remove NOx at lower temperatures, for example 

between 25 °C and 200 °C [182]. Such temperatures occur after an acid gas scrubber 

unit to remove SO2 and HCl which are known to interfere with the selective catalytic 

reduction NOx removal process [177]. Adsorption efficiency of activated carbon 

depends on various variables, including porous texture, temperature, NO 

concentration and surface chemistry of adsorbents.  
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2.2.2.3.2 The role of porous texture on NO removal 

The narrow micropores found in activated carbons are very important for gas 

adsorption [183]. Zhang et al. [175] investigated the NO adsorption at a temperature 

of 25 ºC using commercially activated carbons and concluded that NO conversion 

reached a maximum on an activated carbon with a micropore size of 7 Å [175]. 

Similarly, Gomez et al. [184] studied the influence of porous texture on NO conversion 

using several activated carbons made from coal, olive stones, almond shells and 

phenol-formaldehyde polymer resin and reported that no correlation was found 

between the NO reduction activity and carbon structure. In addition, all the available 

surface areas were effective for NO reduction and the accessibility problems due to 

the diffusion limitations were not important under the studied conditions. The results 

shown by Gomez et al. [184] were largely consistent with a number of other 

contributions found in the literature [185-187]. 

In another study carried out by Neathery et al. [182], NOx removal by activated carbon 

from gas containing CO2, H2O, N2, O2, SO2 and NOx was investigated at adsorption 

temperatures between 20-140 ºC. The authors reported that activated carbon can 

successfully adsorb NOx within a temperature of 35-120 ºC. Their work, in which 

commercial activated carbon prepared from various precursors were used, showed that 

the NO adsorption efficiency of the examined activated carbon did not depend on their 

BET surface area and micropore volume. This was suggested from the results which 

showed that the activated carbon with an intermediate surface area and lowest total 

pore volume exhibited the highest NO adsorption capacity. In contrast, Rubio et al. 

[188] reported that the surface area and the carbon content were the main factors which 

influenced the removal efficiency of the activated carbon obtained from carbon 

enriched coal fly ashes. Kaneko et al. [189] also claimed that the adsorbability of 

activated carbon fibres in relation to NO, NH3 and SO2 at low temperature increased 

with specific surface area. Mochida et al. [179] reported that the main factor 

determining NO reduction activity of pitch-based active fibres, at room temperature, 

was the nitrogen content of the studied carbons. However, Gomez et al. [190] found 

no correlation between these two factors.  
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2.2.2.3.3 Effects of oxygen on adsorption 

It has been reported by many studies that oxygen is important for NO adsorption [175, 

181, 189, 191]. The presence of oxygen is believed to increase the adsorption of nitric 

oxide through the catalytic oxidation of NO to NO2, which results in an increase of the 

NO adsorption because of the higher adsorption potential of NO2 [177, 192]. Some 

researchers reported that in the absence of oxygen, the removal capacity of NO by 

activated carbon was low [193-194]. 

According to Kong and Cha [191], the oxygen is first adsorbed on the char (Eq 2.9) 

and then reacts with NO to produce NO2 (Eq 2.10). 

𝑂2(𝑔) →  2𝑂(𝑎𝑑𝑠) (2.9) 

𝑁𝑂(𝑔) + 𝑂(𝑎𝑑𝑠) → 𝑁𝑂2(𝑎𝑑𝑠)
 (2.10) 

Suzuki et al. [195] and Mochida et al. [196] noticed that during the adsorption, the 

created NO2 is firstly adsorbed on the activated carbon and then during the desorption 

step it reacts to form NO according to the following equations; 

𝑁𝑂2(𝑔) + 𝐶𝑓 → 𝑁𝑂 + 𝐶𝑂 (2.11) 

2𝑁𝑂(𝑔) + 𝐶𝑓 → 2 𝑁𝑂 + 𝐶𝑂2 (2.12) 

Richter et al. [197] proposed that the presence of oxygen was effective in forming a 

carbon with an oxidized surface that acts as active sites for NO capture. On the 

contrary, the results obtained by Zhu et al. [198] disagreed with this observation. The 

pre-adsorption of O2 on the activated carbon surface had a finite enhancing effect on 

the NO adsorption. A study carried out on pitch based active fibres by Mochida et al. 

[179] showed that oxygen at a level of 4% does not form any oxygen functional groups 

at ambient temperature. 

According to Suzuki et al. [195], the enhancement rate of NO removal in the presence 

of O2 is due to an increase in the amounts of carbon–oxygen complexes (Eq. 2.13) 
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which with decomposition produce free active carbon sites (Eq 2.14). Nitrogen 

containing species may form as in Eq. 2.15 and 2.1.6. N2 gas is formed with the 

decomposition of these compounds according to Eq. 2.17 or 2.18. More carbon- 

oxygen complexes may form with an increase in the modification time [192]. 

𝐶𝑓 + 𝑂2(𝑔) → C (O)  + 𝐶𝑂𝑋 (2.13) 

C (O) → 𝐶𝑓 (2.14) 

𝐶𝑓 +  NO → C(N) +  + 𝐶𝑂𝑋 (2.15) 

C (O)  +  NO  → C(N) + 𝐶𝑂𝑋 (2.16) 

𝐶 (𝑁) + 𝑂2(𝑔) → 𝐶𝑂𝑋 + 1/2𝑁2 (2.17) 

𝐶 (𝑁) + 𝑁𝑂 → 𝐶𝑂𝑋 + 𝑁2 (2.18) 

Zhang et al. [175] investigated the influence of oxygen on NO adsorption using 

commercial activated carbon at a temperature of 25 ºC and NO concentration of 500 

ppm. It was found that NO removal efficiency was highly dependent on the presence 

of O2 and increased with increasing O2 concentration. The NO conversion increased 

from 3 % at an oxygen concentration of 0 % oxygen to about 50% with 10% oxygen. 

Chen et al. [199] reported that the adsorption capacity of NO reached a maximum 

(about 6.2 mg g-1) when the O2 concentration was about 4% and declined when the O2 

content was higher than 8%. However, Guo et al. [185] claimed no relation between 

NO adsorption and oxygen and reported a 83 % NO conversion of active coconut 

carbon in the absence of oxygen. Kong and Cha [191] also concluded that NOx 

removal was independent of the presence of oxygen when the concentration was 

greater than 5%. 

2.2.2.4 Activated carbon modification methods of enhancement of gas 

adsorption 

Depending on the gas pollutant, the adsorption efficiency of activated carbon depends 

on various factors including pore size, surface functional groups, pore volume and 

BET surface area. The physical structure of activated carbon is determined mainly by 

the type of raw material, degree of activation and composition of activated carbon 
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[200]. Surface modified activated carbons were developed by researchers with the aim 

of enhancing NO adsorption. Impregnating chemicals, with high selective 

adsorptivities into carbonaceous materials, has been found to enhance NOx adsorption. 

Impregnation of the carbon materials with alkali metals has been found to enhance the 

NO removal, in particular, impregnating the activated carbon with KOH has been 

shown to enhance the carbon NOx adsorption capacity [201-203]. Lee et al. [201] 

examined the influence of impregnating coconut shell activated carbon with a KOH 

solution on NO2 removal at a temperature of 130 °C [201]. The impregnation of 

coconut activated carbon with a KOH solution enhanced the NOx adsorption to be 4 

times higher than that of the original activated carbon. Surface analysis of both 

carbons, using time of flight secondary ion mass spectrometry (ToF-SIMS), for the 

adsorbed species after adsorption showed the presence of NO3
- and NO2

- bonded on 

the surface of impregnated activated carbon with K+ and produced crystals of KNO3 

and KNO2. The authors concluded that KOH contributes to the formation of 

adsorption sites for NOx adsorption, resulting in the production of oxide crystals of 

KNOx (x=2 or 3) due to the reaction with NO.  

2.2.2.5 NO reaction mechanism with activated carbon 

As proposed by Zhu et al. [198], NO adsorption on activated carbon, prepared from a 

commercial coal-derived semi coke, in the presence of oxygen is assumed to follow 

the pathway shown in Figure 2.2-13. According to this, there are two adsorption sites 

on activated carbon surface, adsorption site A is to adsorb both NO and NO2 and 

adsorption site B is available only for NO2. Two pathways are responsible for NO2 

formation: (1) direct adsorption at the oxidized sites on activated carbon surface, and 

(2) through oxidation of the adsorbed NO species. The oxidized NO species, formed 

at site A, then move to site B and are stored there, probably as nitrate and nitrite 

species, resulting in the vacancy of site A for the continued adsorption process. 
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Figure 2.2-13. Reaction scheme of NO adsorption on activated carbon in the 

presence of oxygen [198]. 

The proposed NO adsorption mechanism was supported by the several adsorption sites 

formed on the carbon surface during the desorption experiments as presented in Figure 

2.2-14. Four desorption peaks were identified at 70 C (Low Temperature-LT), 110 

C (Mid Temperature 1-MT1), 160 C (Mid Temperature 2-MT2) and 200 C (High 

Temperature-HT), which strongly support the above mechanism that there are various 

NO adsorbed species on the activated coke surface formed during the NO adsorption 

experiments at 30 C. 

                  
Figure 2.2-14. Temperature-programmed desorption pattern of NO after adsorption 

on activated carbon- NO desorption peaks showing the multiple adsorption sites on 

the activated carbon surface. 
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Another study carried out by Kong and Cha [191], where the NO adsorption 

mechanism on coal char, at 24 C, was investigated in the presence of oxygen and 

H2O. The authors suggested that oxygen first adsorbed on the char surface, forming 

surface complexes (Eq. 2.19), which can then react with NO (Eq.2.20). 

−𝐶∗ + 𝑂2 → 2–C (O) (2.19) 

NO+–C (O)  → 𝐶(𝑁𝑂)2 (2.20) 

Zawadzki et al. [204] studied the adsorbed species formed during the reaction of 

carbon with NO in the presence of oxygen between 25 and 350 C and found that 

carbon catalyzed the conversion of NO through oxidation to NO2, and other surface 

species such as C-ONO and C-NCO and anhydride structures were also formed. In the 

same way, Mochida et al. [205], reported that the main adsorbed species formed on 

activated carbon fiber during the NO+O2 reaction at 30 C is NO2. Rathore et al. [206] 

more recently proposed that both NO and O2 adsorb on the active sites of carbon fibre, 

followed by oxidation to NO2. The adsorbed NO2 further reacts and forms other 

adsorbed intermediates such as NO3 and NO-NO3, which could then desorb as NO2. 

There is current research interest into the study of the mechanism of carbon-catalysed 

NO oxidation, however, due to the complexity of activated carbon, in terms of the 

variable chemical and physical properties, and NO auto-oxidation, characterizing NO 

oxidation mechanism is a challenge [207].  

2.3 Summary  

Literature on the production of carbonaceous materials has been reviewed in the 

current chapter. The catalytic activity of various carbonaceous materials used in tar 

cracking and NO removal have also been highlighted. However, most of the 

investigated carbons are commercial-based. The literature survey has not revealed any 

previous study concerning the use of carbonaceous materials derived from waste tyres, 

RDF and date stones for NO control at low temperature or tar control in the syngas 

produced from biomass gasification. To the author’s best knowledge, the catalytic 

activity of these carbonaceous materials for NO removal and tar decomposition has 
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not been investigated yet. Therefore, the application of these waste-derived 

carbonaceous materials for NO control and tar removal would provide a more 

sustainable process and would also contribute to the waste management and 

conservation of resources.  

It is necessary to determine the role of physical/chemical characteristics of the carbon, 

such as the porous texture and surface chemistry, on the adsorption of nitric oxide 

(NO) and degradation of tar species. There are some studies in the literature which 

have discussed the influence of these characteristics on the overall performance of the 

carbonaceous materials. However, there is a clear uncertainty about the effect of 

carbon characteristics on either NO removal or tar decomposition. Therefore, the aim 

of this research is to establish a comprehensive study to understand the factors 

affecting the catalytic activity of waste-derived carbonaceous materials. 
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3. CHAPTER 3.  METHODOLOGY 

This chapter presents a description of the investigated waste materials and the 

experimental procedure used to prepare the chars and the activated carbons. The 

techniques used to characterize the materials and to analyse the products derived from 

the experiments are presented. Additionally, the procedure used to investigate the 

catalytic performance of the prepared materials for NO adsorption and tar cracking is 

also discussed. A two stage fixed bed reactor was used to carry out biomass 

gasification experiments. A fixed bed reactor connected to a Horiba on-line gas 

analyser was used to perform NO adsorption experiments.  

The Methodology is divided into two parts; 

Section 3.1; Part of this work was devoted to the preparation of chars and activated 

carbons from waste materials to be investigated for the tar cracking and NO adsorption 

experiments respectively. Activated carbons were tested for NO adsorption at low 

temperature. From the results obtained from these experiments, comparisons were 

made between the activated carbons in terms of their physical, chemical structure and 

NO removal efficiency. 

Section 3.2; Gasification experiments of biomass using a two stage fixed bed reactor 

were performed with the use of chars as a catalyst for tar cracking. Comparisons were 

made between the three types of chars, syngas composition and tar reduction 

efficiency. A synopsis of the sequence of the experimental programme is 

schematically displayed in Figure 3.1. 
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Figure 3.1. A synopsis of the sequence of the experimental programme
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3.1 NO Adsorption Performance on the Activated carbons 

The main aim of this experimental investigation was to study the effectiveness of 

activated carbon produced from waste materials for NO removal. This section presents 

a description of the experimental procedure using a fixed bed reactor under which the 

reactions between activated carbons and NO took place, followed by a description of 

the gas analyser.  

3.1.1 Materials 

3.1.1.1 Refuse derived fuel (RDF) 

About 85% of the un-segregated MSW is mainly organic which can be further 

processed by removing of non-combustible and low calorific materials to produce a 

refuse derived fuel (RDF) of higher calorific value, consisting of paper, plastics, 

textiles and other combustible materials. The processed RDF pellets had a calorific 

value of 18.0 MJ kg-1, while the raw MSW waste has a typical calorific value of 9.1 

MJ kg-1 [1]. Therefore, RDF was selected in this work to represent municipal solid 

waste with the elimination of recyclable materials such as metals and glass. 

The RDF sample was carefully prepared from 2 kg of RDF and was mixed, coned and 

quartered and further shredded to enhance homogeneity. The RDF used in this study 

was in the form of pellets with 40 mm length and 20 mm diameter (Figure 3.1-1), 

obtained from a United Kingdom municipal waste treatment plant. The sample was 

shredded to get samples with a particle size of 8 mm to be used for the pyrolysis 

experiments. The proximate analysis of the RDF gave 72.0 wt.% volatiles, 5.0 wt.% 

moisture, 13.0 wt.% fixed carbon and 11.0 wt.% ash. Elemental analysis of the RDF 

sample gave 47.5 wt.% carbon, 5.8 wt.% hydrogen and 0.8 wt.% nitrogen. The solid 

composition of RDF is diverse; therefore slight variations in some parameters might 

be observed when comparing RDF samples from different sources.  
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Figure 3.1-1. RDF sample (a) original pellets (b) shredded samples 

3.1.1.2 Waste tyre 

Shredded car passenger tyres of particle size of 1.7 mm were used in this work. The 

sample was prepared by removing the steel followed by shredding and sieving. The 

proximate analysis of waste tyre gave 62.2 wt.% volatiles, 1.3 wt.% moisture, 29.4 

wt.% fixed carbon and 7.1 wt.% ash. Elemental analysis of the waste tyre gave 81.2 

wt.% carbon, 7.2 wt.% hydrogen, 2.6 wt.% sulphur and 0.5 wt.% nitrogen. 

3.1.1.3 Date stones 

Date stones are one of the most available agricultural by-products in date palm 

growing countries including Oman which is considered as one of the top ten date-

producing countries with a an average annual production of 260,000 million tonnes 

[2]. Date stones were composed of 5-10 wt.% moisture, 55-56 wt.% carbohydrates, 5-

7 wt.% protein, 7-10 wt.% oil, 10-20 wt.% crude fibre and 1-2 wt.% ash [3]. 

Thus, to utilize this abundant and cheap waste, date stones were used as the raw 

material to produce low-cost adsorbent. The date stones used in this study were 

obtained from Oman and were thoroughly cleaned with water and were sun-dried for 

24 hours. The date stones as received of particle size of 30 mm were shredded and 

ground and sieved to obtain samples with a particle size of 8 mm (Figure 3.1-2). 
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Figure 3.1-2. Date stones sample (a) original pellets (b) shredded samples 

3.1.1.4 Commercial activated carbons 

Four different commercial carbons (labelled C-AC1, C-AC2, C-AC3 and C-AC4) with 

different characteristics and porosity were used in this work and were obtained from 

Norit Ltd., Netherlands. The carbons were of particle size 0.15-3 mm. The NO 

removal efficiency of these carbons was compared to the waste derived activated 

carbons in chapter 4.  

3.1.2 Acid Demineralization  

The metallic mineral contents of tyre char might affect NO sorption. Therefore, to 

investigate the influence of the carbons mineral contents on NO capture, activated 

carbon produced from waste tyre was demineralized using 5% HCl to reduce its ash 

content. For this purpose, 20 ml of (5M) HCl was added to 1 g of tyre char followed 

by boiling the mixture for 20 minutes. Then, the char was washed several times with 

deionized water until the pH was 7, finally the demineralized tyre char was dried at 

105 °C for 24 hours to ensure that almost all of the acid had been removed either from 

the washing step or evaporated in the furnace. Relevant results are reported in Chapter 

4, Section 4.1.4 
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3.1.3 Production of chars  

Three different waste materials, waste tyre, RDF and date stones were used to produce 

pyrolysis chars. Pyrolysis of the waste materials was carried out in a fixed bed reactor, 

250 mm in length by 30 mm internal diameter. A schematic diagram of the reactor is 

shown in Figure 3.1-3. The reactor was fully instrumented in terms of gas flow control, 

furnace temperature control and temperature monitoring throughout. The waste (10 g) 

was held in a stainless steel sample crucible in the reactor and heated to final 

temperatures of 600 ºC at a heating rate of 10 ºC min-1 and held at the final temperature 

for one hour. A slow heating rate of 10 ºC min-1 was chosen for char production, as 

lower heating rates have been reported to produce high yield of chars [1, 4-5]. Nitrogen 

with a flow rate of 200 ml min-1 was used as the carrier gas to provide an inert 

atmosphere and to purge the evolved pyrolysis gases from the hot reactor and also to 

minimize any secondary reactions of the gases such as thermal cracking, 

recondensation and repolymerisation [6-7]. According to Katyal et al. [6], the presence 

of an inert purge gas during the slow pyrolysis of municipal solid waste minimized the 

secondary reactions of the evolved volatiles from the slow pyrolysis of municipal solid 

waste. A condenser system consisting of a water-cooled condenser and two dry ice-

cooled condensers was used to trap the condensable liquids. The third condenser was 

packed with a glass wool to further trap any oil mist. A Dreschel bottle filled with de-

ionised water, located after the final condenser, was used to dissolve any water soluble 

gases evolve from the experiment. At the end of the pyrolysis experiment, the furnace 

was allowed to cool down under nitrogen to room temperature. The char was then 

collected, weighed, ground and sieved to 1.5-2 mm particle size and dried at a 

temperature of 105 ºC overnight. Repeat experiments were carried out to ensure the 

stability of the reactor and reproducibility of results and to obtain sufficient char 

amount for the subsequent experimental work. 



  

83 

 

 

Figure 3.1-3. Schematic diagram of the waste pyrolysis reactor. 

3.1.3.1 Repeatability of the pyrolysis procedure 

The pyrolysis process was repeated five times to ensure the stability of the reactor and 

the consistency of the results. The yield of products from the pyrolysis of RDF and 

tyre at a pyrolysis temperature of 600 ºC and holding time of 1 hour are presented in 

Table 3.1-1. The pyrolysis was repeated five times for each raw material, and 

repeatability was assessed according to the pyrolysis yield products. The descriptive 

statistics of the results showed good repeatability of the products. 
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Table 3.1-1.  Repeatability of pyrolysis products 

* Calculated according to equations 3.17 and 3.18 (see page 104). 

 

Repeatable 

Parameters 

RDF char 

Pyrolysis Experiments Mean SD RSD (%) 

1 2 3 4 5 

Char (wt.%) 30.70 31.18 31.49 30.80 29.20 30.67 0.88 2.87 

Liquid (wt.%) 54.30 54.41 53.90 53.90 52.70 53.84 0.67 1.26 

Gas (wt.%) 14.90 14.41 14.60 15.30 15.01 15.46 0.34 2.35 

Mass Balance 99.9 100.0 99.9 100.0 96.9 99.35 1.37 1.38 

 

Repeatable 

Parameters 

Tyre char 

Pyrolysis Experiments Mean Standard 

Deviation 

Relative Std. 

Dev (%) 1 2 3 4 5 

Char (wt.%) 37.00 36.80 38.00 36.90 35.40 36.82 0.93 2.50 

Liquid (wt.%) 55.30 54.40 54.20 56.70 56.10 55.34 1.07 1.94 

Gas*(wt.%) 7.70 7.80 7.80 7.50 7.40 7.64 0.18 2.38 

Mass Balance 100.0 99.0 100.0 101.0 98.9 99.8 0.86 0.86 
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3.1.4 Production of activated carbons 

The influence of the activated carbon preparation process on the properties the derived 

carbons and the consequent influence on NO removal was investigated. Therefore, 

waste derived chars were activated via two different methods, physical activation with 

steam and chemical activation with alkali chemical agents. Chemical activation was 

performed for tyre char only, which was carried out to assess the influence of porous 

texture on NO removal.  

3.1.4.1 Physical activation 

The chars recovered from the pyrolysis reactor were ground and sieved to 1.5-2 mm 

and dried at a temperature of 105 ºC overnight and then activated in steam in the 

pyrolysis reactor which was adapted to incorporate steam injection by the addition of 

preheater at the inlet to provide steam required to activate chars as presented in Figure 

3.1-4. During the activation process the char samples (7g), obtained from the pyrolysis 

temperature of 600 ºC, were placed in the reactor and were heated at a heating rate of 

20 ºC min-1 to the activation temperature of 900 ºC. Once the activation temperature 

was reached, the deionised was introduced into the nitrogen and then into a preheater 

maintained at 300 ºC to generate steam as the activating agent.  
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Figure 3.1-4. Photograph of the activation reactor. 

A syringe pump was used to introduce the deionised water for a period of 3 hours. 

Nitrogen with a flow rate of 200 ml min-1 was used to purge the air from the system. 

A schematic diagram of the activation reactor is shown in Figure 3.1-5. 
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Figure 3.1-5. Schematic diagram of the char activation reactor 

The repeatability of the activation procedure was assessed in terms of activated carbon 

yield, burn-off and surface area. Therefore, the activation of RDF chars, obtained at a 

pyrolysis temperature of 600 ºC, in steam at 900 ºC was repeated three times. The 

results presented in Table 3.1-2 showed good repeatability. From the results presented 

in Table 3.1-2, excellent repeatability was obtained with a very low relative standard 

deviation. The burn-off of the resultant activated carbon and the yield of carbon were 

obtained according to the following equations: 

𝑩𝒖𝒓𝒏 − 𝒐𝒇𝒇 (𝒘) =
𝑾𝟏−𝑾𝟐

𝑾𝟏
 × 𝟏𝟎𝟎%                     (3.1) 

Where, W1 is the mass of char on a dry ash free basis, and W2 is the mass of carbon after 

activation on a dry basis.  
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𝒀𝒊𝒆𝒍𝒅 (𝒀) =
𝑾𝟐

𝑾𝟏
 × 𝟏𝟎𝟎%                                          (3.2) 

Where, W1 is the initial dry mass of char (g), and W2 is the mass of carbon (g) after 

activation (g).  

Table 3.1-2.  Repeatability of the physical activation procedure. 

 

Activation experiments RDF Activated carbon 

 Yield 

(wt.%) 

Burn-off 

(wt.%) 

Surface area 

(m2 g-1) 

1 61.25 57.23 337.91 

2 60.00 58.28 340.32 

3 62.25 56.53 341.51 

Mean 61.17 57.35 339.91 

SD 1.13 0.88 1.83 

RSD (%) 1.84 1.54 0.54 

 

 

3.1.4.2 Chemical activation 

Chemical activation was performed for tyre char only according to the procedure 

reported by Fierro et al. [8], where the char is physically mixed with the chemical 

agent. This chemical activation procedure has been found to lead to a higher BET 

surface area of the resulting activated carbons [9-10]. Also, this procedure was 

preferred to the wet impregnation procedure to avoid the preliminary carbonation of 

KOH with CO2 from the atmosphere as reported by Illingworth [11].  

Therefore, the activated carbons were prepared by pyrolysis followed by chemical 

activation with alkali metals. The char was subjected to chemical activation with the 

use of KOH, K2CO3, NaOH and Na2CO3 as the activating agents. The char was 

physically mixed with the alkali chemical agent with a weight ratio of 1:3. The 

influence of the chemical impregnation ratio was also investigated using KOH, where 

char was physically mixed with KOH with various weight ratios (0.5, 1, 3 and 4:1). 

All the activations took place at an activation temperature of 900 °C. Additionally, the 

influence of varying the activation temperature on the porous texture of the final 
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product was tested. Char was mixed with a 1:3 weight ratio of KOH and activated at 

700, 800 and 900 ºC for 3 hours under nitrogen.  

The activation process for the chemically impregnated char samples involved heating 

the char under nitrogen at a heating rate of 20 ºC min-1 to the final activation 

temperature. After the activation, the carbons were cooled under N2, and then washed 

first with 1 M HCl and later with distilled water until the pH of the washed solution 

was about 7. Finally, the washed samples were dried at 105 ºC overnight. 

3.1.5 Analysis of the raw materials, chars and activated carbons 

3.1.5.1 Ultimate analysis  

The elemental analysis of the raw materials and their representative chars and 

activated carbons was carried out using an elemental analyser (Flash EA2000). A 

schematic diagram of the instrument is presented in Figure 3.1-6. About 2.5-3 mg of 

sample is weighed and sealed in a tin capsule. Each sample was prepared in duplicate. 

The tin capsules were then placed into an auto-sampler and introduced into a 

combustion chamber maintained at 900-1000 ºC. Then a fixed amount of oxygen was 

injected into the combustion chamber via a helium carrier gas. Once the capsules react 

with the oxygen, an exothermic reaction is generated which results in increasing the 

temperature to 1800 ºC causing the oxidation of the sample. The combustion gaseous 

products were then swept through the reduction chamber, where H2O, NO2, CO2 and 

SO2 are formed. The gases were then separated in a chromatography column and 

detected by thermal conductivity detector (TCD), which is calibrated via standards 

with known elemental composition. Gases were then converted into weight 

percentages of hydrogen (H), nitrogen (N), carbon (C), and sulphur (S) via computer 

software. 
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Figure 3.1-6. Schematic diagram of the Flash EA2000 Elemental analyser. 

3.1.5.2 Proximate analysis 

The proximate analysis of the samples was carried out using a Shimadzu TGA-50H 

thermogravimetric analyser to obtain a measure of the moisture, fixed carbon, volatile 

matter and ash content of the raw samples, chars and activated carbons. The analysis 

was carried out in three stages. In the first stage, the sample was heated under nitrogen 

to a temperature of 110 °C and held at this temperature for 10 minutes. The weight 

loss that occurred during this stage corresponds to the moisture content of the sample. 

Then in the second stage, the sample was heated to 900 °C and held for 15 minutes. 

The weight loss occurring during this stage represents the weight of the volatile 

content. Finally, and after the sample had been heated to 900 °C, air was used instead 

of nitrogen to burn-off the fixed carbon leaving the ash in the aluminium pan. An 

example of thermogram for the proximate analysis of RDF is shown in Figure 3.1-7.  
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Figure 3.1-7. A TGA Thermogram for the proximate analysis of RDF. 

3.1.5.3 Scanning Electron Microscope (SEM) and Energy-Dispersive X-ray 

spectroscopy (EDXS) 

A SEM LEO 1530 high-resolution scanning electron microscope (SEM) coupled to an 

energy-dispersive X-ray spectroscope (EDXS) was used to characterize and examine 

the surface morphology of the prepared carbons with EDXS providing an indication 

of the metal content of the carbons. The main components of the SEM are an electron 

gun, lenses, sample chamber and detector. The microscope was operated at a working 

distance of 8 to 9 mm and an accelerating voltage of 25 kV. The samples were coated 

with a 30.0 nm layer of gold using an Emscope SC500 specimen vacuum gold coater 

at 20 mA to improve the charge dissipation. The samples were then placed on the 

specimen stand and analysed. An example of a SEM-EDXS for tyre activated carbon 

is presented in Figure 3.1-8. 
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Figure 3.1-8. SEM-EDXS results for tyre char activated carbon. 

A semi-quantitative analysis of the inorganic components of selected chars and 

activated carbons samples was conducted using EDXS. The EDXS technique depends 

on the detection of X-ray energy emitted when the inner shell electrons are displaced 

by an incident beam of electrons interacting with the sample. Each element emits a 

specific X-ray energy. A semi-conductor detector is used to detect the X-ray according 

to its energy. The energy from the X-rays is converted into pulses of current 

proportional to the photon energy by a lithium drifted silicon crystal disc. Aztec 

software was used to obtain EDXS spectra and to determine the elemental 

composition. The energy peaks appearing in the EDX spectra correspond to various 

elements in the sample.  

3.1.5.4 Boehm titration 

The Boehm titration method was used to determine the acidic and basic oxygen groups 

of the commercial and waste derived activated carbons. The basic sites were 

determined by mixing 1g of activated carbon with 50 ml of 0.05 M HCl in a closed 

flask and shaken for 24 hours. The solution was then filtered, and an aliquot of 5 ml 

was taken and titrated with 0.05 M NaOH. The acidic groups were determined by a 

similar procedure, where activated carbon was mixed with 0.05 M NaOH and the 

titrant solution was 0.05 HCl. The amounts of acidic and basic groups were calculated 

as shown in equations (3.3) and (3.4) respectively.  
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𝑨𝒄𝒊𝒅𝒊𝒄 𝒈𝒓𝒐𝒖𝒑𝒔 (𝒎𝒎𝒐𝒍/𝒈)  =
[𝑵𝒂𝑶𝑯] ∙ 𝑽𝑵𝒂𝑶𝑯,𝒎𝒊𝒙 − ([𝑯𝑪𝒍] ∙ 𝑽𝑯𝑪𝒍,𝒄𝒐𝒏𝒔)

𝒎𝒄𝒂𝒓𝒃𝒐𝒏
        (3.3) 

 

𝑩𝒂𝒔𝒊𝒄 𝒈𝒓𝒐𝒖𝒑𝒔 (𝒎𝒎𝒐𝒍/𝒈) =
[𝑯𝑪𝒍] ∙ 𝑽𝑯𝑪𝒍,𝒎𝒊𝒙 − ([𝑵𝒂𝑶𝑯] ∙ 𝑽𝑵𝒂𝑶𝑯,𝒄𝒐𝒏𝒔)

𝒎𝒄𝒂𝒓𝒃𝒐𝒏
          (3.4) 

 

3.1.5.5 Fourier Transform Infrared spectrometry (FTIR) 

Fourier Transform Infrared spectrometry (FTIR) is a technique used to determine the 

different functional groups present in solid or an organic liquid by absorbing infrared 

spectra light across a wide range of wavelengths. The technique was used to identify 

the NO adsorbed species formed on the carbon surface after the NO adsorption tests. 

FTIR spectra of the activated carbons were determined using a Thermo Nicolet 

Corporation iS10 (Thermo Scientific), over a wave number range of 4000-600 cm-1. 

IR spectrum consists of the wave number (cm-1) against intensity (% transmittance or 

absorbance). A detailed description of this technique can be found elsewhere [12].  

3.1.5.6 Metal analysis 

The presence of metals are known to influence the catalytic properties of carbons; 

therefore the metal content of the waste samples was determined since these will end 

up in the product carbon. A semi-quantitative analysis of the raw material samples 

(RDF, tyre and date stones) was carried out using a Thermo Advant XP X-ray 

fluorescence (XRF) spectrometer. The device was equipped with a Rh source. The 

samples were prepared as fused beads to provide a homogenous sample. The three 

waste materials were ashed in a furnace at 550 °C for several hours. A lithium borate 

flux was added to the ash and heated to 900 °C in a platinum crucible and then cast 

into a mould with a flat bottom. The resultant fused bead was presented to the XRF 

spectrometer for analysis. The fused bead was analysed using OXSAS programme. As 

both waste tyre and RDF had high ash content, therefore it was worth carrying out a 

quantitative analysis of these two samples. Therefore, mineral matter characterization 

was performed using a Varian Fast Sequential Atomic Absorption Spectrophotometer 

(Varian AA240FS). The waste sample was converted to ash, and the ash was 

subsequently dissolved in a concentrated solution of nitric acid; 0.1 g of ash was 
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digested with 10 ml HNO3 at 240 °C. The samples were prepared in duplicate. Table 

3.1-3 shows the metal contents of Tyre and RDF waste raw materials. 

Table 3.1-3.  Metals composition of tyre and RDF waste raw materials. 

Element 

(wt.%) 

Tyre  RDF 

1 2 Average 1 2 Average 

Ca  0.200 0.203 0.202 1.258 1.414 1.336 

Zn  2.560 2.575 2.568 0.033 0.033 0.033 

K  0.037 0.033 0.035 0.152 0.176 0.164 

Fe  0.081 0.095 0.088 0.214 0.164 0.189 

Cu  0.010 0.010 0.010 0.000 0.000 0.000 

Al  0.032 0.033 0.032 1.447 1.213 1.330 

Na 0.025 0.024 0.025 0.165 0.154 0.159 

3.1.5.7 Pore structure characterization 

The BET surface area and porosity parameters of the chars and activated carbons were 

determined from the measurements of nitrogen adsorption-desorption at 77 K with the 

use of a Nova gas analyser (Figure 3.1-9). 

The physical gas adsorption is usually the technique used to analyse the pore 

characteristics of materials which is based on the determination of the amount of gas 

adsorbed into a solid sample. The adsorption isotherm results from the physical 

adsorption of gas and provides the required information for determining the BET 

surface area, pore volumes and pore size distribution [13].  
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Figure 3.1-9. Quanatachrome NOVA 2200e. 

The measurements are based on the static volumetric principle, which consists of 

admitting known amounts of nitrogen, as adsorptive gas, to the sample, which is kept 

at liquid nitrogen temperature (77 K). The solid then adsorbs some of the admitted 

gas, thus implying a variation in gas pressure inside the sample cell, which will change 

until equilibrium occurs. However, if equilibrium is not reached, another dose of gas 

is applied. Once equilibrium is reached, the quantity of gas adsorbed is then calculated 

as the difference between the amount of gas admitted and the amount of gas filling the 

dead space (i.e. space not occupied by the solid material) at the equilibrium pressure 

[13]. The plot of the amount of gas adsorbed/desorbed onto/from a sample against the 

relative pressure is called the adsorption isotherm at a constant temperature (77 K). 

The determination of the adsorption/desorption isotherm is useful to identify the 

structure of the analysed solid material. The samples were prepared for analysis, i.e., 
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about 0.1 g of the char or activated carbon samples were degassed under vacuum for 

3 hours at a temperature of 300 °C for the purpose of removing the moisture and the 

adsorbed molecules from the surface of the adsorbent. To do this, the sample cell was 

placed inside a heating mantle, which was connected to a temperature controller. The 

degassing conditions depended upon the type of sample analysed.  

3.1.5.7.1 Determination of BET surface area by Brunauer-Emmer-Teller (BET) 

method 

The surface area of chars and activated carbons were determined using the BET 

method. The method of Brunauer, Emmett and Teller (BET) is the most accepted 

method for the calculation of surface area of solid materials. Two stages are involved 

in the determination of surface area according to the BET method. Firstly, the BET 

monolayer capacity (Wm) from the BET plot is determined. In the second stage, the 

BET area is calculated from Wm and the cross-sectional area occupied by the adsorbate 

molecule in the complete monolayer [14-15]. The BET equation used for the 

calculation of surface area can be expressed as (3.5): 

                      
𝟏

𝑾 . ((𝑷𝟎 𝑷) − 𝟏⁄ ))
=

𝟏

𝑾𝒎. 𝑪
+

𝑪 − 𝟏

𝑾𝒎. 𝑪
 (

𝒑

𝑷𝟎
)                                 (3.5) 

Where, W is the amount of gas adsorbed at a relative pressure (P/P0), P0 is the saturated 

vapour pressure of nitrogen, P is the absolute pressure of adsorbate (i.e. nitrogen), Wm 

is the weight of adsorbate of monolayer formed over the surface of the adsorbent, and 

C is the BET constant which is related to the strength of interaction between gas and 

solid.   

The plot of P/P0 vs 1/[W (P0/P)-1] should yield a straight line normally in the P/P0 

range of 0.05 to 0.35. A sample BET plot for tyre char is shown in Figure 3.1-10. 
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Figure 3.1-10. Sample BET Plots for tyre char 

The weight of adsorbate monolayer (Wm) can be then calculated from the slope (S) 

and intercept (I) of the BET plot by solving the following equations (3.6) and (3.7). 

𝑺 =
𝑪 − 𝟏

𝑾𝒎 .  𝑪
 

                                 (3.6) 

𝑰 =
𝟏

𝑾𝒎 .  𝑪
 

 

                                (3.7) 

Then Wm can be expressed as: 

𝑾𝒎 =
𝟏

𝑺 + 𝑰
 

 

           (3.8) 

Thus, the total surface area (St) can be calculated based on the following equation 
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𝑺𝒕 =
𝑾𝒎 . 𝑵 .  𝑨𝑪𝑺

𝑴
 

                                  (3.9) 

Where N is the Avogadro’s number, Acs is the cross-sectional area of the adsorbate, 

which is 16.2 m2 for nitrogen, and M is the molecular weight of the adsorbate (28 

g.mol-1 for Nitrogen). The specific surface area (S) in m2 g-1 can then be obtained from 

the total surface area (St) and the sample weight (Ws) as follows [16]: 

 

𝑺 =
𝑺𝒕

𝑾𝒔
 

 

 

 

                                (3.10) 

3.1.5.7.2 Determination of mesopore volume (BJH) method 

The method of Barrett, Joyner, and Halenda (BJH) is used to calculate the mesopore 

size based on the assumption that the pores have a cylindrical shape and the pore radius 

is given by the kelvin radius plus the thickness of the adsorbate layer which is adsorbed 

onto the pore walls prior to condensation during adsorption or which remains on pore 

walls after evaporation during desorption. The BJH model was applied to the 

desorption leg of the N2 isotherm, in particular for relative pressure (P/P0) in the range 

of 0.4 to 0.96 [17]. 

3.1.5.7.3 Determination of micropore volume – Dubinin-Radushkevich (DR) 

method 

The micropore volume of chars and activated carbons was determined using the 

Dubinin Radushkevich method which is based on the Polanyi potential theory of 

adsorption. Dubinin proposed that in very fine pores the adsorption occurs through 

pore filling from the smallest to the largest pores rather than the adsorption via layers 

and there is an adsorption potential into which adsorbate molecules falls. Dubinin and 

Radushkevich assumed that the volume filled by liquid adsorbate at various adsorption 

potentials can be expressed as [16]: 
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𝑽 = 𝑽𝟎 𝒆𝒙𝒑 [−(
𝑨

𝜷𝑬𝟎
)]

𝟐

       
 

                 (3.11) 

Where A is the adsorption potential and is given by the equation (3.12) 

𝑨 = 𝑹𝑻 𝒍𝒏 (
𝑷𝟎

𝑷
) 

 

 

         (3.12) 

V is the adsorption volume of the liquid adsorbate, V0 is the micropore volume, E0 

represents the characteristic energy of adsorption, and β is the affinity coefficient 

which can be determined by the liquid molar volume of a given adsorbate and benzene 

(used as the reference liquid)  as in equation (3.13) [16] 

𝜷 =
𝑽

𝑽 𝑪𝟔𝑯𝟔

 

 

 

                             (3.13) 

After substituting for E in Eq 3.11 from Eq 3.12, the Dubinin Radushkevich equation 

can then be written in logarithmic form as: 

𝒍𝒐𝒈𝑽 =  𝒍𝒐𝒈𝑽𝟎 − 𝟐. 𝟑𝟎𝟐 (
𝑹𝑻

𝜷𝑬𝟎
)
𝟐

𝒍𝒐𝒈(𝑷𝟎 𝑷⁄ )𝟐 
 

(3.14) 

 

 

A plot of the logarithm of the amount adsorbed (log Vads) versus the square of 

adsorption potential log [(P0/P)2] should give a straight line. The micropore volume 

(V0) and energy of adsorption (E0) can be then calculated from the intercept (log V0) 

and the slope (-RT/E)2 respectively. 

3.1.5.7.4 Pore size distribution by Density Functional Theory (DFT) 

Density functional method was applied for the determination of the pore size 

distribution from the adsorption isotherms. This method provides a microscopic 
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description of fluids (i.e. the liquid adsorbate) in confined pores which allows 

obtaining a more accurate analysis of narrow micro and mesopores. Additionally, 

compared to the methods based on the thermodynamic and macroscopic approaches, 

such as the DR and BJH methods which are applicable for a certain pore size analysis 

and do not provide a description of the filling of micropores and narrow mesopores, 

this method determines the distribution of pore sizes over both micropore and 

mesopore size ranges [15].  

3.1.6 Analysis of Gaseous Products 

All the gases collected from the experiments carried out in this research work were 

analysed as described below in sections 3.1.6.2 and 3.1.6.3. The gaseous products 

collected in the gas bag were analysed off-line by packed column chromatography. 

The gas chromatograph consists of several components including, injection port, 

carrier gas, column, oven and detector. A microsyringe is used to introduce the sample 

through a rubber septum and into the vaporization chamber. A carrier gas is used to 

transport the analytes through the column. The sample is separated into its components 

in the column based on the strength of interaction of the compounds with the stationary 

phase. The main components of a gas chromatography are shown in Figure 3.1-11.       

 
Figure 3.1-11. GC Chromatography equipment and general layout of a typical GC. 
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3.1.6.1 Calibration of the Gas Chromatograph Instruments 

The gas chromatographs were regularly calibrated with standard gas mixtures to 

ensure accurate quantitation. The standard gases were used to create calibration curves 

and used as a reference for compositional calculation of each gas. For permanent 

gases, the calibration was carried out using a standard gas mixture obtained from 

Supelco, UK. The mixture typically contained 0.994 vol.%  H2, 0.999 vol.% CO, 0.992 

vol.% CO2, 1 vol.% O2 and 96 vol.% of N2.  

 
Figure 3.1-12. GC response peaks for a standard gas mixture of permanent gases (H2, 

O2, N2, CO). 

However, for hydrocarbons, the calibration was performed using two different gas 

standards of alkanes and alkenes. The standard alkane mixture contained 1 vol.% each 

of CH4, C2H6, C3H8 and C4H10; and the standard alkene mixture contained 1 vol.% 

each of C2H4, C3H6 and 2 vol.% of C4H8. In all cases, 1.0 cm3 of each standard was 

injected into the GC. Examples of the resulting chromatograms for the permanent 

gases and hydrocarbon standard gas mixtures and the corresponding areas are shown 

in Figures 3.1-12 and 3.1-13 respectively.  
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Figure 3.1-13. GC response peaks for standard gas mixture of hydrocarbons (C1-C4). 

3.1.6.2 Permanent gases analyses 

The permanent gases (N2, H2, CO, CO2) were analysed using a Varian CP-3380 gas 

chromatograph with a thermal conductivity detector (GC/TCD) equipped with a 2 

meters-long column with a 2 mm diameter packed with 60-80 mesh molecular sieve. 

Argon was used as the carrier gas. Nitrogen, the purge gas used during the char 

preparation experiments was also determined, and the volumetric flow rates of the 

evolved gases were calculated by comparison with the N2 flow rate. The gas 

chromatograph oven was isothermally held at a temperature of 30 °C during the 
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analysis; the injector and detector temperatures were set at 120 °C and the filament 

temperature at 160 °C. Carbon dioxide was analysed by another Varian CP-3380 

(GC/TCD) on a 2 m length by 2 mm diameter column and packed with a HayeSep 80-

100 molecular mesh, and argon was also used as the carrier gas.  

3.1.6.3 Hydrocarbon gases analyses 

Hydrocarbon gases from C1 to C4 were analysed using a separate Varian CP-3380 GC 

with a flame ionisation detector (FID). The column used was 2 m long with 2 mm 

diameter packed with 80-100 mesh HayeSep. Nitrogen was used as the carrier gas. 

The injector was held at 150 °C, while the detector temperature was 200 °C. The oven 

temperature was set at 60 °C for 3 min, then ramped at 10 °C min-1 to 100 °C, held for 

3 min and finally ramped to 120 °C at 20 °C min-1 heating rate.  

3.1.6.4 Calculation of gas concentration 

The calculation of the volume percentage of the gas products was determined in 

relation to the results produced by the analysis of standard gases. The area values 

recognized by the digital integrator by converting the voltage signal from the detector 

were used to obtain response factors for each gas species in the standard gases. The 

response factor (RF) was calculated according to the following equation: 

  

𝑹𝑭 =
𝒑𝒆𝒂𝒌 𝒂𝒓𝒆𝒂 𝒐𝒇 𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 𝒈𝒂𝒔

𝒗𝒐𝒍 % 𝒐𝒇 𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 𝒈𝒂𝒔 
 

 

 

   (3.15) 

After obtaining the response factor values, then the volume percent of each gas can be 

calculated by using the following equation: 

 

𝒗𝒐𝒍.% =
𝒑𝒆𝒂𝒌 𝒂𝒓𝒆𝒂 𝒐𝒇 𝒆𝒂𝒄𝒉 𝒂𝒏𝒂𝒍𝒚𝒕𝒊𝒄𝒂𝒍 𝒈𝒂𝒔 𝒔𝒂𝒎𝒑𝒍𝒆

𝑹𝑭 𝒐𝒇 𝒕𝒉𝒆 𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 𝒈𝒂𝒔 
 

 

 (3.16) 
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At standard conditions of temperature and pressure, one mole of gas has a volume of 

22.4 litres. The mass of each gas species ‘x’ can then be calculated based on the 

concentration of nitrogen present as follows: 

         𝑴𝒂𝒔𝒔𝒙 = 𝑹𝒎. (
𝑪𝒙

𝟏𝟎𝟎
. 𝑽𝒕𝒐𝒕𝒂𝒍) /𝟐𝟐. 𝟒                                                     (3.17) 

              

Where Massx is the mass of the compound ‘x’ produced, Rm is the molecular weight 

of the compound ‘x’, Cx is the concentration of gas ‘x’ in percent obtained from GC 

analysis and V total is the total volume of the gas sample collected which was calculated 

as follows: 

 

                   𝑽𝒕𝒐𝒕𝒂𝒍 = 𝑸𝒏 . 𝒕𝒄 .
𝟏𝟎𝟎

𝑪𝒏 
                                                                        (3.18) 

                                                                      

Where Vtotal is the total volume of the gas sample collected, Qn is the flow rate of 

nitrogen used in the experiment, tc is the gas collection time and Cn is the concentration 

of nitrogen in the gas in percent.  

The total mass of the gases produced can then be calculated by summing the masses 

for each gas compound. 

3.1.6.5 Repeatability of the gas analysis 

To evaluate the repeatability of the gas analysis procedure, repeat injections were 

carried out using the gas sample collected in the same gas bag. Figure 3.1-14 shows 

an example of the obtained chromatograms which clearly indicates that the gas 

analysis procedure is accurate. The repeatability of the analyses of gaseous species 

found in the sample is shown in Table 3.1-4. The repeatability was estimated from the 

relative standard deviation. Relative standard deviation of less than 10% indicates an 
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excellent repeatability with minimal errors. The relative standard deviation was in the 

range of 0.06-6.67% showing the excellent repeatability of the gas analysis procedure.  

 

Figure 3.1-14. Overlaying Chromatograms indicating repeatability of GC analysis 

results 
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Table 3.1-4. Repeatability of GC analysis   

Peak areas in microvolts per unit time; Response factor is microvolts per unit time per vol.% 

Gas Rf 

 

Peak 

Area 

sample 1 

Conc 

(Vol.%) 

Peak 

area 

sample 2 

Conc 

(Vol.%) 

Peak 

area 

sample 3 

Conc 

(Vol.%) 

Peak 

area 

sample 4 

Conc 

(Vol.%) 

Average 

(conc.%) 

SD RSD 

CO 48427 157689 3.26 154163 3.18 154163 3.18 155830 3.22 3.21 0.035 1.081 

H2 593758 1326581 2.23 1320714 2.22 1346077 2.27 1322020 2.23 2.24 0.020 0.893 

N2 48100 4514386 93.85 4503660 93.63 4571144 95.03 4541752 94.42 94.24 0.063 0.067 

CO2 12115 33891 2.80 32550 2.69 32795 2.71 33891 2.80 2.75 0.059 2.145 

CH4 587018 682456 1.16 695617 1.19 695699 1.19 682456 1.16 1.17 0.013 1.111 

C2H4 982709 174236 0.18 177677 0.18 177349 0.18 174236 0.18 0.18 0.002 1.111 

C2H6 1072273 137614 0.13 140257 0.13 140181 0.13 137614 0.13 0.13 0.001 0.769 

C3H6 1385398 189177 0.14 192679 0.14 192976 0.14 189177 0.14 0.14 0.002 1.451 

C3H8 1585587 3760 0.00 3760 0.00 3652 0.00 3712 0.00 0.00 0.000 0.000 

C4H8 1781254 44235 0.02 50829 0.03 43710 0.02 44235 0.02 0.03 0.002 6.670 

C4H10 2191162 118301 0.05 110096 0.05 102813 0.05 118301 0.05 0.05 0.003 5.849 
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3.1.7 NO adsorption experiments 

The nitrogen oxide adsorption tests on the commercial and waste derived activated 

carbons, described in sections 3.1.1.4 and 3.1.4 respectively, were conducted using a 

stainless steel fixed bed reactor externally heated by an electrical furnace (Figure 3.1-

15). The reactor system consisted of a gas mixing unit, the activated carbon-NO 

adsorption reactor and on-line gas analysis system. The air and NO/N2 with an NO 

concentration of 1000 ppm were supplied by B.O.C Special Gases Ltd., UK. Nitrogen 

was used as a carrier gas. The gases were mixed together before entering the reactor 

in a gas mixing unit. The NO adsorption reactor was of 20 cm height and 2.2 cm 

internal diameter, with a 10 cm (long) sample holder used to hold the activated carbon 

bed inside the reactor. The temperature of the carbon was controlled and monitored 

with a thermocouple. The adsorption tests were conducted with a fixed activated 

carbon mass of 2.8 g which was previously treated under nitrogen at 500 °C for 30 

min in order to clean the surface oxides and desorb the adsorbed gases on the carbon 

surface [18-19].  

The bed depth was about 3 cm which gave ~1.7 s gas residence time through the 

carbon bed. A gas mixture with a flow rate of 500 ml min-1 passed through the reactor, 

and the outlet gas was directed to the gas analyser system. The adsorption was carried 

out for two hours at a temperature of 50 °C and in the presence of 5% O2 and 800 ppm 

NO. The presence of oxygen in the gas mixture is essential since it increases the 

adsorption of nitric oxide through the catalytic oxidation of NO to NO2, which results 

in an increase of the NO adsorption because of the higher adsorption potential of NO2 

[20-21]. In the absence of oxygen, the NO removal efficiency was only about 5%, 

similar findings have been reported in the literature [22-23]. The gas composition was 

recorded every minute using a gas analyser unit supplied by Horiba Instruments UK 

Ltd. and consisted of a Horiba VA-3000 chemiluminescence analyser for NO/NOx 

and a separate Horiba VA-3000 paramagnetic analyser for oxygen. Similar 

experimental conditions have been used by other researchers for the NOx removal by 

activated carbon [24-26]. 
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Figure 3.1-15. A Schematic diagram of the gas adsorption reactor 

The NO removal efficiency of the used adsorbents was calculated according to the 

relation (Eq. 3.19):         

𝑵𝑶 𝒓𝒆𝒎𝒐𝒗𝒂𝒍 𝒆𝒇𝒇𝒆𝒄𝒊𝒆𝒏𝒄𝒚 (%) =
(𝑪𝟎𝑵𝑶 − 𝑪𝑵𝑶)   

𝑪𝟎𝑵𝑶
× 𝟏𝟎𝟎 %                     (3.19) 

  

Where C0NO and CNO are the NO concentration before and after adsorption 

respectively.   

The carbon’s NO adsorption capacity was calculated as follows [27]: 

𝑪𝒃 = 𝑪𝒂 +

[
 
 
 
 (𝑵𝑶𝒊𝒏𝒍𝒆𝒕 − (

(𝒄𝒂 + 𝒃𝒃)
𝟐 )) (𝒕𝒃 − 𝒕𝒂)𝑭𝑴𝑵𝑶𝟐𝟕𝟑

𝟏𝟎𝟔𝒎𝒄𝒂𝒓𝒃𝒐𝒏 𝟐𝟐. 𝟒(𝟐𝟕𝟑 + 𝑻)

]
 
 
 
 

                           (3.20) 

 

Where Cb is the capacity in (mg g-1) after time tb, Ca is the capacity (mg g-1) after time 

ta, cb is the detected NO concentration (ppm) after time tb, ca is the detected NO 
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concentration (ppm) after time ta, F is the total gas flow rate (ml min-1), MNO is the 

molecular mass of NO, mcarbon is the mass of activated carbon used (g), and T is the 

temperature of measurement (°C).   

3.1.7.1 Chemiluminescent NOx Analyser 

The analyser (Figure 3.1-16) used to measure NO concentration is based on the 

chemiluminscent reaction of NO with ozone according to the following equations: 

𝑵𝑶 + 𝑶𝟑 → 𝑵𝑶𝟐
∗ + 𝑶𝟐 

 

(production of NO2 )         (3.21) 

𝑵𝑶𝟐
∗ → 𝑵𝑶𝟐 + 𝒉𝒗 

 

(chemiluminescence)         (3.22) 

Where h is the Plank’s constant (6.6 x 1034 Js) and v is the frequency of radiation (Hz). 

The nitric oxide (NO) reacts with ozone (O3) in the reaction chamber and results in 

the generation of excited NO2* molecules (equation 3.21). When these molecules 

decay to their ground state, they emit light with an intensity proportional to NO 

concentration (equation 3.22) [28]. 
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Figure 3.1-16. Horiba VS3000/VA3000 multi gas analyser; (a) Analyser pump,(b) 

Sample pump, (c) Mist catcher, (d) Selector valve, (e) Filter, (f) Sample flowmeter, 

(g) Calibration gas flow meter, (h) VS-3000 Gas sampling unit, (i) VA-3000 Multi –

gas analyser unit. 

Figure 3.1-17 shows a diagram of the main components of the chemiluminescent 

analyser. Two gas flow meters are used to regulate a constant flow rate of the sample 

and ozone to the reaction chamber. The sample inlet has two flow modes; one mode 

is for NO and it provides a direct path of the sample to the reaction chamber. The 

second mode is to measure NOx. However, only NO in the sample reacts with ozone. 

Thus, to measure NOx the sample must first pass to the converter in order to convert 

NO2 to NO. NO2 concentration can be measured from the difference of the total NOx 

and NO [28]. However, the gas analyser used in this work required a gas inlet with a 



  

111 

 

minimum flow rate of 1500 ml min-1 which cannot be used with a small-scale reactor. 

The gas residence time with this high flow rate is only 0.01 second. Therefore, to solve 

this the connections inside the gas analyser were modified, and the sample gas had to 

pass directly to the converter instead of passing first to the mist catcher and drain 

separator. The drain separator is used to dry the gas sample by removing the moisture 

from the sample and because of this step the flow rate decreased before it reached the 

analyser unit. Therefore, it was decided to pass the sample directly to the convertor. 

This modification had improved the required gas sample flow rate. With this 

modification, a sample inlet of 500 ml min-1 gave the same NO concentration in supply 

(1010 ppm). However, when the gas sample (NO +O2) was passed to the convertor to 

measure total NOx (NO+ NO2), total NOx gave the same concentration as NO. 

Therefore, the experiments were carried out with NO measurement only. To measure 

the NO concentration, the sample inlet after passing through various components for 

treatment was mixed with ozone, which was generated within the instrument from the 

air. The resulting chemiluminescence from the reaction of NO and O3 is monitored 

through a filter by a photomultiplier detector placed at the end of the reaction chamber. 

The output from the photomultiplier is proportional to NO concentration [29]. A 

mixture of NO in N2 with a certified concentration of 1010 ppm was used to calibrate 

the analyser. 

 

Figure 3.1-17.The principle of operation of the gas analyser. 
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3.1.7.2 The precision assessment of the used gas analyser 

Multipoint calibrations with different NO concentrations were carried out to assess the 

linearity of the gas analyser. The NO calibration gas was diluted with zero air in order 

to prepare calibration mixture of NO with different concentrations. The required flow 

rate for each concentration was calculated according to the following equations [30]: 

𝑴𝒖𝒍𝒕𝒊𝒑𝒍𝒊𝒄𝒂𝒕𝒊𝒐𝒏 𝑭𝒂𝒄𝒕𝒐𝒓 (𝑴𝑭) = 𝑻𝒐𝒕𝒂𝒍 𝒇𝒍𝒐𝒘 ×  𝑹𝒆𝒒𝒖𝒊𝒓𝒆𝒅 𝑵𝑶 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏  (3.23) 

𝑻𝒉𝒆 𝒓𝒆𝒒𝒖𝒊𝒓𝒆𝒅 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆 = 𝑴𝑭 × (𝑻𝒐𝒕𝒂𝒍 𝒇𝒍𝒐𝒘 𝟏𝟎𝟎/𝑵𝑶 𝒊𝒏 𝒔𝒖𝒑𝒑𝒍𝒚 %) (3.24) 

For a total flow rate higher than 100 ml min-1, the result must be multiplied by the total 

flow rate /100, as the above calculation is applied only for a total flow rate of 100 ml 

min-1 [30]. Thus, for a concentration of 800 ppm NO, the result is: 

The concentration of the supplied NO = 1000 ppm 

The required NO concentration = 800 ppm 

MF = 0.08 

The required flow rate = 0.08 × (100 /0.1)  

= 80 (This for 100 ml min-1 total flow 

rate) 

For 500 total flow rate, the result is  = 80 ×500/100 

= 400 ml min -1 

So a flow rate of 400 ml min-1 in a total flow rate of 500 ml min-1 for a supply of 1000 

ppm NO gave a concentration of 800 ppm NO [30]. Table 3.1-5 shows the multipoint 

calibration with the required flow rate used to test the reliability of the instrument.  

 

 

 



  

113 

 

Table 3.1-5. Test the reliability of the instrument with multipoint calibration 

Total flow rate 

(ml min-1) 

Required flow 

rate (ml min-1) 

NO delivered to the 

instrument (ppm) 

NO displayed by the 

instrument (ppm) 

500 500 1010 1013 

500 400 800 802 

500 350 707 691 

500 300 606 595 

500 250 505 486 

500 200 404 380 

500 150 303 290 

500 100 202 195 

Based on the data shown in Figure 3.1-18, the r (correlation coefficient) value of 0.999 

indicates a strong linear correlation. The uncertainty of the gas analyser was within 

the manufacturer’s range of 1% uncertainty. The gas analyser was routinely calibrated 

by using a reference NO gas mixture with known concentration. 

 

Figure 3.1-18. Calibration mixtures to test the uncertainty of the gas analyser 

3.1.7.3 Estimation of Errors in NO measurements 

Problems may exist in NO sampling and analysis. The presence of metal traces may 

catalyse the NO/carbon reaction. Some sampling probes have been found to reduce 
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NO when used to sample hot combustion gases. Stainless steel tubes were found to 

have a high catalytic activity which results in low measured NO concentration [31]. 

To assess the possibility of interaction of NO with the solid surfaces and the chance 

of NO oxidation to NO2 in the presence of air, an NO adsorption test was undertaken 

in the presence of 800 ppm and 5% O2 at 50 °C in an empty reactor.  It was found that 

the NO outlet concentration was almost equal to the inlet which indicates that NO 

oxidation in the gas phase does not contribute to the NO removal efficiency. 

3.1.7.4 Repeatability of the NO adsorption performance of the activated 

carbons 

To ensure the repeatability of the results, experiments with the same conditions were 

repeated three times. Figure 3.1-19 presents the repeatability of the results. The 

adsorption tests were conducted with the use of a commercial activated carbon (Norit 

RST 3) at a temperature of 50 °C and in the presence of 5% O2 and NO concentration 

of 800 ppm. 

 

Figure 3.1-19. Repeatability of NO adsorption experiments 
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3.2 Tar conversion over a hot bed of char 

This section presents the experimental setup used for the assessment of char 

effectiveness for the conversion of biomass pyrolysis gases including the heavier 

molecular weight hydrocarbons (tar) from the pyrolysis of biomass, waste wood 

pellets. Biomass is composed of cellulose, hemicellulose and lignin, whose structures 

are different from each other. Lignin is aromatic in nature, while cellulose and 

hemicellulose are polysaccharides [32]. During the biomass pyrolysis, lignin breaks 

down to form mono aromatics, while hemicellulose and cellulose forms the primary 

tar compounds such as furans [33]. In the vapour phase, these primary tar compounds 

undergo series reactions of cracking, oxidation, reforming and polymerization, 

resulting in the formation of secondary and tertiary tars at temperatures higher than 

500 °C [34]. Thus, in this work cracking of biomass tar vapour was investigated using 

waste derived char materials. The catalytic removal of tar is generally known as hot 

gas cleaning [35].  

3.2.1 Materials 

3.2.1.1 Biomass feedstock  

The wood pellets were used as the biomass feedstock for the pyrolysis which generated 

the pyrolysis gases for subsequent cracking in the hot bed of char, relevant results are 

reported in Chapter 5, sections 5.1 and 5.3. The wood pellets were produced as 

compressed saw dust pellets from waste wood processing by Liverpool Wood Pellets 

Ltd, Liverpool, UK. The wood pellets were then ground and sieved to obtain a sample 

with 1 mm particle size (Figure 3.2-1).  

 

Figure 3.2-1. Wood pellets. 
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The proximate analysis of the wood pellets gave 75.0 wt.% volatiles, 7.0 wt.% 

moisture, 2.0 wt.% ash and 15.0 wt.% fixed carbon. Elemental analysis of the pellets 

gave 46.0 wt.% carbon, 5.6 wt.% hydrogen, 0.7 wt.% nitrogen and 45.7 wt.% oxygen. 

3.2.1.2 Chars 

The waste pyrolysis derived char materials were prepared from tyres, RDF and date 

stones as described in section 3.1-3.  

3.2.1.3 Tar model compounds 

To get a better understanding of the influence of textural properties and surface 

chemistry of carbons on the tar decomposition, four model compounds were used 

including phenol, furfural, toluene and methylnaphthalene to simulate typical biomass 

tar compounds produced during biomass gasification. Benzene, phenol, toluene and 

naphthalene are commonly used as tar model compounds which represent the main 

types of biomass gasification tar [36-37]. The chemical properties and structures are 

presented in Table 3.2-1. These tar model compounds were chosen for the purpose of 

investigating how the structure of the aromatic molecule affects tar conversion and the 

char catalytic activity individually for each aromatic compound [38]. Relevant results 

are reported in Chapter 5, section 5.2. 
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Table 3.2-1. Aromatic model compounds studied in this study. 

 

Name Tar 

class 

Structure Chemical 

formula 

Molar mass 

(g mol-1) 

Boiling 

point (°C) 

Phenol 2 

 

 C6H6O 94 182 

Toluene 

 

3 

 

C7H8 92 111 

Furfural 2 

 

C5H4O2 96 161.7 

Methylnaphthalene 4 

 

C11H10 142 246 

3.2.2 Acid treatment 

To assess the influence of oxygen functional groups on tar conversion, a commercial 

carbon, designed as AC1 and provided by Norit, was treated with HNO3 with molar 

concentrations of 1-4 M. The treatment was carried out in a 25 ml Teflon bottle 

containing 7 g AC and 50 ml 1-4 M HNO3. The treatment was carried at 70 ºC for 8h 

and 150 rpm. Later, the treated carbons were washed several times with distilled water 

and dried at 105 ºC for 48h [39]. Relevant results are reported in Chapter 5 section 

5.2. 

In addition, to investigate the role of ash minerals on the catalytic performance of char 

for tar decomposition, the metals were removed from tyre char following the 

procedure described earlier in section 3.1.2, and the performance of the de-ashed char 

was compared to that of the raw char. This was performed only for tyre char; relevant 

results are reported in Chapter 5, section 5.3. 



  

118 

 

3.2.3 Two stage-Fixed bed pyrolysis/cracking reactor 

A two stage fixed bed reactor was used to test the tar conversion efficiency of chars 

prepared from waste tyres, RDF and date stones.  

3.2.3.1 Reactor set-up 

The use of waste derived pyrolysis chars for bio-oil/tar catalytic cracking was 

investigated in a two-stage fixed bed reactor made of stainless steel with an inner 

diameter of 22 mm and a length of 160 mm and was fully instrumented with 

monitoring and control of gas flow and temperature. Both stages were thermally 

heated independently, and two thermocouples were located in each reactor to control 

the temperature. The pyrolysis process of the wood pellets took place within the first 

stage; while the catalytic cracking was carried out in the second stage. Both furnaces 

were mounted in a vertical arrangement with pyrolysis in the upper stage and catalytic 

cracking in the lower stage. The assembled and main parts of the reaction system are 

shown in Figure 3.2-2. 
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Figure 3.2-2. Assembled and main parts of the pyrolysis-gasification reactor; (a) 

Syringe pump, (b) Thermocouple, (c) 1st stage pyrolysis reactor, (d) 2nd stage 

catalytic reactor, (e) Furnace controller, and (f) Mass flow controller. 

3.2.3.2 Experimental procedure 

To investigate the influence of the presence of char on the production of tar and 

hydrogen in the effluent gas, a series of experiments were carried out. The 

investigation can be divided into the following groups of experiments: 

i. Biomass pyrolysis oil-char reactions 

a. Tar cracking-RDF, date stones and tyre chars without steam 

ii. Tar model compounds cracking-char reactions 

a. Tar model compounds cracking-Tyre char 

iii. Biomass tar reforming 

a. Tar reforming-Tyre char with steam 
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3.2.3.2.1 Tar cracking using waste derived chars  

Experiments were performed with 2 grams of biomass loaded into a sample boat and 

placed within the first pyrolysis stage, and 2 grams of waste derived pyrolysis chars 

kept within the second stage and maintained at the required temperature. A schematic 

diagram of the reactor is shown in Figure 3.2-3. The experiments consisted of the 

initial heating of the second stage hot char reactor to the desired temperature (600, 700 

and 800 °C) at a heating rate of 40 °C min−1. Once the temperature of the char reactor 

was stable, the first stage pyrolysis reactor was heated at a heating rate of 40 °C min−1 

to a final temperature of 500 °C. This temperature is suitable for complete 

decomposition of cellulose and hemicellulose, and partial decomposition of lignin 

[40]. In addition, tar is favoured to form from the release of heavy molecular weight 

compounds during the pyrolysis at a temperature within the range of 300-500 °C.  

 

The two-stage reactor system was continually purged with nitrogen (90 ml min-1). 

Further experiments were undertaken using a biomass: tyre char ratio of 1:1-1:3 to 

determine the influence of the ratio of biomass to char on the conversion of tar from 

the pyrolysis gases produced from the pyrolysis of the biomass waste wood pellets. 

The evolved pyrolysis gases, including tar, higher hydrocarbons, product 

autogenerated steam and non-condensable gases such as methane, ethane,  

hydrocarbons, carbon dioxide and carbon monoxide were passed directly to the hot 

char reactor where the range of gasification, reforming, thermal and catalytic cracking 

reactions occurred. Experiments were also undertaken in the absence of char for 

comparison using sand. The product gases were passed to a series of dry ice 

condensers where condensable tar/bio-oil and water were condensed. The 

uncondensed gases were collected in a Tedlar™ gas sample bag. After the experiment, 

the gases were analysed using gas chromatography and with the known flow rates and 

molecular mass of each gas, the total mass of gases could be determined. The pyrolysis 

char from pyrolysis of the biomass wood pellets was collected from the first stage 

pyrolysis reactor and weighed. 
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Figure 3.2-3. Schematic two-stage pyrolysis-gasification reaction system 

3.2.3.2.2 Char catalytic performance for tar model compounds cracking 

The catalytic activity of carbonaceous materials for tar cracking depends on many 

factors such as the porous texture and the surface chemistry of the used carbon and 

also on the nature of tar compound [41]. Therefore, to get a better understanding of 

the influence of textural properties and surface chemistry of carbons on the tar 

decomposition and to study more deeply the char catalytic performance for tar 

cracking and understand the overall process, tar model compounds were used, and the 

investigation was carried out with the use of tyre char only. The effectiveness of tyre 

char for decomposing of model tar compounds was studied using a two stage fixed 

bed reactor (described in section 3.2.3.2.1) and at a bed temperature of 700 ºC. The 

compounds were fed continuously for 60 min using methanol as a solvent, with a 

methanol and model compound carbon molar ratio 1. Before reaction, the second stage 

reactor, where tyre char is located (2 g), was heated to the required temperature at a 

heating rate of 40 ºC min-1 and the first furnace was kept at 250 ºC in order to vaporize 

the tar model compounds before entering the second reactor where the reaction 

occurred with the tyre char. When the furnace of both reactors reached the desired 
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temperature, the tar compounds were fed continuously into the reactor with a flow rate 

of 3.8 ml h-1 using a syringe pump. Nitrogen was used as the carrier gas with a flow 

rate of 90 ml min-1. The volatile stream produced was passed to a series of dry ice 

condensers where condensable liquid and the unconverted model compounds were 

collected. The amount of unconverted reactant was calculated by weighing both 

condensers and syringe before and after the experiments. The non-condensable gases 

were collected in a Tedlar™ gas sample bag and analysed as described in section 3.1.6.  

 

In order to quantify the products of the cracking process, carbon conversion and 

product yields were calculated. The carbon conversion was defined as the moles of 

carbon in the gaseous products divided by the moles of carbon fed. The total amount 

of carbon moles in the gas were calculated form the moles of CO, CO2 and C1-C4 

hydrocarbons formed during the reaction which were determined from the GC 

analyses. The moles of carbon in the feed were calculated form the total amount of 

model compound fed into the reactor.  

𝑪𝒂𝒓𝒃𝒐𝒏 𝒄𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏(%) =
𝒎𝒐𝒍𝒆𝒔 𝒐𝒇 𝒄𝒂𝒓𝒃𝒐𝒏 𝒊𝒏 𝒕𝒉𝒆 𝒑𝒓𝒐𝒅𝒖𝒄𝒕 𝒈𝒂𝒔

𝒎𝒐𝒍𝒆𝒔 𝒐𝒇 𝒄𝒂𝒓𝒃𝒐𝒏 𝒊𝒏 𝒕𝒉𝒆 𝒇𝒆𝒆𝒅
× 𝟏𝟎𝟎       (3.25) 

The yield of gaseous species was calculated as follows:  

𝒀𝒊𝒆𝒍𝒅 (%) =
𝒈 𝒐𝒇 𝒕𝒉𝒆 𝒄𝒐𝒎𝒑𝒐𝒖𝒏𝒅 𝒊𝒏 𝒕𝒉𝒆 𝒑𝒓𝒐𝒅𝒖𝒄𝒕 𝒈𝒂𝒔         

𝒈 𝒐𝒇 𝒕𝒉𝒆 𝒎𝒐𝒅𝒆𝒍 𝒄𝒐𝒎𝒑𝒐𝒖𝒏𝒅 𝒇𝒆𝒅
× 𝟏𝟎𝟎                     (3.26)  

3.2.3.2.3 Steam reforming reaction system 

Additional experimental tests were carried out using tyre char for tar reforming and 

hydrogen production through a gas-solid simultaneous reforming/gasification process. 

The experimental system consisted of a two-stage pyrolysis-reforming reactor, as 

described in section 3.2.3.2.1. Biomass was used as the feedstock to generate 

tar/syngas and waste tyre derived pyrolysis char was used as a sacrificial catalyst in a 

steam reforming process to produce a hydrogen-rich syngas. The experimental 

procedure was described previously in section 3.2.3.2.1. However, a syringe pump 

was used to inject water at the feeding rate of 6.64 g h-1 (steam/biomass (S/B) ratio of 
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3.32) into the second stage of the reactor, and mixed with the evolved pyrolysis gas 

and passed over the tyre char. The influence of the experimental conditions on the gas 

composition and reforming/gasification process was investigated. The experimental 

parameters used were, bed temperature (700-900 °C), S/B mass ratio (1.82-6.00) and 

reaction time (1-4 h).   

3.2.3.3 Experiment repeatability and validation of the reactor 

The repeatability of the experimental system was ensured via repeat experiments. The 

general process conditions were: 2 g of biomass, pyrolysis temperature 500 °C, N2 

flow rate 90 ml min-1. The experimental data in relation to the validation of the two 

stage pyrolysis-gasification reactor is displayed in Tables 3.2-2 & 3.2-3 and the 

experiments are repeatable. For example, several repeated experiments with biomass 

in the absence of char (where sand was used) gave a standard deviation on char 

recovered mass of 0.4 wt.%, for liquid 0.7 wt.% and gas yield of 1.9 wt.%. Gas 

compositional analysis for the same repeated experiment gave a standard deviation for 

CO of 3.4 vol.%, H2 of 1.1 vol.%, CO2 of 2.4 vol.%, CH4 of 2 vol.% and C2–C4 of 

4.9 vol.%.
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Table 3.2-2. Validation of the two stage fixed bed reactor. 

 Without char RDF char Tyre char Date stones char 

1 2 3 SD 1 2 Average 1 2 Average 1 2 Average 

General conditions 

Biomass sample weight (g) 2    2   2   2   

Pyrolysis temperature (°C) 500    500   500   500   

Cracking temperature (°C) 600    700   700   700   

H2O flow rate (ml h-1) -    -   -   -   

Mass Balance 

Residual Biomass char (wt.%) 24.0 23.5 23.0 0.41 24.0 24.0 24.0 23.5 24 23.8 24.0 24.0 24.0 

Liquid (wt.%) 49.0 50.5 50.5 2.45 25.5 24.5 25.0 9.5 8.5 9.0 24.5 26.0 25.25 

Gas (wt.%) 22.4 23.4 27.3 1.9 44.3 41.9 43.1 57.5 55.9 56.7 50.6 49.5 50.03 

Gas composition (vol.%) 

CO 48.2 38.8 41.9 3.4 32.2 35.0 33.6 34.0 33.2 33.6 39.2 38.8 39.0 

H2 9.6 7.6 6.5 1.1 27.2 26.7 26.9 29.0 28.7 28.9 24.4 26.3 25.4 

CO2 21.9 25.9 23.0 2.4 23.7 19.8 21.7 20.3 20.7 20.5 15.9 17.3 16.6 

CH4 13.4 8.0 11.6 2.0 11.4 12.5 11.9 12.1 12.3 12.2 12.5 9.6 11.1 

C2-C4 7.0 19.8 17.0 4.9 5.5 6.0 5.75 4.7 5.0 4.9 5.8 4.5 5.2 

Mass Balance (%) 95.4 97.4 100.8 3.3 93.8 90.4 92.1 90.5 88.4 89.4 99.1 99.5 99.3 
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Table 3.2-3. Validation of the two stage fixed bed reactor. 

 Tyre char 

1 2 Average 1 2 Average 

Biomass sample weight (g) 2   2   

Pyrolysis temperature (°C) 500   500   

Reforming temperature (°C) 700   800   

H2O flow rate (ml h-1) 6.64   6.64   

Mass balance based on the biomass sample + water (wt.%) 

Liquid  82.76 82.75 82.75 75.06 78.68 76.87 

Gas 12.9 11.39 12.15 16.55 16.59 16.57 

Biomass char 5.50 5.67 5.59 5.62 5.86 5.74 

Mass Balance (%) 101.1 99.8 100.5 97.20 101.10 99.18 

Tyre char recovered (%) 100 100 100.0 90.50 91.5 91.0 

Mass balance based on the biomass sample (wt.%) 

Gas  52.8 47.22 50.0 67.7 66.5 67.1 

Biomass char  22.5 23.5 23.0 23.0 23.5 23.25 
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3.2.4 Products analyses 

3.2.4.1 Liquid Effluent analyses 

The condensed liquid products (tar/oil/water) obtained from the pyrolysis-catalysis of 

biomass using waste derived char materials were collected in the condenser system 

and weighed and then separated into a hydrocarbon oil/tar fraction and water fraction 

using Karl Fischer titration with a Metrohm 890 Titrando analytical system. The liquid 

fraction was then was further prepared (Figure 3.2-4) to identify the aromatic and 

oxygenated compounds using GC-MS.  

 

Figure 3.2-4.Flowchart of liquid analysis route. 

3.2.4.1.1 Karl-Fischer Titration (KFT) 

The condensed fraction trapped in the condensers during the pyrolysis-cracking of 

biomass experiments was a mixture of water and tar/oil products. The water content 

was determined using a Karl-Fischer titration. This technique is recommended by 

several authors for water determination of pyrolysis oils [42-43]. The water is derived 

from the release of moisture in the biomass and could lower the heating value [43]. 

The water amount was determined to obtain the tar yield. In addition, the behaviour 

of water; the amount of water reacted and condensed during the biomass pyrolysis-
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cracking process using char is useful to determine the occurrence of char-steam 

reactions  

Therefore, the water content of tar/bio-oil samples was determined using volumetric 

Karl fisher method, and the titrations were carried out using a KF Titrando 890 

Metrohm (Switzerland). The amount of water present in the sample is determined from 

the consumed amount of iodine as a result of a redox reaction of water with Iodine and 

sulphur dioxide in the presence of base and alcohol such as methanol as follows: 

 

    SO2 + I2 +2H2O →H2SO4 +2HI                                                            (3.29) 

 

In this reaction, water and Iodine are consumed in an equimolar ratio; therefore the 

amount of water can be determined from the consumed amount of Iodine. The analysis 

was carried out using Hydranol 5K as a titrant which contains iodine, imidazole and 

sulphur dioxide, whereas the working medium was a Hydranal-Ketosolver. To 

perform the analysis, a beaker containing a magnetic stirrer was filled with a fresh 

solvent and the Karl Fischer apparatus was calibrated using a standard mixture 

solution of methanol and water with a 3:1 mass ratio. For the water determination, an 

empty syringe was weighed, and then about 0.1 ml of the sample was taken, and the 

syringe was weighed. Then the sample was injected into the titration beaker of the KF 

device and the syringe was back-weighed. The weight difference (sample weight) was 

entered manually and recorded by the apparatus software. The end point (+100) is 

detected with a double platinum electrode (type Pt1400) [44]. Each sample was 

measured in duplicate. 

The method involves two steps; firstly the standardization of reagent in which the 

amount of titre is determined as in equation (3.30): 

 

𝐓𝐡𝐞 𝐰𝐚𝐭𝐞𝐫 𝐞𝐪𝐮𝐢𝐯𝐚𝐥𝐞𝐧𝐜𝐞 𝐟𝐚𝐜𝐭𝐨𝐫 𝐨𝐟 𝐫𝐞𝐚𝐠𝐞𝐧𝐭 (𝐅) = 𝑾/𝑽                         (3.30) 
 

                                       

Where, W is the weight of water contained in the standard (mg) and V is the volume 

of reagent (KF solution) used in the titration (ml). Then the amount of water is 
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calculated from this titre according to the following equation: 

𝑾𝒂𝒕𝒆𝒓 (%) = 𝑺 × 𝑭 𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒔𝒂𝒎𝒑𝒍𝒆 (𝒎𝒈) . 𝟏𝟎𝟎⁄   

 

                     (3.31) 

          

Where, S is the volume in ml of the consumed reagent in the second titration. 

3.2.4.1.2 Gas Chromatography/Mass Spectrometry 

The composition of the condensed product bio-oil/tar obtained from the biomass 

pyrolysis-gasification experiments was analysed for the main hydrocarbon, and 

oxygenated hydrocarbon compounds present using coupled gas chromatography-mass 

spectrometry (GC-MS). The condensed liquid at the bottom of the condensers was 

collected using dichloromethane. Before GC-MS analysis the water contained in the 

oil mixed with dichloromethane (DCM, Fischer Scientific) samples was extracted by 

passing the liquid fraction through a bed of sodium sulphate (Na2SO4). The DCM was 

then evaporated at around 39 ºC using an evaporation system. The GC-MS used was 

a Varian CP-3800 GC connected to a Varian Saturn 2200 MS fitted with a 30 m × 0.25 

µm DB-5 equivalent column with helium as a carrier gas. Gas chromatography-mass 

spectrometry is an instrument used to separate, identify and quantify complex mixtures 

of chemicals. The chemical sample is injected into the hot GC inlet where it is 

vaporised and swept onto a chromatographic column by the carrier gas (helium). The 

molecules in the mixture are separated based on their relative affinity for the stationary 

phase (coating of the column) and the molecules with lower boiling points elute faster 

than those with higher boiling points. The molecules elute from the column at different 

times called the retention times. As the compounds elute from the column and pass 

through the transfer line, they are then introduced to a mass detector. In the mass 

detector, the stream of gas phase molecules passes into the ionization chamber where 

the beam of molecular ions and fragment ions are generated. The most widely used 

ionization method is electron impact ionization, where the compounds are bombarded 

with a beam of electrons produced by a heated filament and resulting in the loss of an 

electron and produce a radical cation M+ which has the same molecular weight of a 

compound being analysed. Due to the large energy imparted, the radical cation 
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fragments and produces smaller ions. The resultant positive ions are then repelled out 

of the ionization chamber by a repeller. The formed ions are then accelerated and 

passed through a series of slits to produce a focused beam. The formed ions are then 

moved to the mass analyser (Ion trap) where the ions are separated according to their 

mass/charge ratio (m/z). The m/z ratio represent the molecular weight of the fragment. 

The ions are then deflected by a magnetic field. The degree of deflection depends on 

the mass and charge of ion, the lighter ions are deflected to a greater extent than the 

heavier ones. The separated ions then enter the detector, and a plot of intensity versus 

m/z ratio (mass spectrum) is produced. A schematic diagram of a typical GC-MS 

system is shown in Figure 3.2-5. 

 

Figure 3.2-5.General diagram of GC-MS. 

 

An aliquot (2 μl) of the bio-oil/tar dissolved in DCM was injected via auto sampler 

system into the GC injection port. The GC injector was held at 290 °C and the GC 

oven was programmed to start analysis at 40 °C and held for 2 min, then ramped to 

280 °C at 5 °C min−1 heating rate, and finally held at 280 °C for 10 min. The transfer 

line between the GC and MS was kept at 280 °C, and the ion trap temperature was 

held at 200 °C. The Internal standard method was used to quantify the compounds 

present in the oil samples with the use of 2-hydroxyacetophenone as an internal 

standard. The ion-mass spectra derived were automatically compared to the NIST 

2008 spectral library and similarity indexes of >70% were used to identify compounds. 
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The GC-MS was calibrated using a solution containing standards of different aromatic 

and oxygenated compounds. A mass of 0.1 g of each compound was dissolved in 10 

ml of dichloromethane (DCM) to obtain a solution with a concentration of 10000 ppm 

for each compound. Then 1 ml of this solution was further diluted with 100 ml of 

DCM to get a final stock solution with a concentration of 100 ppm. From this 

concentrated solution, four different diluted standard solutions were prepared with 

concentrations of 20, 40, 80 and 100 ppm used to create a 4-point calibration curve. 

Examples of some calibration curves are shown in Figure 3.2-6 which gave R2 values 

close to 1. 

 
           Figure 3.2-6.Calibration curves for dibenzofuran and phenol. 

Results of oil analyses were quantified using the calibration line. In some cases, 

spectral searches on the installed NIST2008 were used for the qualitative identification 

of the unknown compounds. 

 

The yield of each individual compound was then obtained as (3.32): 

𝐈𝐧𝐝𝐢𝐯𝐢𝐝𝐮𝐚𝐥 𝐜𝐨𝐦𝐩𝐨𝐮𝐧𝐝 𝐲𝐢𝐞𝐥𝐝 (µ𝐠/𝐠)𝐨𝐟 𝐛𝐢𝐨𝐦𝐚𝐬𝐬 =

𝐓𝐚𝐫 𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 (𝐩𝐩𝐦). 𝐕𝐨𝐥𝐮𝐦𝐞 𝐨𝐟 𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧 𝐦𝐥/ 𝐰𝐞𝐢𝐠𝐡𝐭 𝐨𝐟 𝐛𝐢𝐨𝐦𝐚𝐬𝐬 (𝐠)             (3.32) 

R² = 0.9928
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Where tar concentration is the concentration of individual tar compound in the sample 

analysed and volume of solution is the total volume of the oil obtained during the 

experiment. However, where the characterization was more important than the tar 

quantification, some of the results were presented in peak area (%). Figure 3.2-7 shows 

an example of GC-MS chromatogram of tar/bio-oil sample obtained at a cracking 

temperature of 800 °C without char.  

 

 

Figure 3.2-7. An example of a GC-MS chromatogram. 

3.2.4.1.3 Size Exclusion Chromatography 

Size exclusion chromatography was used to analyse tar samples to obtain information 

about the molecular mass distribution. The SEC instrument used was a Perkin-Elmer 

Series 200 HPLC instrument equipped with a Varian PGel column of 30 cm length 

and 7.5 mm diameter. Tetrahydrofuran was used as a mobile phase with a flow rate of 

0.8 ml min-1, and the detector used was a Perkin-Elmer 200a refractive index detector. 

The samples were prepared by dissolving a small amount of pure oil sample collected 

during the experiment without any solvent in tetrahydrofuran (THF), with an 
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approximate concentration of 0.2 vol.%. The instrument calibration was performed 

using a polystyrene molecular weight standard with molecular weight range of 800-

860000. Figure 3.2-8 shows an example of size exclusion chromatogram of tar/bio-oil 

from the pyrolysis-cracking of biomass.   

 

 

Figure 3.2-8.Size exclusion chromatogram of tar/oil sample. 

3.2.4.2 Effluent Gas Analyses 

The collected gaseous products were analysed off-line as described earlier in section 

3.1-6. 

3.2.4.3 Char characterization 

Chars were analysed as described in section 3.1-5. In addition, thermogravimetric 

analysis (TGA) of char was performed using a Stanton-Redcroft thermogravimetric 

analyser interfaced to a Nicolet Magna IR-560 Fourier transform infra-red 

spectrometer (FTIR). About 28 mg sample was heated from 25 to 900 °C with a 

heating rate of 20 °C min-1 using nitrogen as the carrier gas and holding time of 30 

min at the final temperature. The sample weight loss, together with time and 

temperature and CO, CO2 detected by FTIR were continuously monitored.  
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4. CHAPTER 4.NO REMOVAL USING WASTE 

DERIVED ACTIVATED CARBONS 

This chapter is divided into two sections, which focus on the assessment of the 

efficiency of waste derived activated carbons for control of nitrogen oxides (NOx) at 

low temperature. The NOx investigated was in the form of nitric oxide (NO), and 

adsorption tests were conducted using a fixed bed reactor system described in Chapter 

3, Section 3.1.7. A brief description of each section is given below.  

Section 4.1 contains results obtained from the carbonisation and physical activation of 

RDF, waste tyre and date stones. The produced activated carbons were investigated in 

relation to NO removal. The influence of temperature, oxygen concentration and NO 

concentration on NO removal was also investigated. In addition, the efficiency of these 

produced activated carbons for NO removal was compared with commercial carbons 

with varied porous texture and surface chemistry.  

Section 4.2 reports results of the production of activated carbons from waste tyres 

using a chemical activation process with different alkali-activating agents, KOH, 

K2CO3, NaOH and Na2CO3, to determine their influence on the characteristics of the 

product activated carbons.  The activated carbons were tested in terms of their ability 

to adsorb NO at low temperature (25 °C) from a simulated flue gas in relation to the 

various characteristics, particularly surface area and porosity of the carbons.   
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4.1 Nitrogen oxide removal using commercial and waste-derived 

physically activated carbons 

This section describes NO removal from a simulated flue gas stream using waste 

derived activated carbons produced from waste materials compared with 

commercially obtained carbons. The activated carbons were prepared using a fixed 

bed reactor following the procedure described in chapter 3, section 3.1.1. The activated 

carbon samples were designated as AC-D for the date stones biomass waste, AC-R for 

the activated carbon produced from refuse derived fuel (RDF) and AC-T for the 

carbons produced from waste tyres. In addition, the efficiency of these activated 

carbons in terms of NO removal from the gas stream was compared to different 

commercial carbons (labelled C-AC1, C-AC2, C-AC3 and C-AC4) with varied porous 

texture and surface chemistry to determine the main carbon properties that influence 

nitrogen oxide adsorption. The nitrogen oxide adsorption was investigated at a low 

temperature of 50 ºC. 

4.1.1 Properties of the raw precursors 

Table 4.1-1 shows the properties of the raw waste RDF, tyre and date stones. The RDF 

had a significant ash content at 11.0 wt.% consisting of mainly alumina-silicates and 

also a significant metal content, including heavy metals. The tyre also had a high ash 

content at 7.1 wt.%, with zinc as a prominent constituent which was derived from the 

tyre as an additive to the tyre manufacturing process and also with the presence of 

other metals and filler materials. The date stones had the lowest ash content at 4.0 

wt.% consisting of mainly calcium, potassium, magnesium and phosphorus. 
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Table 4.1-1. Composition of the raw waste materials. 

 

Proximate analysis (wt.%) RDF Tyre Date Stones 

Volatiles 72.0 62.2 69.9 

Moisture 4.0 1.4 7.5 

Ash 11.0 7.1 4.0 

Fixed carbon 13.0 29.4 18.2 

Minerals analysis (wt.%)    

ZnO 0.06 2.95 0.01 

SiO2 4.64 1.74 0.14 

Fe2O3 0.36 0.40 0.03 

CaO 1.86 0.24 0.21 

K2O 0.28 0.07 1.98 

Al2O3 2.31 0.17 0.04 

P2O5 0.05 0.03 0.90 

CuO 0.01 0.06 <0.01 

MgO 0.50 0.05 0.61 

4.1.2 Product Yield from the Fixed Bed Pyrolysis of the Waste Materials 

Table 4.1-2 shows the product yield (solid, liquid and gas) from the pyrolysis of RDF, 

waste tyre and date stones. The yield was calculated according to the following 

expression: 

𝑴𝒂𝒔𝒔 𝑩𝒂𝒍𝒂𝒏𝒄𝒆 =
𝑾𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒈𝒂𝒔,   𝒐𝒊𝒍 𝒂𝒏𝒅 𝒄𝒉𝒂𝒓 𝒓𝒆𝒔𝒊𝒅𝒖𝒆

𝑾𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒔𝒂𝒎𝒑𝒍𝒆 
× 𝟏𝟎𝟎 

 

   Eq. 4.1-1 

The pyrolysis was carried out in a fixed bed reactor at a heating rate of 10 °C min-1 to 

a final temperature of 600 °C and held at that temperature for 1 hour. Repeat pyrolysis 

experiments were carried out using the fixed bed reactor described in section 3.1.3 and 

an excellent repeatability was obtained.   
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Table 4.1-2. Product yield from the pyrolysis of waste materials 

 

 

 

 

 

The mass balances obtained were all close to 100 %. As the main product being 

pyrolysis oil, the use of three cooled condensers systems had helped to get a good mass 

balance. The largest char yield of about 36 wt.% was obtained for waste tyre. Pyrolysis 

of waste tyre by other researchers reported similar amounts of char [1-3]. They showed 

that tyre rubber starts to decompose at a temperature of 450 ºC and the process was 

complete at a temperature of 500-600 ºC and gave char yields between 33-42 wt.%. 

Date stones yielded the highest gaseous and liquid product. The pyrolysis products for 

the studied precursors were in the range of values obtained by previous researchers [4-

5]. 

The gaseous composition obtained from the pyrolysis of the three waste materials are 

shown in Table 4.1-2. The gases are generated due to the thermal breakdown of waste 

components and also through the secondary cracking reactions of the primary products 

[4]. RDF and date stones have a high oxygen content; therefore the main pyrolysis 

gases are carbon dioxide and carbon monoxide generated from the thermal 

degradation of cellulose, hemicellulose and lignin. On the other hand, the pyrolysis of 

waste tyre produced a higher concentration of hydrocarbons gases. Waste tyre is less 

oxygenated and is made of about (60-65%) rubber mainly butyl rubber and styrene-

butadiene rubber which with the thermal degradation produces a high concentration 

of C4 compounds [6]. 

Raw Material RDF Tyre Date stones 

Products Yield (wt.%) 

Char 30.67 36.82 23.66 

Liquid 53.84 55.34 58.93 

Gas 15.46 7.64 18.94 

Gas composition (vol.%) 

  CO 60.31 18.60 39.00 

  H2 20.93 4.40 33.00 

  CO2 13.21 25.20 12.70 

  CH4 2.39 17.80 6.60 

  C2─C4 3.16 33.57 8.66 

Mass balance (%) 99.35 99.8 101.52 



 

141 

 

4.1.3 Properties of the commercial and waste-derived activated carbons 

The proximate and ultimate analyses of the commercial activated carbons and the 

activated carbons produced from the waste materials are shown in Table 4.1-3. The 

activated carbon samples were designated as AC-D for the date stones biomass waste, 

AC-R for the activated carbon produced from refuse derived fuel (RDF) and AC-T for 

the carbons produced from waste tyres. For comparison, commercial carbons 

described in Chapter 3, section 3.1.1.4 (labelled C-AC1, C-AC2, C-AC3 and C-AC4) 

were used. 

Table 4.1-3. Proximate and ultimate analysis of the activated carbons. 

 

Sample  Proximate analysis (wt.%) Elemental analysis (wt.%) 
Volatiles   Ash Fixed carbon   C      H N O a 

C-AC1 2.5 2.4 85.6 89.9 0.3 0.8 6.0 

C-AC2 5.1 5.0 90.9 90.8 0.3 0.8 0.3 

C-AC3 5.5 1.3 89.3 93.5 0.6 0.4 4.1 

C-AC4 1.7 8.2 85.6 88.0 0.3 0.6 2.0 

AC-R (RDF) 6.1 60.9 28.9 36.4 0.4 1.5 0.4 

AC-T (Tyre) 2.8 23.9 73.3 61.1 0.2 1.4 9.3 

AC-D (Date stones) 4.1 10.0 83.9 74.5 0.6 2.1 12.8 

There are large differences in the ash content of the commercial carbons compared to 

the activated carbons produced from the waste materials, particularly the carbons 

produced from refuse derived fuel and tyres. The mineral matter found in the original 

feedstock becomes progressively concentrated through the process of pyrolysis, due 

to the reduction of the mass of solid product through loss of volatiles to produce the 

char. Additionally, during the subsequent activation process, the mineral matter is 

further concentrated as the carbon reacts with the steam to produce gases, such as 

carbon dioxide, carbon monoxide, hydrogen, methane etc., as the char is activated 

(gasified). As can be observed from Table 4.1-3, the commercial carbons have high 

carbon content (88-93 wt.%). Among the used waste materials, date stones showed 

the highest elemental carbon content (74 wt.%), fixed carbon (83.9 wt.%) and had a 

significant amount of nitrogen (2.10 wt.%). These properties have been reported to 
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accelerate NO adsorption by carbon [7]. The abundance of nitrogen content in AC-D 

could have a role in enhancing NO adsorption as reported by Rathore et al. [8] in which 

the highest NO adsorption at room temperature was found with the sample containing 

the highest amount of nitrogen containing groups. Bashkova and Bandosz [9] 

concluded that a high NO2 adsorption was found with carbon containing quaternary 

nitrogen groups, which was ascribed to the presence of positive charge centres for the 

adsorption of NO2 and NO which can be further reduced to N2 or oxidized to nitrate. 

Table 4.1-4 shows the analysis of the commercially obtained activated carbons for 

their metal contents using X-ray fluoresence (XRF). There were clear differences 

between the carbons in terms of their ash composition. These differences may be 

attributed to the composition of the original precursor raw material (which was not 

known due to being company proprietary information) or related to additives to the 

carbons during the commercial preparation process (again, information could not be 

obtained). 

Table 4.1-4. Mineral composition of the commercial activated carbons 

 

Minerals analysis (wt.%) C-AC1 C-AC2 C-AC3 C-AC4 

SiO2 0.15 0.07 0.04 1.07 

Fe2O3 0.39 0.22 0.06 3.44 

CaO 0.74 1.78 0.14 1.97 

K2O 0.47 0.92 0.81 0.08 

Al2O3 0.02 0.01 <0.01 0.52 

P2O5 0.47 0.10 0.05 0.08 

MgO 0.03 0.04 0.01 0.07 

MnO 0.03 0.13 0.01 0.04 

The metal contents and surface morphology of the activated carbons produced from 

the waste materials were estimated from the SEM-EDXS analysis and are presented 

in Figure 4.1-1. The SEM images show that the type of activated carbon precursor has 

a strong influence on the development of porous texture of the resulting activated 

carbon. As shown in Figure 4.1-1, both the activated carbons derived from waste tyres 

and date stones (AC-T and AC-D) present a smooth and a regular surface, while the 

RDF activated carbon (AC-R) shows a heterogeneous structure. The EDX spectra 
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indicate the existence of a high percentage of calcium, sodium and other minerals with 

AC-R, while AC-T showed the presence of a high amount of zinc. The presence of 

abundant amounts of alkaline minerals in a sample cannot be assumed to give high 

reactivity for NOx, for example, Ahmed et al. [10] reported a high nitrogen oxide 

adsorption activity with a sample contained the lowest mineral content of alkaline 

metal oxides (calcium oxide, magnesium oxide and sodium oxide). 

 
Figure 4.1-1. SEM-EDXS results of the waste-derived activated carbons: (a) activated 

carbon from RDF (AC-R); (b) activated carbon from waste tyre (AC-T); and (c) 

activated carbon from date stones (AC-D) 
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4.1.4 NO removal using commercial and waste derived activated carbons 

Waste derived activated carbons and the commercially obtained activated carbons 

were investigated for their NO adsorption characteristics with the NO adsorption 

reactor using a gas mixture of NO (800 ppm) and air (5 vol.% oxygen) and at 50 °C 

adsorption temperature. The reactor system used was described in Chapter 3, Section 

3.1.7. The NO removal efficiency curves for the commercial activated carbons and the 

waste derived activated carbon are shown in Figure 4.1-2 (a) and (b) respectively. 

There is an initial high adsorption of the NO by the activated carbons, but the level of 

adsorption decreases before reaching a steady level of adsorption. The highest removal 

efficiency was found for the commercial C-AC1 activated carbon at 60% removal 

efficiency achieved after the 120 minutes test time.  

The other commercial activated carbons achieved about 40% NO removal after 120 

minutes. For the waste derived activated carbons, the NO concentration after 2 hours 

adsorption was reduced to 630 ppm with the tyre derived activated carbon, to 585 ppm 

for the refuse derived fuel carbon and to 480 ppm for the biomass (date stones) 

activated carbon. The waste derived activated carbons showed a lower, but still an 

effective level of NO adsorption, with removal efficiencies of 40%, 26% and 21% for 

the AC-D, AC-R and AC-T respectively at 120 minutes.  
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Figure 4.1-2. The NO removal efficiency curves for (a) the commercial activated 

carbons and (b) the waste derived activated carbons at 50 °C adsorption temperature 

The NO adsorption capacity obtained by the waste derived activated carbons and the 

commercial carbons was calculated according to the formula (3.20) described in 

Chapter 3 (Section 3.1.7), with results listed in Table 4.1-5.  
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Table 4.1-5. Adsorption amount of NO (mg g-1) and as NO per mass of carbon 

Activated carbon NO ads (mg g-1) NOads (mg g-1) per mass of carbon 

Commercial activated carbons  

C-AC1 28.03 28.72 

C-AC2 19.02 19.48 

C-AC3 20.78 21.05 

C-AC4 15.92 17.34 

Waste derived carbons 

AC-T(Tyre) 9.68 12.69 

AC-R (RDF) 12.51 30.06 

AC-D (date stones) 15.26 17.05 

The greatest NO adsorption capacity of 28.03 mg g-1 was obtained for the commercial 

activated carbon C-AC1. Waste derived activated carbons; in particular, AC-R and 

AC-T, showed much lower NO sorption capacity. It should be noted that the lower 

performance of the tyre and refuse derived fuel activated carbons is linked to the high 

ash contents of these carbons. Consequently, from Table 4.1-3, the actual mass of 

carbon present in the NO adsorption reactor for the RDF activated carbon (60.9 wt.% 

ash) was only 40% of that used for the commercial activated carbon experiments. 

Similarly, for the waste tyre activated carbon (23.9 wt.% ash), there was only 76% of 

carbon present compared to the tests using the commercial activated carbons. The 

adsorption capacity of the original RDF activated carbon (with ash) was 12.5 mg g-1, 

however, on the basis of the actual mass of carbon used, the adsorption was found to 

be 30.06 mg NO per gram of carbon. Therefore, to achieve comparable NO adsorption 

efficiencies to those obtained from commercially available activated carbons, a higher 

mass of waste derived activated carbon would be needed.   
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To verify that the low sorption capacity of AC-T and AC-R is probably related to the 

high content of mineral matter in their structure, waste tyre was demineralized with 

HCl to reduce the catalytic mineral content. The acid demineralization was effective 

in reducing the mineral content of AC-T to 5%. The demineralized AC-T was then 

examined for NO removal. As presented in Figure 4.1-3, the demineralized AC-T 

exhibited a higher NO adsorption capacity than the original AC-T. This could be due 

to the availability of more free active sites on the demineralized carbon because of the 

ash removal. Thus, the BET surface area of AC-T increased after demineralization. 

The same observation was reported by others [11-12]. Lenz et al. [11] also reported 

an increase in NO adsorption capacity of brown coal coke after being demineralized 

with hydrochloric acid. Rubio et al. [12] believed that the increase of BET surface 

area, after demineralization, is the main factor for the increase in NO removal for the 

demineralized sample.  

 
 

Figure 4.1-3. Comparison of NO breakthrough curve obtained for AC-T sample 

before and after demineralization 

4.1.5 Surface Area and Pore Characteristics of the Activated Carbons 

To understand the differing level of NO removal efficiency found by the different 
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investigated. The pore size distribution for activated carbons are classified into 

average pore size classes; micropores are of pore width < 2 nm, mesopores of pore 

width 2-50 nm and macropores are of pore width > 50 nm [13].   

The pore width refers to the distance between the walls of slit-shaped pores or the 

radius of cylindrical shaped pores. The nitrogen adsorption-desorption isotherms of 

waste derived activated carbons and the commercial carbons are shown in Figure 4.1-

4(a) and 4.1-4(b) respectively. The data suggest that the activated carbons for the C-

AC1, C-AC2, C-AC3, C-AC4 produced adsorption–desorption isotherms 

characteristic of Type I and Type IV isotherms according to the IUPAC classification 

[14]. Therefore, these activated carbons contained both micropores and mesopores. 

The Type I isotherm is characterized by the initial steep portion of the adsorption 

isotherm at low relative pressures which represents the filling of the micropores by the 

adsorbate. The isotherm then reaches a plateau indicating the amount adsorbed by a 

unit mass of activated carbon reaches a limiting value. The Type ΙV isotherm exhibits 

a significant adsorption-desorption hysteresis loop indicating the filling and emptying 

of mesopores by capillary condensation. The isotherms obtained for AC-T and AC-R 

were more similar to Type 5 isotherms [14] which indicate a more mesoporous type 

of activated carbon. The amount of nitrogen adsorbed by activated carbons derived 

from waste is smaller than that of the commercial activated carbons and they exhibit 

a hysteresis loop, which indicates the presence of mesopores.  
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Figure 4.1-4. Nitrogen adsorption desorption isotherms for the (a) waste derived activated carbons and (b) commercial activated carbons 

50

100

150

200

250

80

100

120

140

160

180

0.0 0.2 0.4 0.6 0.8 1.0

260

280

300

320

340

 AC-T

V
o

lu
m

e 
a

d
so

rb
ed

 (
cm

3
 g

-1
) 

 AC-R

Relative Pressure (P/P
0
)

 AC-D

200

250

300

350

400

150

200

250

300

350

300

350

400

450

500

0.0 0.2 0.4 0.6 0.8 1.0

200

220

240

260

280

 C-AC1

V
o

lu
m

e 
a

d
so

rb
ed

 (
cm

3
 g

-1
)

 C-AC2

 C-AC3

Relative Pressure (P/P
0
)

 C-AC4

(b)(a) 



 

150 

 

Table 4.1-6 shows the surface area, mesopore and micropore volumes of the activated 

carbons as determined by a Nova gas analyser (Chapter 3, Section 3.1.5.7). The 

development of the surface area and porosity characteristics of an activated carbon 

produced by the pyrolysis of the waste raw material followed by char-steam activation 

is determined by the characteristics of the original raw materials and the process 

conditions of pyrolysis and activation. The commercial activated carbons had high 

surface areas, ranging from 558 m2 g-1 to 988 m2 g-1. In the case of the activated 

carbons produced from waste, surface areas were somewhat lower than the 

commercial activated carbons at 270 m2 g-1 for the AC-T, 340 m2 g-1 for the AC-R, 

but the activated carbon produced from date stones had a high BET surface area of 

867 m2 g-1. 

Table 4.1-6. Surface area and pore size characteristics of the commercial and waste 

derived activated carbons. 

 

Sample Surface area 
(m2 g-1) 

Micropore volume 
(cm3 g-1) 

Mesopore volume 
(cm3 g-1) 

C-AC1 944 0.479 0.304 

C-AC2 912 0.466 0.109 

C-AC3 988 0.510 0.324 

C-AC4 750 0.350 0.145 

AC-T (Tyre) 270 0.214 0.784 

AC-R (RDF) 340 0.223 0.620 

AC-D (Date stones) 867 0.478 0.203 

In relation to the influence of the surface area and pore size characteristics of the 

activated carbons on NO adsorption, the BET surface area showed no clear correlation 

with NO removal efficiency. For example, the highest NO adsorption (60%) was 

achieved with the C-AC1 carbon which had the second highest surface area of 944 m2 

g-1, but C-AC2 and C-AC3 had high surface areas of 912 m2 g-1 and 988 m2 g-1 

respectively but had very different NO adsorption efficiencies. Additionally, date 

stones with a surface area of 867 m2 g-1 showed similar NO removal efficiency to the 

C-AC2 commercial carbon with a surface area of up to 900 m2 g-1.  

There is also disagreement in the literature regarding the influence of surface area and 

porosity on the rate of NO reduction on a carbon surface. Several authors [15-16] have 
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considered that the rate of NO adsorption is proportional to the internal surface area 

of the char. However, Neathery et al. [17] observed that the NO adsorption capacity 

of the studied activated carbons was not directly related to their surface areas and 

micropore volumes. The same conclusion was derived by Ruiz Machado and Hall [16] 

and Guo et al. [15]. Other overriding factors which may influence NO adsorption over 

the carbon surface area, are the size of the molecule being adsorbed such that the 

pollutant cannot enter the micropores of the carbon and the surface chemistry of the 

carbon which may not be conducive to NO adsorption [18].  

The pore size characteristics presented in Table 4.1-6 showed that C-AC1, C-AC2 and 

C-AC3 contained a mixture of micropores and mesopores, and the C-AC4 was 

microporous. However, the tyre (AC-T) and refuse fuel derived activated carbons 

(AC-R) were mainly mesoporous, while AC-D contained a mixture of micropores and 

mesopores.  

Figures 4.1-5(a) and 4.1-5 (b) show the pore size distribution of the activated carbons 

produced from wastes and also the commercial adsorbents respectively as calculated 

by the DFT method (Chapter 3, Section 3.1.5.7.4). The lower removal efficiency of 

activated carbons produced from waste tyre and RDF compared to those of 

commercial carbons or date stones is suggested to be largely because of the differences 

in porous structure. The pores of the commercial activated carbons and biomass date 

stones are mostly located in the micropore range of 1-2 nm while the activated carbons 

produced from RDF and tyre have a much greater number of pores with diameters in 

the range of 2-10 nm particularly many pores greater than 4 nm. Pores of these sizes 

are probably unsuitable for effective NO adsorption, since the kinetic diameter of NO 

is 0.317 nm, suggesting microporous activated carbons would be more suitable for NO 

adsorption. The prevalence of mesopores in the tyre and the RDF derived carbons 

seems to reduce the efficiency of the product activated carbon to capture NO.  
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Figure 4.1-5.  Pore size distribution for (a) the waste-derived activated carbons and 

(b) the commercial activated carbons 

To further study the influence of surface area and porosity on NO adsorption, one of 

the waste materials (waste tyre) was activated to different degrees of carbon burn off, 

to prepare activated carbons with different surface area and pore size characteristics 

together with the NO adsorption efficiency after 120 minutes of operation (Table 4.1-

6). The activation process is described in Chapter 3, Section 3.1.4.1. The data 

presented in Table 4.1-7, show that increasing the activation time led to an increase in 

the BET surface area and micropore volume, which was accompanied by a 
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proportional increase in NO removal. This suggests that the porous texture has an 

important role in determining the NO capture by the studied carbons. However, there 

appeared to be no correlation with the mesoporosity of the tyre derived activated 

carbons and NO removal efficiency. 

Table 4.1-7. Influence of surface area, mesopore volume and micropore volume of 

the tyre derived activated carbons on NO removal efficiency at 120 minutes. 

 

Sample Activation 

time   

(min) 

Surface 

area  

(m2 g-1) 

Mesopore 

volume 

(cm3 g-1) 

Micropore 

volume 

(cm3 g-1) 

NO 

 
(%) 

AC-T (Tyre) 45 min 88 0.61 0.09 9 

AC-T (Tyre) 90 min 70 0.54 0.08 7 

AC-T (Tyre) 180 min 270 0.78 0.21 23 

4.1.5.1 Acid-base properties 

The surface chemistry of the product activated carbons may also influence the uptake 

of NO.  The chemical structure of activated carbons are associated with heteroatoms 

(hydrogen, oxygen, nitrogen, sulphur) which are bonded at the edges of aromatic 

carbon sheets or to carbon atoms within the carbon matrix forming various surface 

functional groups which can be acidic, basic or neutral [19]. These functional groups 

are responsible for the uptake of pollutants. The commercial and the waste derived 

activated carbons were therefore analysed by Boehm titration to determine the 

concentration of basic and acidic chemical groups on the carbon surface (as described 

in Chapter 3, Section 3.1.5.4). The results are shown in Table 4.1-8. For the 

commercial carbons, the content of the basic surface groups varied in the range of 

0.66-1.22 mmol g-1, while for the RDF waste derived activated carbon, the content of 

basic surface groups was almost double (2.65 mmol g-1). The very high content of 

basic groups with RDF could be due to the presence of the high mineral components 

and metal compounds found in the raw precursor material (Table 4.1-1) and also as 

shown by the SEM-EDXS analysis of the waste derived activated carbons (Figure 4.1-

1).  
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Table 4.1-8. Acid and base properties of the activated carbons 

 

Hu et al. [20] and Nowicki and Pietrzak [21] found that activated carbons with the 

highest content of basic groups and the lowest content of acidic groups had the highest 

NO sorption capacity. Comparison of the acidic and basic groups on the activated 

carbons (Table 4.1-8) with the NO removal data shown in Figure 4.1-2, showed that 

the commercial activated carbon with the highest basic groups C-AC-1, had the 

highest NO removal efficiency. C-AC1 and C-AC2 have a similar amount of basic 

groups but C-AC2 has a higher amount of acidic groups which could be the reason for 

the lower NO removal efficiency of C-AC2. The inhibitory effect of acidic groups in 

relation to the NO adsorption capacity of carbons has been reported in the literature 

[21]. For the activated carbon produced from waste, the AC-R had the highest 

concentration of basic groups but showed no significant influence on NO removal 

compared to the other activated carbons, suggesting other inhibitory factors related to 

metal content or pore structure that influence NO adsorption for the RDF activated 

carbon. 

4.1.6 Influence of Temperature, NO Concentration and Oxygen on NO 

Adsorption  

To determine the optimal conditions needed to obtain the maximum NO removal 

efficiency, the influence of the process parameters of adsorption temperature and NO 

gas concentration on the adsorption of NO were examined for tyre and biomass-

derived activated carbons. The RDF activated carbon was not further investigated 

because of the high ash content of the product carbon. Figure 4.1-6 shows the influence 

 Sample pH Basic groups 
(mmol g-1) 

Acidic groups 
(mmol g-1) 

Total content of surface 

oxides (mmol g-1) 

C-AC1 9.52 1.22       0.05 1.27 

C-AC2 9.20 1.17       0.13 1.30 

C-AC3 9.24 0.66       0.02 0.68 

C-AC4 7.58 0.69       0.00 0.69 

AC-R(RDF) 10.67 2.65       0.00 2.65 

AC-T (Tyre) 8.11 0.51       0.30 0.81 

AC-D (Biomass) 7.53 0.71       0.00 0.71 
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of activated carbon temperature using the NO adsorption reactor (Chapter 3, Section 

3.1.7). Adsorption experiments were carried out at temperatures of 25, 50 and 100 °C 

and at a fixed NO concentration of 800 ppm and oxygen concentration of 5%.   

 
Figure 4.1-6.  Influence of temperature on NO removal efficiency at 120 minutes for 

(a) date stones (AC-D) and (b) tyre (AC-T) derived activated carbons. 

Both the tyre derived carbon and the biomass derived carbon showed a decrease in 

NO removal efficiency as the adsorption temperature was increased. At low 

temperature, physisorption of the NO takes place on the carbon surface which means 

that activated carbon acts as a medium for adsorbing the reactants and not as a catalyst 

(chemisorption), this will lead to a decrease in the NO conversion with increasing 

temperature. Guo et al. [15] also reported a decrease in the adsorption of NO onto 

activated carbon fibres with an increase in temperature from 30 °C to 100 °C. The 

decrease of NO adsorption with the increase in temperature suggests that NO 

adsorption is a physical process and the forces exist between the NO and the activated 

carbon are weak Vander Waals forces. A higher temperature decreases the 

physisorption but enhance the chemisorption rate. The same observation was reported 

by others [22-23]. Choo et al. [24] reported that an increase in the operating 

temperature caused a decrease in the adsorption capacity of the activated carbon 
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because at higher temperature the vapour pressure of adsorbate increase and therefore 

increasing the energy level of the adsorbate molecules to overcome the Vander Waals 

attraction and migrate back to the bulk gas phase. 

The NO removal efficiency of carbon will also depend on the NO concentration in the 

flue gas. The effect of varying the inlet flue gas NO concentration on the adsorption 

capacity of activated carbons produced from waste tyre and biomass date stones was 

assessed. Figure 4.1-7 shows the influence of NO concentration on NO removal. 

Experiments were carried out with NO inlet concentration of 200, 400, 800 ppm in the 

flue gas and with a fixed O2 concentration of 5% and at an adsorption temperature of 

25 °C.  

 
Figure 4.1-7.  Influence of NO concentration (ppm) on NO removal efficiency at 120 

minutes for (a) date stones (AC-D) and (b) tyre (AC-T) derived activated carbons. 

The effect of increasing the NO concentration did not reveal the same trend for both 

carbons; this could be due to the difference in the surface chemistry of the adsorbents. 

For the date stones, there was a substantial decrease in adsorption as the NO was 

increased from 200 ppm to 800 ppm. In the case of waste tyre, NO removal efficiency 

increased with increasing NO concentration (Figure 4.1-7). A similar behaviour was 
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observed by others [15, 25]. For example, Guo et al. [15] investigated the influence of 

NO concentration on NO adsorption with activated carbon and reported a 69% NO 

adsorption capacity at 600 ppm NO concentration, reducing to 65% at 200 ppm but 

reducing markedly to 40% at 50 ppm. On the contrary, Klose and Rincon [26] 

observed a different trend on using activated carbon synthesized from oil palm shells 

at a temperature of 100 °C. They reported a decrease in the adsorption capacity as the 

influent NO concentrations were increased from 400 ppm to 1200 ppm.   

In addition, another set of experiments were carried out to study the influence of 

oxygen concentration on NO removal. For this purpose, the oxygen concentration was 

varied between 5-13% (Figure 4.1-8). Experiments were carried out with a fixed NO 

inlet concentration of 400 ppm and at an adsorption temperature of 25 °C.  

 
Figure 4.1-8.  Influence of oxygen concentration on NO removal efficiency at 120 

minutes for (a) date stones (AC-D) and (b) tyre (AC-T) derived activated carbons. 

It is evident from the results shown in Figure 4.1-8 that the NO adsorption for both 

carbons (waste tyre and date stones) increased with the increase of oxygen 

concentration in the simulated flue gas from 5 to 10%. However, increasing the oxygen 

concentration to 13% led to a decrease in the NO removal of date stones to about 70%. 
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In a study by Xu [27], in which activated carbon produced from wheat straw was used 

for NO adsorption at a temperature of 20 °C. A 100 % NO removal efficiency was 

obtained with 10 % oxygen. However, the residence time used was about 10 s, which 

was quite high compared to the one used in this research (1.7 s). The presence of 

oxygen is crucial for the effective NO capture by carbon. It is well reported by various 

researchers that the presence of oxygen enhances the reaction rate between NO and 

carbon. This could be explained by the catalytic oxidation of NO by O2 to NO2 and 

then NO2 is adsorbed on the carbon surface, which has been reported to have a higher 

adsorption potential by carbon than NO [26-28]. Yang et al. [28] also observed a 

higher reactivity of NO2 with carbon than that with NO.  

 It has been suggested that oxygen first adsorbed on the carbon surface (Eq. 4.1-2) and 

then reacts with NO to from NO2 (Eq. 4.1-3) [29]. 

𝑂2(g) → 2O(𝐶) Eq. 4.1-2 

𝑁𝑂(𝑔) +  O(𝐶) → 𝑁𝑂2(𝑎𝑑𝑠) Eq. 4.1-3 

Where (g) is the species in the gas phase and O (C) refers to the oxygen complexes 

from on the carbon surface. 

Increasing the oxygen concentration led to a different trend depending on the type of 

the raw material used to prepare the activated carbon. According to the literature 

different material behaves differently. For example, Chen et al. [30], claimed that the 

highest NO adsorption capacity was found with oxygen concentration of 4% and 

efficiency declined when the oxygen content was higher than 8%. In contrast, Kong 

and Cha [29] reported no relation between the NO removal and oxygen concentration 

when the oxygen concentration was higher than 5%. 

4.1.7 Reaction mechanism of NO adsorption 

FTIR analysis was carried out to identify the nature of NO adsorbed species formed 

on the carbon surface during the NO adsorption experiment using waste derived 

activated carbons. The analytical procedure is described in Chapter 3, Section 3.1.5.5). 
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As shown in Figure 4.1-9, by comparing the IR vibrational bands before and after 

adsorption, a remarkable band at around 1400 cm-1 was observed with AC-R after 

adsorption which is likely to be due to the presence of nitrates [31-33]. Additionally, 

the appearance of another band at around 850 cm-1 is ascribed also to the presence of 

organic nitrates (R-O-NO2) [9].  

 

Figure 4.1-9. FTIR spectra for the waste derived activated carbons before and after 

NO removal at 50 °C. 

However, these bands were observed only with AC-R as RDF contains more inorganic 

species compared to tyre and date stones. The type and concentration of mineral matter 

could influence the adsorption ability of carbon due to the formation of nitrate through 

the reaction of NO with ash. A weak absorption band was found with AC-D at 1500 

cm-1, such a band can be assigned to the adsorbed NO2 species [32, 34]. Long and 

Yang [34] concluded that the main NO adsorbed species formed on carbon after NO 

adsorption at room temperature, were nitrate, NO2 dimers and NO2. 

The nitro compounds such as nitrate and nitrite are expected to form on carbon surface 

during NO adsorption; therefore the adsorbents after adsorption were soaked into 
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deionized water for one week. The filtered solution was then analysed by ionic 

chromatography. During the leaching step of activated carbon, following NO capture 

experiments, the nitrate ions were found in important quantities in AC-R, AC-D and 

AC-T. The concentration of the detected nitrates were largely higher than the detected 

nitrite ions, this may suggest the presence of adsorbed NO2 over activated carbons, 

which during the leaching process react with H2O leading to the formation of nitric 

acid (HNO3) which dissociate to form NO3
- or also it could be due to the oxidation of 

NO to NO2 which then adsorbed on the carbon surface as nitrates. Long and Yang [34] 

also studied the NO adsorption at room temperature using carbon nanotubes and 

reported the oxidation of NO to NO2 which then adsorbed on the carbon surface as 

nitrates. Therefore nitrates were identified as the dominant adsorbed species. Lopez et 

al. [35] observed by XPS the formation of nitro and nitrate complexes during the 

adsorption of NO on activated carbon produced from Sub-bituminous coal at 30°C. 

Therefore, it can be suggested that the main NO adsorbed species formed during the 

NO adsorption are NO2 and NO3
- (Figure 4.1-10). 

 
 

Figure 4.1-10. The nature of NO adsorbed species formed on carbon (adapted from 

[35]. 

Different mechanisms have been proposed to describe the interaction of NO with 

carbon. Mochida et al. [25] identified through XPS and IR the presence of NO2 as the 
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main adsorbed species on carbon during NO adsorption over activated carbon fibre at 

30 ºC. With the presence of oxygen, activated carbon acts as a catalyst to oxidize NO 

into NO2 which is then adsorbed on the carbon micropores. The adsorbed NO2 may 

further react with carbon and form various nitro compounds such as NO3 and NO-NO3 

[8, 36].  

Adapa [37] more recently proposed Langmuir-Hinshelwood and Eley-Rideal 

mechanisms for the NO oxidation over carbon (Table 4.1-9). In Langmuir-

Hinshelwood mechanism (mechanism 1), both NO and oxygen are assumed to adsorb 

on the free active sites on carbon (Eq.4.1-4 and 4.1-5), followed by the oxidation of 

the adsorbed NO species into NO2. Various intermediates such as NO3 and NO-NO3 

are expected to form due to the reaction of adsorbed NO2. Finally, the NO-NO3 is 

desorbed as NO2 [8]. In the Eley-Rideal mechanism (mechanism 2), the adsorbed NO 

reacts directly with the gaseous O2 instead of C-O (mechanism 2, Eq. 4.1-10) and form 

NO2 adsorbed species [38]. However, Hui et al. [39], reported that the gaseous O2 

oxidizes the adsorbed NO rather than the adsorbed O2. NO2 can be easily removed by 

water; therefore catalytic oxidation of NO to NO2 is an effective process to control NO 

without the need for use of reducing agents such as ammonia [40]. 

Table 4.1-9. Proposed reaction mechanisms of NO oxidation to NO2 on carbon [37]. 

 

Mechanism 1 

𝑁𝑂 + 𝐶𝑓 → C − 𝑁𝑂 Eq. 4.1-4 

𝑂2 + 2𝐶𝑓 → 2C − 𝑂 Eq. 4.1-5 

C − 𝑁𝑂 +  C − 𝑂 → C − 𝑁𝑂2 + 𝐶𝑓 Eq. 4.1-6 

C − 𝑁𝑂2 + C − 𝑁𝑂2 → C − 𝑁𝑂3 +  𝑁𝑂 + 𝐶𝑓 Eq. 4.1-7 

C − 𝑁𝑂3 + C − 𝑁𝑂 → C − 𝑁𝑂 − 𝑁𝑂3 + 𝐶𝑓 Eq. 4.1-8 

Mechanism 2 

𝑁𝑂 + 𝐶𝑓 → C − 𝑁𝑂 Eq. 4.1-9 

2C − 𝑁𝑂 + 𝑂2 → 2C − 𝑁𝑂2 Eq. 4.1-10 

C − 𝑁𝑂2 + C − 𝑁𝑂2 → C − 𝑁𝑂3 +  𝑁𝑂 + 𝐶𝑓 Eq. 4.1-11 

C − 𝑁𝑂3 + C − 𝑁𝑂 → C − 𝑁𝑂 − 𝑁𝑂3 + 𝐶𝑓 Eq. 4.1-12 

C − 𝑁𝑂 − 𝑁𝑂3 → 2𝑁𝑂2 + 𝐶𝑓 Eq. 4.1-13 
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4.1.8 Summary of section 4.1 

Adsorption of NO at low temperature was studied using activated carbon produced 

from waste materials. Different commercial carbons with different porous texture and 

surface chemistry were used for the comparison. The porous structure and surface 

chemistry of the studied adsorbents were analysed and compared to the NO removal 

efficiency of carbons. From the presented results and analysis, it can be concluded that 

the micropore size and the pore width play an important role in determining the 

efficiency of activated carbons for NO capture, but less so for surface area. The 

differences in performance of the activated carbons could also be attributed to the 

influence of porous texture and surface chemistry. The waste-derived activated 

carbons had NO removal efficiencies of 40%, 26% and 21% for the carbons derived 

from date stones, refuse derived fuel and waste tyres respectively at 50 °C adsorption 

temperature. Commercially produced activated carbons had NO removal efficiencies 

of between 40% and 60%. Therefore, although the waste derived activated carbons 

were somewhat less effective than commercially produced carbons they still showed 

a high and effective level of NO removal. In addition, the use of waste materials for 

the minimisation of a problematic pollutant is a novel re-use of resources. 
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4.2 Activated Carbons from Chemical Activation of Waste Tyres for 

Low Temperature NO Control 

Section 4.1 examined the adsorption of NO using waste derived activated carbons 

produced by physical activation of different waste materials. Section 4.2 examines the 

influence of surface area and porosity of the waste tyre activated carbons produced via 

chemical activation with different alkali chemical activating agents to investigate their 

effect on NO capture at low temperature (25 °C). Tyre chars were activated with alkali 

chemical agents, KOH, K2CO3, NaOH and Na2CO3 to produce waste tyre derived 

activated carbons. The aim was to improve NO removal of waste tyre activated carbon 

by improving the porosity. Therefore, the influence of varying the chemical activation 

conditions on the porous texture and corresponding NO removal from the flue gas was 

investigated. 

4.2.1 Activated carbon preparation and characterization 

Details regarding the preparation method of the waste tyre chemically activated 

carbons used in this section can be found in Chapter 3, Section 3.1.4.2 The designation 

of the produced activated carbons are shown in Table 4.2-1. 

Table 4.2-1. Preparation conditions of the activated carbons 

 

Sample 

Designation 

Activating 

agent 

Wt. ratio 

(Char: Chemical agent) 

Activation Temperature 

(°C) 

TA-KOH0.5 KOH 1:0.5 900°C 

TA-KOH1 KOH 1:1 900°C 

TA-KOH3 KOH 1:3 900°C 

TA-KOH4 KOH 1:4 900°C 

TA-KOH3-700 KOH 1:3 700°C 

TA-KOH3-800 KOH 1:3 800°C 

TA-K2CO3 K2CO3 1:3 900°C 

TA-NaOH NaOH 1:3 900°C 

TA-Na2CO3 Na2CO3 1:3 900°C 
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The elemental analysis of the prepared adsorbents is shown in Table 4.2-2. The carbon 

content varied from 65 to 88 wt.%. Increasing the char: activating agent for KOH 

increased the carbon content of the activated carbon products. Samples activated with 

KOH showed a greater content of carbon and a lower content of hydrogen and sulfur 

than those prepared with K2CO3, Na2CO3 and NaOH. Additionally, increasing the 

activation temperature led to higher carbon content and lower hydrogen and the sulfur 

contents in the product activated carbons. Similar results have been reported by 

Hofman and Pietrzak [41]. No correlation was found between the elemental 

compositions of the prepared samples and their NO capture capacity. 

Table 4.2-2. Elemental analysis of the waste derived activated carbons. 

 

 

 

 

The textural properties of the activated carbon samples are shown in Table 4.2-3. The 

BET surface area, micropore and mesopore volumes of the carbons were obtained 

from the adsorption/desorption isotherms of N2 at 77 K. The results indicate the 

positive influence of the type of activating agent and the activation temperature on the 

porosity development. The modification of active carbons by KOH results in the 

formation of active carbons with high BET surface area and microporous structure as 

also reported by Hayashi et al. [42].  

The influence of the char: KOH impregnation ratio on the porosity of the product 

carbons was investigated at 900 °C activation temperature. As presented in Table 4.2-

3, the BET surface area and the micropore volume increased in relation to increasing 

impregnation ratio (TA-KOH3), and then decreased (TA-KOH4). The BET surface 

Activated Carbon Sample C 

(wt.%) 

H 

(wt.%) 

N 

(wt.%) 

S 

(wt.%) 

TA-KOH0.5 65.00 3.19 1.60 0 

TA-KOH1 64.51 2.35 1.40 0 

TA-KOH3 88.26 2.44 1.51 0 

TA-KOH4 88.02 2.78 0.62 0 

TA-KOH3-700 69.67 5.37 2.25 0.53 

TA-KOH3-800 83.97 4.58 1.76 0.55 

TA-K2CO3 87.02 3.61 1.52 0.39 

TA-NaOH 80.01 3.04 1.52 0.38 

TA-Na2CO3 76.20 3.37 1.25 0.27 
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area and micropore volume of TA-KOH3 were 621 m2 g-1 and 0.437 cm3 g-1 

respectively. However, with the char to KOH ratio of 4 both the BET surface and pore 

volumes decreased.  

Table 4.2-3. Porous properties of the waste derived activated carbons 

 

Sample Total surface 

areaa 
[m2 g-1] 

Micropore 

volumeb 
[cm3 g-1] 

Mesopore 

volumec 
[cm3 g-1] 

Pore diameterd  

 
(nm) 

TA-KOH0.5 202 0.185 0.611 1.038 

TA-KOH1 287 0.240 0.728 1.098 

TA-KOH3 621 0.437 0.884 0.962 

TA-KOH4 315 0.269 0.775 0.905 

TA-KOH3-700 170 0.184 0.690 1.675 

TA-KOH3-800 243 0.192 0.427 1.443 

TA-K2CO3 133 0.201 0.788 2.450 

TA-NaOH 128 0.173 0.543 2.426 

TA-Na2CO3 92 0.132 0.490 2.446 
a
 Multi-Point Brunauer, Emmett & Teller (BET) Method. 

b
 Dubinin-Radushkevich (DR) Method. 

c
 Barrett, Joyner & Halenda (BJH) Method. 

d
 Density Functional Theory (DFT) Method. 

The higher KOH content producing increased activation, due to the fact that the 

potassium salt complexes, potassium oxide and potassium carbonate, which are 

formed in the carbons before carbonisation act as active sites for gasification according 

to Eq 4.2-1 & Eq 4.2-2 [43]. The formation of CO is the result of a gasification reaction 

of the carbon by the alkaline oxide or carbonate. This reaction is expected to occur at 

a temperature of about 900 °C and is related to the hydroxide content of the 

impregnated carbon [43]. Therefore the higher the amount of KOH, the higher the 

activation process will be.  

𝐾2𝑂 +  C → 2K + CO Eq. 4.2-1 

𝐾2𝐶𝑂3 +  2𝐶 → 2K + 3CO Eq. 4.2-2 

The decrease in surface area and micro and mesopore volume at the higher KOH ratio 

(TA-KOH4) has also been reported by Meng and Park [44]. They prepared various 
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nano porous carbons using KOH chemical activation with KOH:carbon ratios between 

0.5 and 4. The authors reported a decrease in the micropore volume when the KOH: 

carbon ratio was increased to 4. It could be suggested that at the higher levels of KOH 

addition, blockage of pores by potassium leads to a decrease in surface area and 

microporosity and mesoporosity of the activated carbons. 

In contrast to KOH, activation with other alkali metals led to the formation of samples 

with less developed porosity (Table 4.2-3). Using the K2CO3, NaOH and Na2CO3 as 

activating agents resulted in the formation of active carbons with BET surface areas 

of 133 m2 g-1, 128 m2 g-1 and 92 m2 g-1 respectively. The increase in microporosity 

appears to depend more on the nature of the cation used (Na+ or K+). Lillo-Rodenas et 

al. [28], concluded that the chemical activation of anthracite with Na2CO3 had no 

effect on porosity development. Mitani et al. [45], tried to prepare activated carbon 

from tar pitch derived needle coke by chemical activation with K2CO3 at an activation 

temperature of 900 °C for 3 h and observed that K2CO3 was not effective as an 

activating agent, as the surface area of the obtained activated carbon was only 20 m2 

g-1. However, the activation of the same sample with KOH led to an active carbon with 

a BET surface area of 2300 m2 g-1. March et al. [46], used different chemical agents 

for the chemical activation of petroleum coke and concluded that the BET surface area 

decreased in the following order: KOH>NaOH>K2CO3>Na2CO3 [46]. However, the 

porosity and surface area developments depended on the activation parameters and 

most importantly on the carbon origin [47].    

Besides the type of activating agent, the activation temperature also has an influence 

on the BET surface area and the porosity development. The influence of the activation 

temperature was investigated for the sample with a 3:1, KOH: char ratio and activated 

at various temperatures of 700, 800 and 900 °C under nitrogen. The sample obtained 

at the activation temperature of 900 °C had a more developed porous structure with 

BET surface area and micropore volume about five times greater than the sample 

activated at 700 °C. In the study carried out by Hsu et al. [48], the maximum porosity 

of the activated carbons produced from bituminous coal treated with KOH was 

produced at a temperature 800 °C, but at a higher temperature, the porosity was found 

to decrease due to the breakdown of cross-links in the carbon matrix.  
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From Table 4.2-3, the activated carbons exhibited a high mesoporous volume which 

confirms the mesoporous properties of the prepared carbons. For the series of samples 

prepared with different KOH ratios, the higher BET surface area of around 600 m2g-1 

was reported for the sample prepared with a KOH-char ratio of 3. This sample also 

shows a high micropore and mesopore volume. 

The porosity development of the prepared samples was investigated by N2 adsorption 

at 77K. The mesoporous character of the prepared samples was confirmed by the 

typical adsorption-desorption isotherms of carbons shown in Figure 4.2-1 (a), (b) and 

(c). The IUPAC designation system for such isotherms classifies them as Type IV 

which shows a hysteresis loop at relative pressures (P/P0) above 0.4 suggesting a 

mesoporous carbon [49]. The isotherms show a widening of the microporosity and 

higher mesoporosity as the activation temperature was raised (Figure 4.2-1a).
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Figure 4.2-1. Adsorption and desorption isotherms of the waste tyre derived activated carbons in relation to (a) char:KOH impregnation ratio (b) 

activation temperature with KOH char impregnation (c) type of alkali activating agen
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The pore size distribution is one of the main factors to consider while developing a 

carbon adsorbent with high NO capture efficiency. The DFT pore size distribution 

plots of the produced adsorbents are shown in Figure 4.2-2.  

 

Figure 4.2-2. Pore size distribution (DFT) of the waste derived activated carbons in 

relation to (a) activation temperature with KOH char impregnation (b) char:KOH 

impregnation ratio (c) type of alkali activating agent 
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The micropore structure was predominantly enhanced with the use of KOH as an 

activating agent. Most of the micropores of the waste tyre derived activated carbon 

were enhanced by chemical activation with KOH at a temperature of 900 °C and with 

a KOH: char ratio of 3:1 (TA-KOH3). Additionally, mesopore development is 

suggested around the pore width of 4 nm. With increasing KOH: char ratio, the high 

intensity of gasification reactions results in the breakthrough of micropore walls 

leading to an increase in the mesopore volume. As reported in the literature, the porous 

structure of carbons activated with KOH is highly dependent on the KOH: char ratio 

[50]. As shown in Figure 4.2-2 (a), the change in activation temperature has influenced 

the pore size distribution with the proportion of micropore and mesopore volumes 

increasing with increasing temperature. 

The SEM images for the activated carbons treated with different alkali metals are 

presented in Figure 4.2-3. Similar morphologies were observed for TANaOH (Figure 

4.2-3–(b)), TANa2CO3 (Figure 4.2-3 (c)), and TAK2CO3 (Figure 4.2-3 (d)) which 

showed small grains. Whereas TAKOH had small aggregated particles.  

 

Figure 4.2-3. SEM images for (a) TAKOH, (b)TANaOH, (c)TANa2CO3, (d) 

TAK2CO3 
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It can be concluded that KOH is more effective in developing the porosity of the 

activated carbons than K2CO3, NaOH and Na2CO3. During carbonisation, these 

reagents play different roles which can significantly affect the porosity. Potassium 

hydroxide is a strong base and has the ability to interact with the carbon atoms, 

catalyzing the dehydrogenation reaction and leading to a carbon with developed 

porous structure [43].  

According to Otowa et al. [51], at a temperature below 700 °C, the chemical activation 

with KOH followed the reactions described below, and the main products are H2, H2O, 

K2O, CO, CO2. The carbon is gasified through the reaction of carbon with H2O 

(Eq.4.2-4). 

2𝐾𝑂𝐻 → 𝐾2𝑂 + 𝐻2𝑂 Eq. 4.2-3 

𝐶 + 𝐻2𝑂 → 𝐻2 +  C𝑂 Eq. 4.2-4 

𝐶𝑂 + 𝐻2𝑂 → 𝐻2 + 𝐶𝑂2 Eq. 4.2-5 

𝐾2𝑂 + 𝐶𝑂2 → 𝐾2𝐶𝑂3 Eq. 4.2-6 

However, the widening of pore distribution at higher activation temperature > 800 °C 

is due to the following redox reactions; 

6𝐾𝑂𝐻 +  2𝐶 → 2𝐾 + 2𝐾2𝐶𝑂3 +  3𝐻2 Eq. 4.2-7 

𝐾2𝐶𝑂3  → 𝐾2𝑂 + 𝐶𝑂2 Eq. 4.2-8 

𝐾2𝑂 + 𝐻2 → 2K + 𝐶𝑂2 Eq. 4.2-9 

𝐾2𝑂 +  𝐶 → 2K +  CO   Eq. 4.2-10 

𝐾2𝐶𝑂3  +  2𝐶 → 2K +  3CO               Eq. 4.2-11 

According to recent studies, K2CO3 is formed at a temperature of 400 °C and at 

temperatures higher than 700 °C; it decomposes to CO2 and K2O (Eq. 4.2-8). At 

temperatures higher than 700 °C, the formed potassium compounds in (Eq. 4.2-7 & 

Eq. 4.2-8) are reduced to produce potassium as in Eq. 4.2-9, Eq. 4.2-10 & Eq. 4.2-11. 

The produced metallic potassium intercalates into the carbon matrix as shown in 

Figure 4.2-4(b), resulting in widening the carbon layers. The carbon lattice cannot 

return to the original state (a), even after the removal of the intercalated potassium by 
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washing, thus resulting in opening the carbon pores (Figure 4.2-4 (c)). These chemical 

reactions are responsible for producing an activated carbon with a well-developed 

porous texture [12, 47].  

 

Figure 4.2-4. KOH activation mechanism at a temperature above 700 °C and the 

expansion of carbon lattice due to the intercalation of potassium [12] 

According to the reaction shown in Eq. 4.2-7, K2CO3 is one of the reaction products 

that is formed during the KOH activation, which plays an important role in the porosity 

development (Eq. 4.2-11). However, it is less effective when it was used as the 

activating agent. This is because K2CO3 diffuses more slowly on carbon than KOH. 

In addition, when KOH is used as the activating agent; K2CO3 is produced as an 

intermediate inside the pores of carbon at which it reacts with carbon [15, 52]. Lu et 

al. [15], reported that with the direct K2CO3 activation, it was hardly for K2CO3 to 

enter the pores of petroleum coke.  

4.2.2 Nitrogen Oxide adsorption 

The NO adsorption efficiency of the prepared activated carbon adsorbents was 

investigated at a temperature of 25 °C and with an inlet NO concentration of 400 ppm 

and in the presence of 10% oxygen. The addition of O2 was essential, since it increases 

the adsorption of nitric oxide via the catalytic oxidation of NO to NO2, producing an 

increase of the NO adsorption because of the higher adsorption potential of NO2 [26, 

28]. In the absence of oxygen, the NO removal efficiency was only about 5%, similar 

findings have been reported in the literature [45, 53]. Prior to any test, the samples 

were dried under an inert N2 atmosphere. NO adsorption capacity of the tested carbons 

is presented in Table 4.2-4.  
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Table 4.2-4. NO adsorption capacity of the activated carbons obtained (mg g-1 ads) 

Sample NO ads (mg g-1) 

TA-KOH0.5 8.67 

TA-KOH1 13.71 

TA-KOH3 17.23 

TA-KOH4 15.63 

TA-KOH3-700 10.18 

TA-KOH3-800 14.12 

TA-K2CO3 10.91 

TA-NaOH 9.28 

TA-Na2CO3 5.69 

The maximum NO adsorption capacity of 17.23 mg g-1 was found for TA-KOH 1-3 

sample obtained by activation of tyre char with KOH at an activation temperature of 

900 °C with char: KOH ratio of 1:3. The least effective adsorbent, of adsorption 

capacity much smaller than those of other samples, was TA-Na2CO3, whose 

adsorption capacity towards NO was only 5.69 mg g-1. A maximum NO adsorption 

capacity of 6.2 mg g-1 was reported by Chen et al. [30]. In another study carried out 

by Zhang et al. [7], an uptake amount of 4.5 mg g-1 (0.15 mmol g-1) was obtained after 

2.5 h adsorption when a mixture 500 ppm NO + 5% O2 was introduced to a commercial 

activated carbon at room temperature. Kaneko [54] reported about 15-17 mg of NO 

per gram was adsorbed on activated carbon at 30 °C. This comparison shows that 

TAKOH3 is a good sorbent for NO removal. 

The NO breakthrough curves and the NO removal efficiency curves of the prepared 

activated carbons in relation to char: KOH activating agent ratio are shown in Figure 

4.2-5.   
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Figure 4.2-5. (a) NO breakthrough curves and (b) removal efficiency of the waste 

tyre derived activated carbons in relation to char: KOH ratio 
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For the activated carbons produced at higher char: KOH impregnation ratios, the NO 

breakthrough occurred after about 1 minute and the carbons were much more effective 

in removing NO. The NO removal efficiencies after 120 minutes were highest for the 

char: KOH impregnation ratio of 1:3 at 75% (Figure 4.2-5). A comparison of the NO 

removal efficiency with the porous texture data for the activated carbon products 

(Table 4.2-3) and the pore size distribution (Figure 4.2-2) indicates that the TA-KOH3 

carbon produced at the char: KOH ratio of 1:3 had the highest NO removal efficiency 
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surface area of 621 m2 g-1. Both TA-KOH1 and TA-KOH4 showed almost the same 

micropore and mesopore volumes. However, the NO conversion with TA-KOH4 was 

higher than that with TA-KOH1. 

The results obtained for the waste tyre activated carbon products may be compared 

with results from the literature, for example, Lee et al. [55] studied NO2 adsorption at 

a temperature of 130 °C using KOH impregnated commercial activated carbon 

produced from coconut shells. The removal efficiency was found to decrease with 

increasing NO2 concentration, with NO2 concentration of 400 ppm, the removal 

efficiency was ~20 %. The influence of varying the amount of added KOH, over the 

range 0-2.0 wt%, to chars produced from coal on NO removal efficiency has been 

studied by Zhong and Zhang [56]. Increasing the KOH content to 1.0 wt.% led to an 

increase on NO reduction. However, when the KOH content in char was increased to 

2.0 wt.%, the NO reduction capacity remained almost the same. The authors concluded 

that with increasing KOH content to 1.0 wt.%, the activation energy decreased and the 

collision frequency factor for the carbon and nitrogen oxide increased. Consequently, 

the NO reduction capacity of the studied carbons increased. However, a further 

increase of KOH content to about 2.0 wt.% had no major influence on the collision 

frequency factor. Therefore, the NO reduction remained unaffected. Cha et al. [57] 

produced chemically activated carbons using rice straw char and sewage sludge char 

and investigated NO removal at a temperature of 50 °C using a fixed bed reactor. The 

chemically activated carbons treated with KOH exhibited a higher NO removal 

efficiency compared to the physically activated carbons. This was attributed to the 

differences in the number of oxygen functional groups, pore volumes and BET surface 

areas which were dependent on the activation process. The maximum NO removal 

efficiency was observed with the rice straw activated carbon at 85%, while the sewage 

sludge-activated carbon showed a NO removal efficiency of 45%. 

Materials with different pore width are expected to exhibit different behavior during 

the gas adsorption. The results presented in Table 4.2-3 suggested the high dependence 

of NO conversion with the pore diameter of the carbon. Considering the kinetic 

diameter of NO is 0.3 nm, so carbonaceous materials with pore diameter similar to 

this should have higher adsorption efficiency than others with higher pore diameter. 
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Carbons with pore diameters of 1.1 nm have been found to have a much higher 

capacity for NO adsorption than those with pore diameters larger than 1.1 nm [17]. In 

this work, a maximum conversion was observed on a carbon with an average pore 

diameter of 0.9 nm. In the Zhang et al. [7] study, carbon with an average micropore 

size of 0.7 nm was found to produce the highest NO adsorption at about 52%. These 

results suggest the dependence of NO adsorption on the average pore diameter along 

with the BET surface area of the activated carbon products. 

In order to further ascertain if the porosity and BET surface area affect the NO capture, 

the sample treated with KOH at a char: KOH weight ratio of 1:3 was activated to 700 

and 800 °C. The results shown in Figure 4.2-6 indicate that activation temperature had 

a significant role in influencing the surface area and porosity of the activated carbon 

products and in turn influencing the NO capture capacity.   

 
Figure 4.2-6. (a) NO breakthrough curves and (b) removal efficiency of the waste 

tyre derived activated carbons in relation to activation temperature 
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The surface area of the carbons increased from 170 m2 g-1 at 700 °C activation 

temperature, to 243 m2 g-1 at 800 °C and to 621 m2 g-1 at 900 °C activation temperature 

(Table 4.2-3). There was a similar increase in microporosity from 0.184 cm3 g-1 at 700 

°C to 0.437 cm3 g-1 at 900 °C. Both increasing surface area and increasing 

microporosity of the activated carbons correlating directly with increased NO 

breakthrough and NO removal efficiency. The results found in this study are in good 

agreement with the results reported by Illan-Gomez et al. [58] where they reported a 

direct correlation between NO adsorption capacity and BET surface area of the 

samples used.  

To determine the influence of the type of alkali-activating agent on the characteristics 

and NO removal efficiency of the activated carbon products from different types of 

activating agents (K2CO3, NaOH and Na2CO3) were physically mixed with the tyre 

char and compared to the results obtained with the chemical activation with KOH. All 

the carbons were prepared at an activating agent impregnation ratio of 1:3, char: 

activating agent and a final activation temperature of 900 °C. According to the results 

shown in Figure 4.2-7, the type of activating agent used during the chemical activation 

significantly influenced the NO adsorption ability, KOH was the most effective in 

providing the best NO removal efficiency with around 75% after 120 minutes, 

followed by K2CO3, NaOH and Na2CO3 with 37, 30 and 19% respectively.  
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Figure 4.2-7. (a) NO breakthrough curves and (b) removal efficiency of the waste 

tyre derived activated carbons in relation to char: activating agent 
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According to studies by Lee et al. [60] and Nowicki et al. [61], the high NO capture 

by carbons treated with KOH is due to the basic nature of hydroxides provided on the 

carbon surface. Regarding the chemical state of crystals formed on the carbon, Lee et 

al [60] found that KNO3 was present in high amounts on the carbon surface after the 

NO adsorption on KOH-impregnated activated carbon. 

Thus, the reaction was suggested to be: 

2𝐾𝑂𝐻 +  2𝑁𝑂2 → 𝐾𝑁𝑂2  + KN𝑂3 + 𝐻2𝑂 Eq. 4.2-12 

However, with the experimental conditions carried out in this research, this reaction 

is not expected, as the carbon materials were activated at 900 °C whereas in the study 

by Lee et al [60], the KOH-impregnated activated carbons were activated at a 

temperature of only 140 °C. Therefore, at low temperature KOH is expected to be on 

the carbon surface. Lu et al [62] had tried to analyze the products formed on the carbon 

surface after KOH activation at a temperature of 700 °C using XRD and observed that 

KOH peaks were no longer observed.  

The adsorption ability of the treated carbons in this study can be explained by the 

reaction mechanism shown in Figure 4.2-8 [46, 61].  

 

Figure 4.2-8.Expected reaction mechanism of NO with TA-KOH 

The presence of potassium metal on the KOH treated waste tyre derived activated 

carbon was verified through EDX analysis (Figure 4.2-9) which showed that 

potassium was dispersed well on the carbon. The treated carbon had about 4 wt.% of 

potassium.  
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Figure 4.2-9.SEM-EDX of TA-KOH900 

Therefore, the metallic potassium left after the chemical activation of waste tyre with 

KOH (Eq. 4.2-9, Eq. 4.2-10, Eq. 4.2-11), could react with NO2, which is expected to 

be formed due to the oxidation of NO, to produce KNO2. The formed KNO2 may react 

with another NO2 to form KNO3 (Eq. 4.2-13)[46, 61].  

𝐾𝑁𝑂2  +  𝑁𝑂2 → KN𝑂3  + NO Eq. 4.2-13 

The NO removal efficiency of the waste tyre derived activated carbons produced in 

this work may be compared with NO removal efficiencies reported for other more 

conventionally produced activated carbons. For example, Guo et al [15] prepared pitch 

based activated carbons with a BET surface area of 1000 m2 g-1 and investigated NO 

adsorption at a temperature of 30 °C in the presence of oxygen. The NO removal 

efficiency of the investigated activated carbons was found to be in the range of 44-

75%. In another study carried out by Zhang et al [7] commercial activated carbons 

were used for NO conversion at a low temperature. In the presence of ~10% oxygen, 

the NO conversion of the activated carbons was found to be 50%.  The results suggest 

that waste tyres, which represent a waste disposal problem, have the potential to be 

processed through pyrolysis and chemical activation to produce activated carbons 

which are effective in NO removal and are comparable with conventionally produced 

carbons. However, a full techno-economic assessment would be required to determine 
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whether the proposed process would be comparable to currently produced activated 

carbons using conventional feedstocks.  

4.2.3 Summary of section 4.2 

In this section of work, the influence of treating the activated carbon with various 

alkali chemical agents (KOH, K2CO3, NaOH and Na2CO3) on the porous texture was 

studied. The influence of surface area and porosity of the carbons produced with the 

different alkali chemical activating agents on NO capture from the simulated flue gas 

was investigated. In addition, the influence of varying the chemical activation 

conditions on the porous texture and corresponding NO removal from the flue gas was 

studied. The chemical activation of waste tyre with KOH has been shown to 

effectively enhance the NO reduction at room temperature to about 75% removal in 

direct relation to the increase in BET surface area and micropore volume. The textural 

properties seem to be the dominant factor affecting the NO adsorption. Treating the 

waste tyre with other alkali agents (K2CO3, NaOH, Na2CO3) produced much lower 

NO removal efficiencies. The textural properties of the product activated carbon 

adsorbents were determined mainly by the type of chemical agent and the temperature 

of activation. Adsorbents prepared by KOH activation had a well-developed porous 

texture compared to those treated with K2CO3, NaOH and Na2CO3 which enhanced 

the NO capture. The NO capture activity of the activated carbons produced from waste 

tyre decreased in the order of alkali impregnation as KOH > K2CO3 > NaOH > 

Na2CO3. 
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5. CHAPTER 5. TAR REDUCTION USING 

WASTE DERIVED PYROLYSIS CHAR 

This chapter consists of three sections, which focus on tar conversion over a hot bed 

of char materials. The tar conversion experiments were conducted using a two stage 

fixed bed reactor described in Chapter 3, section 3.2.3.1. A brief description of each 

section is given below.  

Section 5.1 examines the effectiveness of using different pyrolysis char materials, 

produced from the pyrolysis of tyre, RDF and biomass, for tar decomposition during 

the pyrolysis-gasification of biomass. The selected char materials were chosen for the 

purpose of studying the influence of porous texture on tar decomposition and chars 

derived from different waste precursor materials. Biomass was used to generate a 

range of hydrocarbon gases typically found in biomass gasification tars through the 

pyrolysis of the biomass. The influence of operating conditions including char 

cracking temperature and biomass to char ratio on tar reduction and gas composition 

have been investigated.  

Section 5.2 focuses on understanding the tar decomposition mechanism over 

carbonaceous materials. Therefore, tar model compounds were used. The influence of 

porous texture and surface chemistry of carbons on tar cracking was investigated.  

Section 5.3 focuses on improving the quality of syngas and promoting H2 production 

via using steam as a gasifying agent. The influence of steam to biomass mass ratio, 

reaction time and the presence of ash metals in the char on syngas composition and 

hydrogen production is reported.  
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5.1 Thermal decomposition and gasification of biomass pyrolysis 

gases using a hot bed of waste derived pyrolysis char 

This section of work focuses on investigating the effectiveness of char materials 

derived from the pyrolysis of waste materials for tar cracking during the pyrolysis-

gasification of biomass using a two-stage fixed bed reactor, described in chapter 3, 

section 3.2.3.1 at char temperatures of 600 to 800 °C. Chars were obtained from the 

pyrolysis of waste tyres, municipal solid waste in the form of refuse derived fuel 

(RDF) and biomass wastes in the form of date stones. In addition, the influence of char 

catalytic cracking temperature and char to biomass ratio on gas and tar compositions 

was investigated. 

5.1.1 Biomass pyrolysis gas conversion using waste derived pyrolysis chars 

The properties of the feed biomass used in the pyrolysis stage and the waste derived 

char materials used in the cracking/gasification stage are shown in Table 5.1-1. 

Table 5.1-1.Composition of the biomass waste wood and the waste derived char 

samples. 

Sample  Proximate analysis (wt.%) Elemental analysis (wt.%) 

Volatiles Ash Fixed carbon C H N O a 

Wood 75.01 2.00 15.01 46.01 5.60 0.66 45.70 

Char materials 

Tyre char 2.00 18.90 78.80 70.10 0.28 0.83 5.15 

RDF char 4.50 44.01 48.30 44.80 0.38 1.08 9.28 

Date stones char 3.90 5.50 85.50 85.70 0.57 2.25 5.90 

The waste derived pyrolysis chars produced from waste tyres, RDF and date stones 

were investigated for their effectiveness in the conversion of biomass pyrolysis gases 

including the heavier molecular weight hydrocarbons (tar) from the pyrolysis of 

biomass, waste wood pellets. The biomass pyrolysis gases was passed through a hot 

bed of char maintained at 600, 700 and 800 °C. The catalytic effect of each char 
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material was investigated on the basis of the changes of tar yield and gaseous 

composition. 

The results are presented in Table 5.1-2. For comparison, the results without char are 

also presented where sand was substituted for the waste char sample. In Table 5.1-1, 

the char yield represents the residual yield of char in the first stage pyrolysis reactor 

produced from the pyrolysis of the biomass wood pellets.  The biomass pyrolysis char 

yield was always ~24wt%, since the pyrolysis of the biomass was always at ambient 

temperature raising to 500 °C and the same heating rate and the process would be 

unaffected by the reactions downstream of the evolved pyrolysis gases with the hot 

bed of char.
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Table 5.1-2. Influence of waste derived pyrolysis char on the product yield from the pyrolysis-gasification of biomass.  

  Without char Tyre char RDF char Date stones char 

Temperature (°C) 600 700 800 600 700 800 600 700 800 600 700 800 

Residual Biomass Char (wt.%) 24.0 23.5 23.0 24.5 24.5 23.5 24.0 24.0 23.5 24.0 23.0 24 

Liquid (wt.%) 49.0 36.0 28.5 34.0 25.5 8.5 43.5 25.5 17.0 45.5 40.5 24.5 

    Tar (wt.%) 28.0 20.1 15.3 14.8 4.7 4.6 25.1 9.2 7.6 26.1 21.5 13.9 

    Water (wt.%) 21.0 15.9 13.3 19.15 20.8 3.9 18.4 16.3 9.4 19.15 19.0 10.6 

Gas yield (wt.%) 22.4 33.5 46.6 31.0 41.0 57.5 33.0 44.3 59.5 26.3 38.75 50.6 

Gas composition (vol.%)            

  CO 48.2 47.1 42.3 35.2 35.1 34.0 31.7 32.2 29.9 41.7 44.2 40.1 

  H2 9.6 12.1 19.6 17.6 23.5 29.0 22.0 27.2 34.0 11.1 19.2 25 

  CO2 21.9 18.4 16.2 29.6 22.8 20.3 27.0 23.7 21.7 27.1 17.0 16.2 

  CH4 13.4 13.6 15.1 11.6 12.5 12.1 14.1 11.4 10.5 13.7 12.5 12.8 

  C2─C4 7.0 8.9 6.7 6.1 6.2 4.7 5.2 5.5 3.9 6.5 7.0 5.9 

Mass balance (%) 95.4 93.0 98.0 89.6 91.0 89.5 103 93.8 99.9 95.8 102 99.1 
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In the absence of char, the tar yield decreased with an increase in the second stage char 

cracking temperature from 28.0 wt.% at 600 °C to 15.3 wt.% at 800 °C. These results 

are comparable with the results reported in the literature [1]. This is due to the change 

in tar composition with temperature due to tar cracking to produce increase gas yields. 

With the use of char materials, it can be observed from Table 5.1-2 that the tar yields 

decreased significantly with all the waste char derived materials used in comparison 

to the experiments without char. The tyre derived pyrolysis char produced the largest 

conversion of the biomass tar to gas, reducing the condensed bio-oil/tar from 14.8 

wt.% tar at 600 °C to 4.6 wt.% at 800 °C with a corresponding increase in  gas yield 

from 31 wt.% at 600 °C to 57.5 wt.% at 800 °C. The RDF char and biomass date stones 

char producing lower conversion of bio-oil/tar, for example, 7.6 wt.% and 13.9 wt.% 

tar respectively at 800 °C. Under the same studied experimental conditions, at a char 

cracking temperature of 800 °C, the total bio-oil/tar yield decreased by 70, 50 and 9% 

with tyre, RDF and date stones char respectively compared to that without char. These 

results are in agreement with the results obtained by Park et al. [1], in which the tar 

yields at 800 °C was 7.7 wt.% with wood char. Sun et al. [2] used biomass char as a 

catalyst for tar cracking from pyrolysis of pine wood and reported a significant 

decrease of tar yield from 35% without char to 11% with char at a cracking 

temperature of 700 °C. 

The product liquid collected in the condensers was a mixture of a pale yellow coloured 

oil and water (Figure 5.1-1). A noticeable difference was observed with the colour of 

the obtained fractions with the absence of char compared with the presence of char, 

particularly with tyre char. The dark brown colour of the condensed product collected 

with no char became a clear liquid with the introduction of tyre char in the second 

stage reactor during the pyrolysis-gasification of biomass.  
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Figure 5.1-1.Photographs of bio-oil/tar samples during the pyrolysis-gasification of 

biomass with and without char. 

The yield of condensed water produced from the pyrolysis of the biomass and from 

the moisture content of the biomass decreased with increasing second stage (sand) 

temperature as shown in Table 5.1-2. This was also the case when each of the waste-

derived chars was introduced into the second stage-cracking reactor but to a greater 

extent. The decrease in the water content with the use of chars at high cracking 

temperature (800 °C) may be due to the results of tar reforming over the chars or could 

be also due to the reaction of the autogenerated steam, formed from the release of 

biomass moisture, with char. The data shown in Table 5.1-2 shows the total liquid 

yield and also the yield of water and tar in the liquid as determined by the Karl Fischer 

analysis. These results showed that char has a significant catalytic effect in reducing 

the total tar yield during the biomass-gasification of biomass. The catalytic activity of 

char produced from biomass for tar removal has been studied by Gilbert et al. [3]. The 

investigated char was effective in enhancing heavy tar cracking in a fixed bed reactor 

but not to such a high degree as found in this work. Abu El Rub et al. [4] reported 

about 85% removal of naphthalene by biomass char, however, the same char could 

remove only 58% of real biomass produced tar.   

One of the products of char induced conversion of tar is gas. An increase in the total 

gas yield was observed with the introduction of char in the second stage reactor (Table 

5.1-2). For example, at a char cracking temperature of 800 °C, the highest gas yield 
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(59.5 wt.%) which was obtained with the use of RDF char while date stones char 

produced the lowest yield (50.6 wt.%).The influence of waste derived pyrolysis chars 

on the gas product composition obtained for tar cracking is presented in Table 5.1-2. 

It is clear that the introduction of char resulted in a significant influence on gas 

compositions particularly with the H2 and CO2 production. For example, with the use 

of tyre char at a cracking temperature of 800 °C, the total H2 and CO2 yields were 32% 

and 20% higher respectively than those without char. This is most likely due to the 

water-gas shift reaction (Table 5.1-2). Sun et al. [2] investigated the effects of using 

charcoal as a catalyst for tar reduction and observed an increase of H2 and CO2 yields 

of 3.9 and 2.9% compared to that without charcoal. The author attributed the increase 

of H2 and CO2 to the auto- generated steam gasification of char.  

However, the analysis of the produced gases obtained with the presence of tyre, RDF 

and date stones chars showed that the main gas concentration that increased was 

hydrogen. At a cracking temperature of 800 °C, the H2 concentration increased to 34, 

29 and 25 vol.% with the presence of RDF, tyre and date stones chars, respectively 

compared to that without char. Cracking of the bio-oil/tar hydrocarbons would 

produce a range of lower molecular weight hydrocarbons, including methane and 

C2─C4 hydrocarbon gases and also hydrogen. 

The production of hydrogen could also be from autogeneration of steam and 

subsequent reactions of the steam with the generated biomass pyrolysis hydrocarbons 

and the waste derived char through gasification, water gas shift, methanation and 

reforming reactions [5, 6] (Table 5.1-3); 
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Table 5.1-3.  Tar decomposition reactions 

Reaction type Chemical reaction  Reaction 

number 

Steam Reforming 𝐶𝑛𝐻𝑚 + 𝑛𝐻2𝑂 ↔ 𝑛𝐶𝑂 + (𝑛 +
𝑚

2
)𝐻2 

R. 5.1-1 

Dry Reforming 𝐶𝑛𝐻𝑚 + 𝑛𝐶𝑂2 ↔ 2𝑛𝐶𝑂 + (
𝑚

2
)𝐻2 

R. 5.1-2 

Thermal cracking 𝐶𝑛𝐻𝑚 ↔ 𝐶∗ + 𝐶𝑥𝐻𝑦 + 𝑔𝑎𝑠 R. 5.1-3 

Tars hydrocracking 𝐶𝑛𝐻𝑚 + 𝐻2 ↔ 𝐶𝑂 + 𝐻2 + 𝐶𝐻4 + ⋯+ 𝑐𝑜𝑘𝑒 R. 5.1-4 

Water-gas shift reaction 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 R. 5.1-5 

(𝐶𝑛𝐻𝑚  hydrocarbons representing tars. 𝐶𝑥𝐻𝑦 hydrocarbons representing lighter tar) 

The presence of char promotes the hydrocarbon cracking reactions; thus hydrocarbon 

gases were found to decrease compared to that without char. The decrease was higher 

with RDF char; therefore more gas production was obtained from the cracked 

hydrocarbons when RDF char was used. 

5.1.2 Tar analysis 

The analysis of tar samples collected from the pyrolysis/gasification of biomass was 

carried out using GC-MS and SEC analytical techniques, as described in chapter 3, 

section 3.2.4.1. 

5.1.3 GC-MS analysis of the tar composition 

The composition of the condensed bio-oil/tar products from the pyrolysis of biomass 

in the presence of the tyre char, RDF char and date stones char at the hot char reaction 

temperature of 800 °C were analysed using GC-MS. Figure 5.1-2 shows the total ion 

chromatograms for the bio-oil/tar collected after passing through the waste derived 

tyre, RDF and date stones chars and compared to the bio-oil/tar in the absence of char 

(with sand as a blank). Comparing the chromatograms obtained without char (Figure 

5.1-2 (a)) and with chars (Figure 5.1-2 (b,c,d)), a large decrease in the concentration 
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of hydrocarbon compounds was observed with char materials, particularly with tyre 

char, compared to that without char which clearly demonstrate that chars promoted 

the tar cracking reactions.  

 

Figure 5.1-2. Effect of char type over tar composition at a cracking temperature of 800 

°C. 
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The main compounds detected were phenolic compounds and polycyclic aromatic 

hydrocarbons (PAH). The relative peak area was calculated in proportion to the total 

peak area found with the oil produced with the experiment where no char was present 

in the second stage. The oil components were classified into phenols and polycyclic 

hydrocarbons (PAH). The class denoted as phenols included phenol and alkyl phenols; 

PAHs included naphthalene, alkyl napthalenes, fluorene, phenanthrene, fluoranthene 

and pyrene. Figure 5.1-3 shows the total phenolic compounds and PAH for each of the 

bio-oil/tars in relation to each of the waste cracking chars at a char temperature of 800 

°C. The results obtained from the non-catalytic experiments are presented for 

comparison of the efficiency of different types of char materials for the decomposition 

of hydrocarbon compounds. 

 

Figure 5.1-3.Tar composition with different carbon samples at a cracking 

temperature of 800 °C. 

The oxygenated phenolic compounds decreased with all the waste derived char 

materials compared to the experiment in the absence of char. In particular, the presence 

of the RDF char produced the lowest concentration of phenolic compounds in the 

condensed bio-oil/tar. With regard to the fraction of polycyclic aromatic hydrocarbons 

in the bio-oil/tar at a cracking temperature of 800 °C (Figure 5.1-3), the fraction 

decreased significantly with the use of tyre char compared to the experiment without 
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char. Many factors could contribute to the high catalytic activity of char. Char contains 

metals and oxygen functional groups which can act as the active sites for tar cracking. 

The oxygen functional groups on the surface of char can combine with tar species and 

enhance the tar cracking reactions, as has been reported by Ren et al. [7]. However, 

others believed that this could only be the case for low temperature reactions [8, 9].  

 The porosity and the acidity of the produced char samples could play a role in 

affecting the product distribution of the produced oil. The acidic properties of the 

catalytic materials have a significant role during pyrolysis catalytic processes. The 

acidic sites have been found to induce isomerization, cracking and aromatization 

reactions. The activity of alumino silicate materials for oil cracking and conversion of 

large hydrocarbons have been found to depend greatly on the strength of their acidic 

groups. The materials with moderate acid strength present a higher activity than the 

classical silica-alumina catalysts [10]. Iliopoulou et al. [11] investigated the catalytic 

pyrolysis of biomass using mesoporous alumina silicate materials with various acidity, 

the material with the higher number of acidic groups reduced the organic phase of the 

liquids products by 55% compared to the material with less acidic groups. The authors 

concluded that the materials with a higher acidity induced higher concentrations of 

phenols compared to the non-acidic materials. Additionally, it has been found that 

increasing the number of acid sites of catalysts led to a decrease of the PAHs compared 

to the untreated sample. Thus the difference in the catalytic activity of the studied char 

materials for tar reduction could be due to the difference of their surface chemistry 

and their acidic and basic groups. The tyre char had a higher number of acidic groups 

than date stones and RDF char which were found to be basic in nature [12]. The 

influence of the acidity is discussed in detail in section 5.2. 

The high ash content of tyre and RDF char compared to that of date stones char (Table 

5.1-1) could be another reason for the low activity in conversion of bio-oil/tar 

hydrocarbons for the biomass date stones char. For comparison, in separate 

experiments, wood char with an ash content of 2% was investigated for bio-oil/tar 

removal at the studied conditions at a char cracking temperature of 700 °C. It was 

found that wood char had a lower bio-oil/tar cracking activity than the other types of 

char. The ash composition and the type of metal present in the ash could play a role in 
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enhancing tar reduction due to catalytic effects. Therefore, the significant reactivity of 

tar with tyre char could be due to the catalytic effects of the minerals such as Zn, which 

was present in high concentration [13]. For example, in the study by Oztas [14], coal 

samples were impregnated with several metals including Zn. The author observed 

some catalytic effect of Zn and Ni in decomposing many of the tar compounds. Direct 

correlation between the porosity, acidic properties and metal species and the oil 

product yields during pyrolysis-reforming of biomass would need further study 

[11].The influence of these factors on tar conversion is discussed in more detail in 

Sections 5.2 and 5.3.  

For the tyre char sample, the influence of char cracking temperature from 600 °C to 

800 °C was investigated in terms of the change in bio-oil/tar composition after passing 

through the hot bed of char. The condensed tar compounds formed during the 

pyrolysis-gasification of biomass were identified quantitatively using GC-MS. 

Distribution of tar compounds with respect to cracking temperature is presented in 

Figure 5.1-4. Tar species that were found in the highest concentrations are reported. 
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Figure 5.1-4.Distribution of tar compounds with respect to cracking temperature at 

(a) 600 °C; (b) 700 °C; and (c) 800 °C. 

The detected tar species varied with the cracking temperature. The compounds present 

in the condensed liquid at 600 °C were mainly phenol and alkyl phenols (Figure 5.1-

4(a). The highest yield of phenol (2340 µg g-1 ) was reported with no char at 600 °C 

before it decreased to 1890 (µg g-1) at 800°C char temperature. The concentration of 

phenols decreased with increasing char temperature due to the transition to aromatic 

hydrocarbons. The PAH compounds could hardly be detected when the cracking 

temperature was below 700 °C. The major tar compounds identified at 800 °C were 
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naphthalene, fluorene, phenanthrene and biphenyl. These species have also been 

reported by others as the main tar compounds during the pyrolysis-gasification of 

biomass [15]. The catalytic activity of tyre char is noticeable at 800 °C, the addition 

of tyre char decreased the yields of all the PAH species produced from the pyrolysis-

gasification of biomass. However, no change was observed with the phenol 

concentration. The same observation was reported by Iliopoulou [11], where an 

MCM-41 catalyst induced the formation of phenols compared to the non-catalytic 

experiment during the upgrading of the biomass pyrolysis vapours.  

Naphthalene is one of the compounds that has been found to be abundant in tar and is 

often used as a representative tar compound. The yield of naphthalene increased with 

the increase of temperature from 600 to 800 °C. The highest concentration of 

naphthalene with both no char and in the presence of tyre char was observed at a 

temperature of 800 °C. According to some studies [6, 16], various types of catalysts 

have been tested for naphthalene reduction. For example, in the study by Devi et al. 

[6], the effectiveness of olivine and dolomite for naphthalene conversion has been 

examined at a temperature of 800 °C. The tar conversion was found to be 25% and 0% 

for olivine and dolomite respectively [6]. In this study, at a cracking temperature of 

700 °C, naphthalene contributed to 12% of the oil composition in the presence of char 

compared with 26% of the oil composition without tyre char. It is important to note 

that at cracking temperature of 700 °C the naphthalene concentration was found to 

increase slightly with the use of tyre char compared to the experiment without char. 

This could be due to the decomposition of heavy molecular weight PAHs with 3 & 4 

rings producing smaller molecules such as naphthalene. With the increase of 

temperature to 800 °C, a marked decrease in naphthalene concentration was observed 

when tyre char was used; the decrease was about 67%. According to Jess [17] the 

thermal decomposition of naphthalene starts at 1100-1200 °C. However, in this study, 

the use of tyre char reduced the temperature requirement for naphthalene conversion 

by reducing the amount by 67% at 800 °C. 

The change in tar composition in terms of aromatic rings with the use of tyre char is 

shown in Figure 5.1-5. Tyre char appears to promote the tar conversion rather than 

changing the composition.  
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Figure 5.1-5. Tar composition at different char cracking temperatures for (a) without 

char; (b) with tyre char 

The tar compounds were divided into phenols, 1-ring, 2-ring and 3-4 rings PAH. The 

results show that char cracking temperature plays a significant role in decomposing 

and changing the bio-oil/tar composition. At the temperature of 600 °C, oxygenated 

phenolic compounds contribute nearly 100% of the total tar, whereas with increasing 

cracking temperature to 800 °C, PAHs with 2-4 rings are the dominant compounds.  

Phenol is considered as a precursor for naphthalene formation [18]. According to 

Cypres [19], phenols are stable at a temperature of 700 °C, and at high temperatures, 

it contributes to tar formation through the reaction mechanism shown in Figure 5.1-5 

[18]; 
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Figure 5.1-6. (a) Pyrolysis of phenol and (b) reaction pathway for the formation of 

naphthalene and methylindenes [18]. 

The reaction proceeds with 1,3 hydrogen shift resulting in the formation of 2,4-

cyclohexadienone, followed by the elimination of CO (decarbonylation) to form 

cyclopentadiene (Figure 5.1-6 (a)), which subsequently undergoes a Diels-Alder 

reaction to form a dimer. The rearrangement of this dimer by the loss of hydrogen 

results in forming naphthalene (Figure 5.1-6 (b)) [18]. The Diels-Alder reaction is 

promoted by high reaction temperature [19, 20]. The hydrogen abstraction acetylene 

addition (HACA) mechanism shown in Figure 5.1-7 is also suggested as another 

mechanism of PAH formation, which is also promoted at a high reaction temperature 

[21]. Thus increasing the cracking temperature led to the formation of PAHs. 

 

Figure 5.1-7. H2 abstraction-C2H2-addition (HACA) 

At 700 °C, the main tar compounds were alkyl-substituted PAHs. However, these 

compounds were shifted to non-substituted PAHs at 800 °C such as naphthalene, 

phenanthrene and fluorene (Figure 5.1-4). A large decrease was observed in the 

number of the detected compounds at 800°C. Gilbert et al. [3] observed that the char 

had a marginal effect on the oil composition at 800 °C and larger molecular PAHs 

with 2-3 ring compounds were detected. With the use of tyre char, less PAHs were 
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detected in the condensed tar; the total tar amounts decreased from 8171 µg g-1 to 3842 

µg g-1 at a cracking temperature of 800 °C when char was used. However, the 

reduction of PAHs was accompanied by an increase of single ring compounds. For 

example, toluene and styrene were found to be present with the use of tyre char at 700 

°C. However, the concentration was not significant. The formation of single ring 

compounds could be attributed to the catalytic effect of tyre char in decomposing the 

higher molecular weight hydrocarbons into lighter compounds which then by Diels-

Alder reaction resulted in the formation of styrene and toluene.  

PAH compounds with 3-4 rings including fluorene, phenanthrene, and pyrene were 

shown to increase markedly with an increase in the bed temperature to reach the 

highest concentration at 800 °C and contribute to about 50% of the total tar yield in 

the absence of char catalyst. Tyre char was effective in reducing these compounds to 

about 70% compared to the experiment without char.  

5.1.4 Size Exclusion Chromatography 

The molecular mass distribution of tar was analysed by size exclusion 

chromatography. Figure 5.1-8 shows the molecular mass of the derived tar from 

pyrolysis-gasification of biomass with and without char. The molecular mass 

distribution from 90 to 240 g mol-1 is reported. The presence of peaks around 88, 93 

and 100 g mol-1 might be ascribed to toluene, phenol and styrene respectively. The tar 

derived from the experimental tests carried out in the absence of char had the highest 

fraction of high molecular weight compounds in the range of 120-240 g mol-1. The 

compounds in this molecular mass range could be due to the presence of PAH 

compounds such as naphthalene, biphenyl, fluorene, phenanthrene and pyrene as has 

been identified by GC-MS analysis. As presented in Figure 5.1-8, the high molecular 

species with masses from 120-240 g mol-1 reduced significantly with the addition of 

char materials. This is clearly due to cracking of high tar molecular compounds. 
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Figure 5.1-8. Size exclusion chromatograms of tar samples 

5.1.5 Char characterization 

The porous texture of tyre char could have an influence on the tar conversion during 

pyrolysis/reforming of biomass via enhancing the bio-oil/tar decomposition reactions 

due to the presence of mesopores in the tyre char. The larger mesopores as opposed to 

micropores encourages the bio-oil/tar compounds, with their high molecular size, to 

enter the pores and thereby extend the residence time of tar cracking [22]. According 

to the literature, an activated carbon with mesoporous texture has been found to 

enhance the decomposition of heavy molecular compounds into lighter products [23]. 

The BET surface area and the porous properties of the fresh and used waste derived 

char samples are shown in Table 5.1-4. 
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Table 5.1-4.  Porous properties of the samples 

 

A decrease in the BET surface area was observed for all the char materials after 

reaction with the biomass pyrolysis gases. The decrease was more obvious for the 

RDF derived pyrolysis char. The decrease in BET surface area of the tyre derived 

pyrolysis char was less than that of the biomass date stones. Additionally, there was a 

10, 80 and 20% decrease in the measured pore volume of the tyre char, RDF char and 

date stones char respectively. The decrease in BET surface area of the chars after the 

char-tar reaction could be attributed to tar deposition onto the carbon surface, followed 

by condensation and polymerization to form coke. Therefore, chars may lose their 

catalytic activity with time due to coke accumulation [4]. Boroson et al. [24] also 

reported a decrease in the surface area of chars due to deposition of tar onto the surface 

of the char during the cracking of wood pyrolysis tars over a hot bed of biomass char.  

A similar observation was reported by Zhao et al. [25]. The used char can be simply 

gasified without the need of regeneration. However, as the biomass moisture could 

autogenerate steam, char is believed to undergo steam gasification, but there is a 

possibility that tar vapour could inhibit the char gasification [26, 27]. In a study 

undertaken by Fushimi et al. [26], a decrease in the reaction rate of char was reported 

with the introduction of model tar. The hydrogen radical, produced from tar volatiles 

by breaking of C-H bonds, could chemisorb onto free carbon sites on the char surface 

and prevent the char gasification. Nevertheless, the metallic species on the char are 

believed to catalyse the reaction even with the presence of tar volatiles and hydrogen 

[27]. 

Sample       BET 

     (m2 g-1) 

  Micropore volume 

    (cm3 g-1) 

    Mesopore volume 

    (cm3 g-1) 

Tyre 71.657 0.090 0.561 

Used Tyre char 63.845 0.080 0.468 

RDF 85.273 0.068 0.126 

Used RDF char 12.584 0.014 0.041 

Date stones  5.191 0.006 0.004 

Used Date stones  3.975 0.008 0.004 
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Hosakai et al. [28] concluded that tar decomposition over char is mainly due to coking 

(R. 5.1-6) followed by gasification of coke, rather than direct reforming to gaseous 

species.  

𝐶𝑛𝐻𝑚(aromatic compounds) = 𝐶𝑥𝐻𝑦(coke) +
𝑚 − 𝑦

2𝐻2
                      R. 5.1 − 6  

Coke/carbon deposition produced from the aromatic compounds formed on the char 

surface due to the tar decomposition is expected to decrease the porosity of the 

carbonaceous material. In addition, the accumulation of coke on the surface of the 

chars may block the available active sites (metal species in the char) thus decreasing 

the char activity with time [29]. As a consequence, the BET surface area and the pore 

volumes of the spent char were decreased (Table 5.1-4).  Coke formation on the char 

surface could not be observed during examination of the used char surfaces after 

reaction using scanning electron microscopy (Figure 5.1-9). The deactivation of char, 

due to pore blocking, is not considered as a serious problem as the spent char can be 

used a solid fuel [21] and can be combusted or gasified for energy recovery [28].  

The rate of coke deposition and char gasification can be measured from the mass 

balance of char samples before and after experiment. However, the change in char 

mass balance was not significant enough to measure the extent of tar adsorption or 

char gasification. With the presence of steam, coke formation and char gasification are 

expected to occur simultaneously in which the gaseous products are formed due to 

these two processes [28]. Both char gasification and coke accumulation do not take 

place at significant rates; therefore tar cracking is suggested to be due to the catalytic 

effect of char materials.  
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Figure 5.1-9.Scanning electron microscopy (SEM) images of fresh and used char 

samples. 

Figure 5.1-10 shows a simple pathway of a tar cracking mechanism using char. The 

mechanism of tar cracking over char surface can be simplified as follows; tar 

molecules adsorb on the active sites, which could be the metals or the oxygen 

functional groups, and become dissociated into tar fragments and H2. Tar radicals 

could also react with each other through polymerization reactions and form coke 

which may form new functional groups on the surface of the chars that could also 

crack at high temperature generating H2, CO2 and CO [30]. 
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Figure 5.1-10.Tar cracking paths over char materials 

5.1.6 Influence of the biomass to char ratio 

Further experiments were undertaken with the tyre derived pyrolysis char to determine 

the influence of increasing the mass of char in the second stage hot char reactor in 

relation to the mass of biomass pyrolysed in the first stage section of the two-stage 

reactor. Experiments were undertaken at a hot char temperature of 700 °C and biomass 

to char ratios of 1:1, 1:2 and 1:3. The results in terms of product yield and gas 

composition are shown in Figure 5.1-11(a) and 5.1-11(b) respectively. 

 

 

 

 



 

210 

 

 

 
 

Figure 5.1-11. (a) Product yields and (b) gas composition in relation to biomass: char 

ratio for the tyre derived pyrolysis char at 700 °C hot char bed temperature. 

The results show that as the amount of char was increased in the tar cracking second 

stage reactor, the yield of condensed bio-oil/tar was significantly reduced from ~25 

wt.% to 15 wt.%. In a study carried out by Gilbert et al. [3], the heavy condensable 

phase was found to be resistant to decomposition with an increase in the amount of 

char, whereas the light oil fraction showed a decrease with increasing char amount.  

As the yield of bio-oil/tar decreased, there was a corresponding increase in gas yield 

as the biomass to char ratio was increased from 1:1 to 1:3. With a higher char amount, 

the pyrolysis vapour has a longer interaction time in the char bed resulting in cracking 
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of the tar compounds to gaseous species, particularly H2 and CO (Figure 5.1-11(b)). 

With the increase of biomass to char ratio from 1:1 to 1:3, the H2 concentration 

increased from 23.5 vol.% to 28 vol.%. Figure 5.1-11 (b) also shows that the CO 

concentration decreased and the CO2 concentration increased as the biomass: char 

ratio was increased, suggesting that autogeneration of steam was producing increased 

hydrogen and carbon dioxide through the water gas shift reaction. The hydrocarbons 

also showed a small decrease suggesting reforming of the product hydrocarbon 

pyrolysis gases. 

5.1.7 Summary of section 5.1 

Chars produced from the pyrolysis of different waste materials have been used as 

catalyst for the cracking of biomass derived pyrolysis gases during the pyrolysis-

catalytic (char) gasification of biomass. The cracking of biomass derived 

hydrocarbons by carbonaceous chars was used to simulate the cracking of tar present 

in gasification syngas. The results showed that the waste derived chars were effective 

in reducing the condensable bio-oil/tar hydrocarbons with tyre char proving the most 

effective producing a 70% reduction in bio-oil/tar yield compared to that without char. 

Analysis of the gaseous compositions indicated that concentrations of H2 and CO2 

increased with the presence of char due to the catalytic cracking of tars. The results 

suggest that tar removal by char materials is mainly due to the catalytic conversion 

and physical adsorption of tar compounds. The performance of chars in this study for 

tar removal was ordered as tyre char > RDF char > date stones char > no char. Further 

analysis is needed to investigate the tar conversion combined with char gasification.  
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5.2 Tar model compounds cracking using tyre char 

Section 5.1 examined the use of carbonaceous materials from waste materials for tar 

conversion. However, tar conversion using carbonaceous materials depends to a high 

extent on the surface functional groups and the porous texture [31]. Therefore, this 

section investigates the influence of porous texture and surface chemistry of carbons 

on tar conversion. Only one type of char was used and the process was carried out 

using tar model compounds. The effectiveness of tyre char for decomposing of 

biomass model tar compounds has been carried out in a fixed bed reactor and at a bed 

temperature of 700 ºC. Four model compounds were used including phenol, furfural, 

toluene and methylnaphthalene. As Naphthalene is one of the main tar components 

produce during the gasification of biomass, further experiments were carried out with 

the use of methylnaphthalene as tar model compound. The effect of temperature, 

reaction time, the porous texture and the acidity of carbon on tar conversion was 

evaluated.  

5.2.1 Catalytic activity of tyre char for cracking of tar model compounds 

The effectiveness of tyre char for cracking of model tar compounds at a temperature 

of 700 °C in terms of aromatic carbon conversion is displayed in Figure 5.2-1. In 

addition, blank experiments were carried out with each tar model compound, where 

sand was used as an inert bed material. This was to assess the influence of thermal 

cracking. The conversion was calculated from the carbon contained in the tar model 

feed that was converted to gaseous products (CO2, CO and CH4). Lower carbon 

conversion was obtained for phenol, toluene and methylnaphthalene. The reactivity of 

oxygenated compounds seems to be higher than that of non-oxygenated compounds. 

With both cases (catalytic and thermal cracking), the reactivity of tar compounds 

followed the order of furfural > phenol > toluene > methylnaphthalene. The results 

showed that the decomposition rate of the studied model tar compounds was much 

lower with the use of sand. 
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Figure 5.2-1-(a) Carbon conversion; and (b) hydrogen potential of tar model 

compounds with sand and tyre char. 

The highest carbon conversion of (75%) was obtained with furfural and followed by 

phenol with 54 % carbon conversion. Abu El-Rub et al. [16] showed that commercial 

biomass char is an effective catalyst for phenol conversion. They achieved 82% 

conversion with commercial biomass char at a reforming temperature of 800 °C and 

with a gas residence time of 3 s with the presence of steam. The difference between 

the results obtained in this work is acceptable as the presence of steam is known to 

promote the tar cracking process [16]. The toluene conversion obtained in this work 

(47%) was lower compared with other work, such as that of Lu et al. [32] who reported 

a 63% toluene conversion at a reaction time of 60 min on sewage sludge char at 750 
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°C under an inert atmosphere and with a retention time of 0.3 s. However, the toluene 

conversion reported in this work is in agreement with that reported by Coll et al. [33] 

over a commercial nickel-based catalyst at 700 °C using steam to carbon ratio of 6.5. 

The difference in carbon conversion between toluene and methylnaphthalene was 

negligible. This result is in agreement with the results obtained by Can et al. [34], 

where toluene and naphthalene achieved almost similar conversion of about 40% 

using coconut char at a temperature of 750 °C and with an inlet gas composition of 15 

vol.% H2O and 8 vol.% H2. However, methylnaphthalene seems to be stable and hard 

to be removed where about 26.9 wt.% of condensed product was obtained. Compared 

to the results reported in Chapter 5, section 5.1, naphthalene concentration with the 

presence of tyre char during cracking of biomass tar was a slightly higher than that 

reported without char, while with the use of naphthalene as tar model compound; tyre 

char was effective in removing about 46% of naphthalene. Therefore, it may be 

suggested that the high concentration of naphthalene obtained with the presence of 

tyre char (section 5.1) at a temperature of 700 °C is due to the fact that the cracking of 

PAHs with 3 & 4 rings leads to the formation of naphthalene. Figure 5.2-1 (b) displays 

the hydrogen potential for the studied tar model compounds. The results clearly shows 

that tyre char promotes the hydrogen yield which was almost similar for the studied 

tar compounds, with values between 40 and 49%. 

The main reactions involved during the catalytic cracking of tar compounds are tar 

cracking and hydrocarbon reforming. Therefore, the change in the gas composition 

with/without the use of catalyst is due to these reactions. The gas production increased 

dramatically with the introduction of tyre char in the second reactor stage in 

comparison to the experiments carried out with sand. For example, with the use of 

furfural as tar model compound, the gas yield increased from 39 to 78 wt.% and the 

hydrogen production was increased from  8 to 18.54 (mmol H2 g
-1 furfural). The same 

trend was observed with the other tar model compounds. The gaseous products yield 

obtained in the catalytic cracking of tar model compounds over tyre char and sand are 

presented in Figure 5.2-2. The analysis of gaseous products formed during the 

experiments confirms that cracking reactions were taken place with the use of tyre 

char.  
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Figure 5.2-2-Influence of tyre char (a); and sand (b) on the gaseous yield (%) from 

the cracking of tar model compounds. 

The major products obtained were CO and CO2. A comparison of aromatic compounds 

with oxygenated hydrocarbons shows that a lower CO yield was obtained with the 

cracking of aromatic hydrocarbons, which is a consequence of the poorer reactivity of 

these compounds. The highest CO yield (46 wt.%) was obtained from furfural, 

whereas the lowest yield was observed for methylnaphthalene (40 wt.%). 
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The oxygen functional groups on char could interact with tar molecules and enhance 

the cracking process. Examples of the oxygen functional groups present on carbon 

surface are displayed in Figure 5.2-3.  

 
Figure 5.2-3. Oxygen functional groups on activated carbon surface and their 

decomposition with temperature [35]. 

In the study by Wang et al. [30], char was found to undergo thermal cracking leading 

to the production of carbon-containing gases, such as CO and CO2 [30] which was 

observed also from the negative mass balance after the experiment. Surface oxygen 

groups present on the carbon surface are believed to decompose upon heating by 

releasing CO and CO2 [36]. However, this has not been observed with the experimental 

conditions carried out in this research work as high temperature (>700 °C) heat 

treatment under an inert atmosphere is required to decompose the oxygen functional 

groups from the carbon surface [35]. In addition, coke could also be produced due to 

tar cracking. According to Wang et al. [30], the produced coke may react with the 

oxygen present on the char surface resulting in the formation of carbon-oxygen 

compounds that could also decompose to CO. However, CO also could be formed 

from the decomposition of methanol.  

As has been reported earlier, many factors might influence the catalytic activity of 

carbonaceous materials for tar decomposition including the thermal effect, mineral 

content, surface chemistry and the porous texture. The increase in gas yield and the 
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change in gas compositions with the use of tyre char suggest that the tar decomposition 

is mainly due to the catalytic effect of tyre char and not due to the thermal cracking as 

more gases were produced over tyre char than that with the use of sand. This trend 

was observed with all the studied tar model compounds. The decrease of the 

condensed liquid with the use of tyre char could also be due to the adsorption of tar 

compounds on char surface. Tars are expected to adsorb on the surface of char. As an 

example of a tar cracking mechanism [30], Figure 5.2-4 shows the reaction pathways 

of toluene cracking. The reaction starts with the scission of either C-H bond of methyl 

and generating benzyl and hydroxyl radicals (Path 1) or breaking the C-C bond 

between methyl and benzene and forming methyl and phenyl radicals (Path 2).The 

active sites present in char are believed to combine with the formed radicals and 

facilitate the cracking process. Tar radicals could also react with each other through 

polymerization reaction and form soot [30]. 

 

 

Figure 5.2-4. Reaction pathways of Toluene catalytic cracking [30]. 

To understand the main role that tyre char plays during the cracking of tar compounds, 

the fresh and spent tyre chars were examined by TGA-FTIR and the results are shown 

in Figure 5.2-5. The spent tyre char had some weight loss at a temperature of 900 °C 

(about 4%), which may be related with the adsorption of heavy tar compounds formed 

due to the polymerization reaction. However, the difference in weight loss between 

the fresh and the spent tyre char is not significant suggesting that the decrease of the 
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liquid content with the use of tyre char is not due to the adsorption mechanism and 

could be mainly due to cracking of tar compounds on active sites of the char surface 

into gases. The same conclusion was reported by Jin et al. [37]. The weight loss 

observed with the spent tyre char at 50 minutes was accompanied with the release of 

more CO2 than that with fresh tyre char.  

          

 
 

 
Figure 5.2-5. TGA-FTIR curves of fresh and spent tyre char 
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5.2.2 Parametric study 

Naphthalene is one of the main tar components produced during the gasification of 

biomass [38] and considered as the most representative model of the biomass 

gasification tar [39, 40]. In addition, as it has been observed in section 5.1, PAHs are 

the major components at high temperatures >700°C. The same observation has been 

reported by others [41, 42]. Therefore, methylnaphthalene was chosen for a further 

parametric study. According to Han and Kim [43], naphthalene contents in tar is 

generally above 9%. Don et al. [38] studied the catalytic cracking of 

methylnaphthalene using various catalysts and concluded that Zeolite and Ni/Mo 

catalysts were the most effective with a 100 % removal at 550 °C. However, the 

experiments were carried out with the use of 30% H2 which is effective in inhibiting 

coke formation by hydrogenating the aromatic compounds. As a result, only a very 

small build-up of coke was observed with the used catalysts. In another study reported 

by Michel et al [39], steam reforming of methylnaphthalene over olivine and olivine 

supported nickel has been investigated at various temperatures. At 900 °C, the 

methylnaphthalene conversion was about 4% and 31% for olivine and Ni/olivine 

respectively. The low activity of olivine was attributed to the low BET surface area. 

Therefore, many factors could influence the tar conversion including the BET, 

porosity and the reaction atmosphere.  

The main aim of this study is to find out the main factors which could influence the 

tar conversion with the use of tyre char as a catalyst. The methylnaphthalene cracking 

with tyre char was carried out as a function of reaction time, reaction temperature, 

porosity and acidity. The effect of varying the reaction temperature was investigated 

using methylnaphthalene as tar model compound. With the increase of temperature 

from 700-900 °C, the carbon conversion increased slightly from 46 to 50%. As can be 

observed in Figure 5.2-6, The condensed liquid gradually decreased, in which at a 

temperature of 900 °C about 5% of the condensed liquid was obtained compared to 

25% at 700 °C. As a consequence, the gaseous products increased, for example, a high 

hydrogen yield (35 mmol g-1) was found at a temperature of 900 °C compared to 28 

mmol g-1 at a temperature of 700 °C. Anis et al. [44] found that the amount of 

condensed products collected during the catalytic treatment of naphthalene at a 
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temperature of 700 °C, and with the use of dolomite and Y-zeolite, were about 67 and 

25 % respectively, which agreed with the result found in this study.  

 
Figure 5.2-6. Products yields of methylnaphthalene cracking over tyre char at 

different cracking temperatures 

According to the study carried out by Anis et al. [44], the thermal treatment of 

naphthalene showed that it is highly stable at a temperature below 1000 °C and about 

70% of the condensed product was obtained at 1050 °C. However, the increase in 

temperature to 1200 °C led to an increase in the naphthalene removal efficiency and 

decrease in the condensed product to about 9%. The decrease of condensed liquid at 

high temperature was associated with the formation of soot which was the highest at 

this temperature and accounted for 68% of the total obtained product [44]. Further 

increase of temperature to 900 °C had no major influence on the carbon conversion 

and the total gas yield. However, the collected liquid product decreased by about 80% 

compared to that obtained at 700 °C. The results suggest that tar compounds could be 

trapped on the char surface and accumulate to form coke or soot, without being 

converted. The analysis of BET surface area agreed with this suggestion, as the BET 

surface area of the used tyre char at a temperature of 900 ºC decreased to 58.8 m2 g-1 

compared to about 73.4 m2 g-1 for the fresh char at 700 °C. 
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Methylnaphthalene has been found to decompose mostly to naphthalene and 

accounted for 50% of the total products at a reaction temperature of 900 °C. The first 

step in the decomposition of methylnaphthalene is the separation of the methyl group 

from the aromatic ring [45]. Parsland et al. [46] has reported the same trend.  However, 

both Parsland and Leinger et al. [46, 47] reported the formation of low concentrations 

of other products such as benzene and styrene which has not been observed in this 

study. This is due to the difference in the reaction atmosphere and the catalysts used. 

In the study by Parsland et al. [46], the activity of BaNi (1) hexaaluminate catalyst for 

methylnaphthalene conversion has been investigated with the use of steam as a 

gasifying agent, while in this study the reaction was carried out in an inert atmosphere. 

The influence of the presence of H2O, CO2 and H2 on the naphthalene decomposition 

using dolomite as a catalyst has been studied by Alden et al [48]. They concluded that 

both CO2 and H2O promote the cracking process. The de-alkylation of 

methylnaphthalene resulted in the formation of naphthalene, which can then be 

catalytically dissociated into radicals of naphthyl and hydrogen due to the cleaving of 

C-C or C-H bond. With the presence of CO2 and H2O, naphthyl reacts with the 

oxidative radicals (which formed from CO2 and H2O) resulting in the formation of 

lower aliphatic and single aromatic compounds. However, in an inert atmosphere, the 

catalytic decomposition of methylnaphthalene could result only in the formation of 

naphthalene, which can then produce soot by the polymerization reaction [49].   

One of the main things to consider while using a catalyst for tar conversion is 

maintaining the activity for a long time. The feeding time of methylnaphthalene was 

extended to 80 min. However, further increase of the feeding period to 80 min, had no 

influence on the catalytic activity of tyre char for methylnaphthalene decomposition. 

As illustrated in Figure 5.2-7, the methylnaphthalene conversion was maintained at 

around 46% 

 over the studied feeding times. In the study by Hosokai et al. [50], charcoal was 

reported to exhibit a high naphthalene conversion (96%) at the beginning of the 

reaction time, and it decreased to about 50% after 45 minutes. The author ascribed this 

to the coke deposition on the surface of the charcoal which had resulted in a reduction 

in the BET surface area and pore volume. The stability of biomass char for naphthalene 
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conversion has also been reported by Zhang et al. [49] in which the char maintained 

the activity for about 5 h. Hosokai et al. [50] concluded that gaseous species formed 

with the use of charcoal as a catalyst for naphthalene and benzene cracking is due to 

the slow thermal cracking of charcoal and coking is the main mechanism for the 

decomposition of the studied tar compounds.  

 
Figure 5.2-7. Influence of reaction time on gaseous compounds and carbon 

conversion 

5.2.3 The influence of porosity on methylnaphthalene conversion 

To assess the influence of porosity on methyl conversion, two commercial activated 

carbons with various porous textures were investigated for methylnaphthalene 

cracking at a temperature of 700 °C. Tyre char is a mesoporous carbon but to eliminate 

the influence of mineral content of tyre char and to be able to derive the final 

conclusion about the influence of porosity on methylnaphthalene conversion, a 

mesoporous activated carbon (AC2) with an ash content of 2 wt.% was used for the 

comparison along with a microporous activated carbon (AC1). The textural properties 

of the used samples are displayed in Table 5.2-1.  
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Table 5.2-1. Influence of carbon porosity on methylnaphthalene conversion, gas yield 

and hydrogen production  

Sample Tyre char AC1 AC2 

BET surface area (m2 g-1) 71.7 944.1 631.0 

Mesoporous volume (cm3 g-1) 0.561 0.304 0.687 

Microporous volume (cm3 g-1) 0.090 0.479 0.149 

Carbon conversion (%) 46 55 53 

Condensed liquid (wt.%) 24.8 11.0 20.7 

Gas Yield (wt.%) 61.3 73.5 71.3 

H2 (mmol g-1) 28.3 33.4 20.4 

There is an obvious difference between tyre char and the used commercial activated 

carbons in terms of the BET surface area and the well-developed porous texture. The 

BET surface area of the used commercial carbons was much larger than tyre char. In 

spite of the large difference in the BET surface area between the tyre char and the 

commercial activated carbons, the methylnaphthalene removal efficiency of both 

commercial activated carbons was slightly higher than that with the use of tyre char. 

Gases evolved during the test indicate an increase in CO, CO2, H2 gas formation with 

the use of AC1 as shown in Figure 5.2-8. Fuentes-Cano et al. [34] investigated the 

catalytic activity of various char materials with different porous texture for toluene 

and naphthalene reforming in an atmosphere of steam and H2 and concluded that the 

textural properties of char had no major influence on tar removal. In contrast, Jin et al. 

[37] reported that the difference in the performance of the studied carbon samples 

during the upgrading of coal oil is due to the difference in BET surface area. 

Additionally, the authors concluded that activated carbon had more structural defects 

than char in which these defects could serve as active sites for cracking of tar 

compounds. Hosokai et al. [28] investigated the decomposition of tar model 

compounds using charcoal and observed that coke deposited mainly in the micropores 

causing the loss of the catalytic activity of char. The mesopore volume of the charcoal 

remained unaffected. However, in this study, the decrease was found with both 

micropores and mesopores volumes. 
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Figure 5.2-8.  Influence of carbon porosity on gaseous compounds 

The catalytic activity of the inorganic metals for heavy hydrocarbon conversion to 

light components has been reported by other researchers [37, 51]. Both commercial 

activated carbons have a well-developed pore structure with high BET surface area, 

however as it has been found that the difference in the catalytic activity of the used 

carbons was not significant. This could be related to the effect of the mineral content 

of tyre char (18 wt.% ash content) which could provide active sites for cracking of 

methylnaphthalene. The results suggest that the influence of BET surface area of 

carbon on tar cracking is negligible compared with the mineral content in carbon 

samples. The results are consistent with the conclusion reported by Li et al  [52], in 

which semi-cokes with a higher amount of mineral content (35 wt.%) had a higher 

activity in tar cracking than the semi-coke with a well-developed porous structure but 

had less mineral content (8.3 wt.%). The authors believed that both mineral content 

and porous texture affects the catalytic activity of the studied semi-cokes for cracking 

of tar oil. In contrast, Zeng et al. [51] concluded that char with a higher BET surface 

area exhibited higher catalytic activity for tar removal. Demirbas [53] investigated the 

catalytic pyrolysis of various biomass samples impregnated with different catalysts 

and concluded that the maximum hydrogen yield was obtained with the samples 

impregnated with ZnCl2. As shown in Figure 5.2-8, the difference in the H2 yield 

produced, as a result of cracking of methylnaphthalene, between the AC1 and tyre char 
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was only about 1 %. Additionally, the H2 yield found with tyre char was higher than 

that with AC2 with a much higher BET surface area which suggests that the influence 

of mineral matter is more important than the porous texture. 

5.2.4 The influence of Acidity on methylnaphthalene conversion 

According to Radovic et al. [54], the adsorption efficiency of the carbonaceous 

material depends to a high extent on the surface chemistry and ash mineral 

composition. Both Reinoso et al. [55] and Castilla [56] agreed that the effectiveness 

of activated carbon for the adsorption of organic compounds is mainly determined by 

the carbon surface chemistry. The nature of surface functional groups can be modified 

via chemical and physical treatment. The influence of carbon acidity on tar conversion 

during the pyrolysis-gasification has not been studied before. Al-Rahbi et al. [52] 

concluded that the higher efficiency of tyre char for tar conversion could be due to the 

carbon acidity. Buchireddy and his group [57] concluded that zeolite with a higher 

acidity had a better performance toward naphthalene conversion. One of the ways to 

form the acidic sites on carbon is to heat the sample in an oxidising environment. 

Therefore, AC1 was treated with HNO3 with different molar concentrations. The 

textural properties of the original and treated activated carbon are displayed in Table 

5.2-2. Comparing the treated samples with the starting material (AC1), the physical 

properties change little after the treatment. The decrease in BET surface area of the 

oxygenated samples has been reported before [8].  

Table 5.2-2. Influence of carbon acidity on methylnaphthalene conversion and 

hydrogen production. 

Sample Untreated 

AC1 

AC1- 

1M HNO3 

     AC1- 

  3M HNO3 

AC1- 

4M HNO3 

BET surface area (m2 g-1) 944 833 747.79 669.63 

Mesoporous volume (cm3 g-1) 0.304 0.118 0.116 0.080 

Microporous volume (cm3 g-1) 0.479 0.451 0.409 0.334 

Acidic groups (mmol g-1) 0.695 1.19 1.40 1.40 

Carbon conversion (%) 55 57 58 55 

H2 (mmol g-1) 33.43 30.87 30.4 32 
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Apparently, from the results presented in Table 5.2-2, the acidic treatment was not 

effective in enhancing the methylnaphthalene removal efficiency, the carbon 

conversion of the acid treated activated carbons was not significantly different from 

the original activated carbon.  Additionally, the gas concentration did not change, and 

it was almost the same with all the tested samples which further show that the 

treatment had no influence on enhancing the effectiveness of carbon for cracking of 

tar compounds. This is probably due to the desorption of the oxygen functional groups 

while heating the char in nitrogen at 700 °C in the second furnace where the reaction 

has happened and according to Li et al. [58], the oxidised samples released more CO2 

at a temperature of 400 °C. The heat treatment of biochar at a temperature of 750 °C 

under N2 for 10 hours has been found to decompose most of the surface oxygenated 

functional groups [59]. Therefore, the oxygen surface groups due to the acid treatment 

could be desorbed before the char reacts with the methylnaphthalene. The results are 

in agreement with those reported by Klinghoffer et al. [8] in which the influence of 

acidic groups of char have been investigated for methane decomposition at 850 °C and 

the authors concluded that the acidic functional groups have no influence on the 

catalytic activity of char. According to the study carried out by Bhandari et al. [60], 

the acidic activated carbon exhibited lower toluene removal (79%) than the original 

activated carbon (82%) at a temperature of 700 °C. The authors believed that this could 

be due to polar properties of the catalysts, formed because of the acidic groups, which 

can reduce the reactivity of active sites of carbon with toluene. The oxygenated groups 

are polar while the aromatic ring is non-polar [58]. In contrast, Sechandri and Shamsi 

[61] concluded that char/dolomite mixture, due to their low BET surface area and 

surface acidity, had a lower activity for coal tar decomposition than zeolites. The 

influence of oxygen functional groups on the catalytic activity of char for methane 

decomposition has been investigated by Klinghoffer et al. [8], and it has been found 

that the acidic groups desorb at a low temperature. 

5.2.5 Summary of section 5.2 

The effectiveness of tyre char for decomposing of biomass model tar compounds has 

been studied in a fixed bed reactor and at a bed temperature of 700 ºC. Four model 

compounds were used including phenol, furfural, toluene and methylnaphthalene to 
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simulate typical biomass tar compounds produced during biomass gasification. The 

compounds were fed continuously for 60 min using methanol as a solvent, with a 

methanol and compound carbon molar ratio of 1. The reactivity of the tar compounds 

followed the order of furfural > phenol > toluene > methylnaphthalene. High carbon 

conversion (46-75%) and hydrogen yield (15-28 mmol g-1) were obtained in 

comparison to the non-catalytic experiments. Naphthalene is one of the main tar 

components produced during the gasification of biomass. Further experiments were 

carried out with the use of methylnaphthalene as tar model compound in terms of the 

effect of temperature, reaction time, the porous texture and the acidity of carbon on tar 

conversion was evaluated with the use of methylnaphthalene as tar model compound. 

The carbon conversion increased from 46% at 700 ºC to 51% at 900 ºC.  The formation 

of new by-products as a result of cracking of methylnaphthalene over tyre char was 

determined using GC-FID. Naphthalene is the main formed compound and accounts 

for 50 % of the total products at a reaction temperature of 900 ºC. The influence of 

porous texture and surface chemistry on methylnaphthalene conversion was compared 

using two commercial activated carbons with different porous texture. Neither the 

surface area nor the surface chemistry of the tested carbons had a role in enhancing 

the tar decomposition. However, activated carbon with microporous texture had a 

higher activity than the investigated mesoporous carbons. The waste tyre derived 

pyrolysis char was shown to be effective in reducing tar compounds produced during 

biomass gasification. 
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5.3 Steam reforming of biomass tar over sacrificial tyre pyrolysis 

char for H2-rich syngas production 

From section 5.1, it was shown that tyre char had a better catalytic activity for tar 

cracking than RDF and date stones chars. Therefore, this section investigates the 

influence of steam addition on hydrogen production and tar reforming using tyre char 

through a reforming/gasification process using the two stage pyrolysis-reforming 

reactor which could play a major role in increasing the total gas yield. This process 

enables the simultaneous reforming of hydrocarbons and steam gasification of char. 

The study investigates the influence of bed temperature, steam to biomass ratio, 

reaction time and the effects of tyre ash minerals on syngas quality and hydrogen 

production. Biomass was used as the feedstock to generate tar/syngas and waste tyre 

derived pyrolysis char was used as a sacrificial catalyst in a steam reforming process 

to generate a hydrogen-rich syngas. 

5.3.1 Effects of char ash on tar decomposition and hydrogen production 

To examine the influence of ash minerals on tar cracking and increasing the hydrogen 

yield during the biomass pyrolysis-reforming/gasification process, tyre char was 

subjected to acid treatment with HCl for the purpose to remove the minerals as 

described in chapter 3, section 3.1.2. The elemental composition and ash content of 

the char samples are shown in Table 5.3-1. Tyre char had a high ash content of 18 

wt.% and its main metal composition was Zn. The acid treatment was effective for 

metal removal.  After the removal of metals, the carbon content of acid treated char 

increased while the sulphur and nitrogen contents decreased. 

 As can be observed in Table 5.3-1, the treatment was effective in removing about 

90% of the Zn metal and the total ash content was reduced by ~50%. It has been 

reported [62] that the ash content of a typical tyre is between 5 and 7 wt.% depending 

on the type of tyre, comprising mainly additives such as silica and clays, in addition 

to the additives such as zinc and sulphur. The silica and clay (alumina-silicates) 

additives would not be removed by the acid treatment process and would account for 
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the large majority of the 9 wt.% ash content of the demineralised tyre char. It might 

be expected that the acid treatment process would remove most of the reactive metal 

from the tyre char, leaving the silica and alumina-silicate filler material. 

Table 5.3-1.Ultimate and mineral content of char 

                                             Original tyre char  Acid treated tyre char 

Ash (wt.%) 18.9 9 

Ultimate analysis (wt.%) 

Carbon 70.06 86.04 

Hydrogen 0.28 0.33 

Nitrogen 0.83 0.37 

Oxygen (by difference) 4.78 0.73 

Ash composition (wt.%) 

Zn 6.5 ND 

K 0.05 0.05 

Ca 0.95 ND 

Fe 0.69 0.08 

Si 0.95 1.47 

The original and acid-treated tyre chars were used as catalysts for tar cracking during 

biomass reforming in the presence of steam. With both chars, the influence of bed 

temperature on the final gaseous compositions was investigated from 700 to 900 °C, 

at a steam to biomass mass ratio of 3.32 and a reaction time of 60 min. The final 

temperature of the pyrolysis of the biomass was always 500 °C. The influence of char 

minerals on total gas yield and gas composition in the presence of steam is shown in 

Table 5.3-2.
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Table 5.3-2.Influence of char minerals on product distribution and gas characterization 

 

 

 

 

 

 

 

  Tyre char  Acid treated tyre char 

Temperature (°C) 700 800 900 700 800 900 

Mass balance based on the biomass sample + water (wt.%) 

Gas 12.1 16.6 33.0 11.6 15.8 26.1 

Liquid 82.8 76.87 61.4 84.5 79.9 69.5 

Biomass char 5.6 5.8 5.5 5.5 5.9 5.5 

Mass Balance 100.5 99.2 99.8 101.6 101.0 97.5 

Tyre char recovered (%) 100.0 91.0 82.5 101.0 98.0 85.5 

Mass balance based on the biomass sample (wt.%) 

Gas  50.0 67.1 131.6 48.9 63.1 106.8 

Biomass char 23.0 23.3 22.0 22.5 23.5 22.5 

Gas characterization 

HHV (MJ Kg-1) 48.3 52.5 66.1 27.9 44.3 63.6 

H2 yield (mmol g-1) 8.4 12.5 39.2 2.7 8.6 30.5 

H2+CO (mol mol-1) 14.8 21.7 57.8 10.2 20.0 52.0 

H2/CO (mol mol-1) 1.31 1.37 2.11 0.37 0.75 1.41 
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The reforming and cracking of biomass volatile compounds and the gasification of 

tyre char produce more gaseous products according to the reactions displayed in Table 

5.3-3 [63-65]; 

Table 5.3-3. Reactions involve during the gasification process 

Reaction type Chemical reaction  Enthalpy ∆H 

(KJ mol-1) 

Reaction 

No. 

Water gas (primary) 𝐶 + 𝐻2𝑂 ↔ 𝐶𝑂 + 𝐻2 +131  R 5.3-1 

Water gas (secondary) 𝐶 + 2𝐻2𝑂 ↔ 𝐶𝑂2 + 2𝐻2 +76 R 5.3-2 

Boudouard 𝐶 + 𝐶𝑂2 ↔ 2𝐶𝑂 +172 R 5.3-3 

Hydrogasification 𝐶 + 2𝐻2 ↔ 𝐶𝐻4 -74.8 R 5.3-4 

Water gas shift 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 -41.2 R 5.3-5 

Methane steam reforming 𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 +206 R 5.3-6 

Steam reforming 𝐶𝑛𝐻𝑚 + 𝑛𝐻2𝑂 ↔ 𝑛𝐶𝑂 + (𝑛 +
𝑚

2
)𝐻2 

- R 5.3-7 

 

As can be observed from the experimental results presented in Table 5.3-2, with both 

tyre char samples, total gas yield increased significantly with the increase of 

temperature to 900 °C, this is due to the reforming of tars (R5.3-7) and the char 

gasification, as in the second stage the reactions of H2O, CO, H2 and CO2 with carbon 

in the tyre char took place [66]. With the use of the original tyre char, the gas yield, 

hydrogen yield and HHV of the product gas increased from 52.8 to 131.6 (wt.%), 8.4 

to 39.2 (mmol g-1 biomass) and 48.3 to 66.1 (MJ Kg-1) respectively as the tyre char 

temperature was increased from 700 to 900 °C. According to Franco et al. [67], the 

endothermic char gasification reactions are enhanced at a higher temperature, which 

can be clearly seen from the decrease of tyre char recovered after reaction at higher 

reaction temperature (Table 5.3-2). It is worth mentioning that in the experiment with 

the use of sand and steam at 900 °C, the total gas yield decreased by 56 %, while the 

liquid product increased by 27 %. Therefore, the increase of gas yield at a higher 

reforming temperature with the presence of tyre char is mainly due to the catalytic 

properties of char for reforming of tar and also because of char gasification. 
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The catalytic effect of the acid treated demineralised tyre char was investigated using 

the same experimental conditions as with the original tyre char. As presented in Table 

5.3-2, the acid treated char exhibited a lower catalytic activity than the original tyre 

char. For example at a temperature of 900 °C, the total gas yield decreased by ~20 % 

with the acid treated tyre char compared to the original gas yield at 900 °C. 

Additionally, the total liquid product was found to be higher with the acid treated tyre 

char. The results suggest that the ash metals, present in tyre char, play a significant 

role in enhancing the tar reforming reactions during the biomass pyrolysis-

reforming/gasification process. As displayed in Figure 5.3-1, the tyre char temperature 

had a clear influence on the gaseous species found in the product syngas. 

 

Figure 5.3-1.Gas compositions and hydrogen yield with original and acid treated tyre 

chars. 

The main gaseous compound formed during this process was hydrogen. The hydrogen 

yield increased with temperature, the maximum hydrogen yield of 39.20 (mmol g-1) 

was obtained at a temperature of 900°C. However, the removal of minerals as a result 

of acid treatment resulted in a decrease in the hydrogen yield to 30 mmol g-1. The 

decrease in hydrogen yield with the use of acid treated tyre char was also observed at 
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reaction temperatures of 700 and 800 °C.  Ma et al. [68] obtained a hydrogen yield of 

83.3 mol/kg from the steam gasification of biochar. 

With regards to the gaseous composition formed with the use of original and acid 

treated tyre char, there is an obvious difference between the results obtained with two 

types of tyre pyrolysis char, e.g. the hydrogen and CO2 content were higher with the 

original tyre char. For example at a temperature of 700°C, the hydrogen content 

decreased from 34.60 to 14.3 vol.% after the acid treatment of the tyre char. 

Additionally, the content of CO, CH4, CnHm increased with the use of acid treated tyre 

char. This suggests that the presence of metals in tyre char had a role in enhancing the 

steam tar reforming, water-gas shift, hydrocarbon reforming and char gasification 

reaction. The same observation has been found by Zhang et al. [69].  

Table 5-3.2 shows that the H2/CO molar ratio decreased sharply with the removal of 

minerals from the tyre pyrolysis char. The results suggest that the ash metals present 

in the tyre char promote the water gas shift reaction (R 5.3-5) and the char-steam 

reactions (R 5.3-1& R 5.3-2). The increase of H2 concentration with the original tyre 

char is mainly attributed to the catalytic effect of mineral metals which play a major 

role in enhancing the catalytic steam reforming and cracking of tar. Additionally, a 

significant difference was also observed in relation to the hydrocarbon concentration 

of the product gas with both chars. The same trend was observed by Jiang et al. [70], 

during the steam gasification of rice straw, in which the hydrogen yield was found to 

decrease from 10 mmol g-1 of the original sample to 8.8 mmol g-1 of acid treated 

sample. According to Choi et al. [71], the adsorbed tar on the active sites of activated 

carbon could form coke and with the sequence of thermal and catalytic cracking of tar 

and coke, hydrogen and light hydrocarbons are produced. The active sites could be the 

metals; therefore the available active sites on the acid treated tyre char were reduced.  

In comparison with the experiments carried out with the use of sand in the second 

stage catalytic reactor at 900 °C, the concentration of CO decreased with the use of 

tyre pyrolysis char during the steam reforming of biomass pyrolysis oil, this indicates 

that the char promotes the CO-shift reaction leading to a high concentration of H2 and 

CO2 [63]. Similar results have been reported by Wang et al. [72]. A significant 
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decrease in methane concentration was observed. The detected trend in this study 

agrees with the trend observed by Franco et al. [67]. The influence of gas-char 

interaction on gaseous composition has been studied by Chen et al. [73]. They 

concluded that this process had a significant influence on enhancing the hydrogen 

content from 17 to 37.8 %. According to the reported literature, the water gas shift 

reaction is promoted at a temperature higher than 700 °C leading to an increase in H2 

and decrease in CO yields [67]. 

Tyre char promotes the water gas shift reaction at higher temperature leading to a high 

concentration of H2. However, the increase in CO2 composition is not significant. 

According to Franco et al [67], other reactions may take place at a temperature higher 

than 830 °C such as Boudouard reaction which results in consuming the CO2 

concentration and this can be observed from the amount of converted tyre char at 900 

°C which was higher than that at 800 °C. Additionally, char steam gasification 

reactions and methane reforming reaction are enhanced at 900 °C, resulting in an 

increase in CO content and a decrease in the CH4 content. The significant increase in 

H2 concentration is also due to hydrocarbon cracking and reforming reactions. Wang 

et al [74] studied the steam reforming of biomass and found that the steam itself had a 

minor effect on tar reforming without the presence of a char-supported catalyst. 

In comparison to the results found with the catalytic cracking, chapter 5 (section 5.1), 

the addition of an external steam input had a significant influence on changing the 

syngas composition. For example, at a char bed temperature of 800 °C, an increase of 

13% in H2 and a decrease of 19% and 28% in CO and CH4 contents respectively was 

found with the introduction of steam. This is attributed to water gas shift and steam 

reforming reactions resulting in an increase in H2/CO ratio. With steam addition, the 

H2/CO ratio increased to 1.37 compared to a ratio of 0.852 with the absence of steam.  

The presented results suggested that tyre ash metal species had a catalytic role in 

enhancing the hydrogen production. Zhang et al. [69] studied the catalytic conversion 

of model biomass pyrolytic vapour using biochar and demineralised biochar and 

reported hydrogen yields of 64 and 59 vol.% respectively. Nanou et al. [75] 

investigated the influence of ash on enhancing the steam gasification of wood char and 
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concluded that the addition of ash minerals to the biomass char was effective in 

enhancing char gasification as the gasification rate of the impregnated char increased 

by 30% compared to the original char with no minerals. In this study, this can be 

observed from the decrease in tyre char recovered at the end of the experiment. At all 

the studied temperatures, the decrease in the original tyre char recovered was more 

obvious than the acid treated char (Table 5.3-2). This could be due to the presence of 

metals which could enhance the char gasification. For example at 900 °C, the original 

and acid treated tyre char yields decreased by 17.5 and 14.5 % respectively. 

The catalytic effect of zinc in enhancing the hydrogen yield during biomass 

gasification has been reported before by other researchers [76]. Gonzalez [76] 

examined the influence of the presence of ZnCl2 and dolomite on biomass steam 

gasification and concluded that at a temperature of 800 °C, the presence of ZnCl2 had 

a positive effect in promoting the hydrogen production, compared to dolomite, during 

biomass gasification in the presence of steam. However, at a temperature of 900 °C, 

the hydrogen concentration remained almost the same even in the presence of ZnCl2. 

Demirbas [77] compared the catalytic pyrolysis of biomass samples with Na2CO3, 

K2CO3 and ZnCl2 and the highest hydrogen yield of 70.3% was obtained from olive 

husk using 13% ZnCl2 as a catalyst at 1025K. In contrast, Hamad et al [78] claimed 

that ZnCl2 had a negative influence in which the gas yield was found to decrease with 

the addition of ZnCl2 to biomass. 

The tar compounds found in the condensed liquid were grouped based on the 

classification system reported by other researchers in which the tar compounds are 

classified into five classes depending on the number of aromatic rings and the 

molecular weight [21, 43]. The concentration of the classified tar compounds is shown 

in Figure 5.3-2. 
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Figure 5.3-2.Concentration of the classified tar compounds in the tar collected from 

the pyrolysis-reforming/gasification of biomass with tyre char catalyst at 800 °C 

(Class 2 = heterocyclic compounds e.g. phenols and cresols; class 3 = 1-ring 

aromatic compounds e.g. ethylbenzene and xylene; Class 4 = 2-3 ring aromatic 

compounds e.g. naphthalene and phenanthrene; Class 5 = 4-7 ring aromatic 

compounds e.g. fluoranthene and pyrene). 

Class 2 includes tar compounds with heterocyclic compounds such as phenols. Class 

3 referred to aromatics with 1-ring such as xylene; while light PAHs, with 2-3 rings, 

and heavy PAHs were grouped in class 4 and 5 respectively. For the product tars 

produced using both the original tyre char and the acid-treated tyre char shows that the 

major tar compounds present came from class 2. The presence of minerals in tyre char 

seems to promote the cracking of large ring polyaromatic compounds (class 4 & 5) to 

form light compounds (class 2). Additionally, it can be observed that the concentration 

of both the light and heavy PAH compounds were increased by 10 and 2 % 

respectively with the use of acid treated tyre char. In terms of the catalytic activity of 

the char used in this study, the results show that the original tyre char was more 

effective in reducing most of the tar compounds than the acid-treated tyre char. Jiang 

et al. [70], studied the catalytic effects of the inherent alkali and alkaline earth metals 

on tar decomposition during the steam gasification of biomass via using original 

biomass and demineralised biomass and reported that the inherent alkali minerals 

present in biomass char had a significant catalytic effect in enhancing tar reforming, 

char gasification and water gas shift reactions during the biomass steam gasification 
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[70]. However, char ash consists of various metal species and the catalytic activity of 

the metals may not be the same, therefore, Zhang et al [69] carried out another study 

to investigate the catalytic effects of specific metals on biomass pyrolysis tar cracking, 

for this purpose biochar was impregnated with different metallic species (K, Ca, Mg, 

Zn, Fe, Al). It was reported that all the studied metallic elements had a catalytic 

activity except for Al. The presence of zinc in the tyre ash composition plays a 

significant catalytic role in enhancing tar reforming reactions. For example, in the 

study by Oztas and Yürüm [14], coal samples were impregnated with several metals 

including Zn. The authors observed some catalytic effect of Zn and Ni in decomposing 

many of the tar compounds. 

5.3.2 Effect of steam to biomass ratio 

The main aim of the combination of biomass pyrolysis and tar and char gasification in 

the second stage was to enhance the gas yield and obtain the optimum syngas ratio 

through shifting the reaction from exothermic to endothermic [79, 80]. Therefore, the 

influence of steam to biomass (S/B) mass ratio over the range of 1.8-6.0 on hydrogen 

production and reforming/gasification efficiency was investigated at 900 °C and at a 

reaction time of 60 min with the use of the original tyre char. According to the reported 

literature [72, 81], the metal species in char accelerates the dissociation of water into 

OH* and O* intermediates which would then react with the cracked molecular 

hydrocarbons intermediates, formed during the reforming process, thus promoting the 

water gas shift reaction and thereby generate hydrogen. Therefore, this process 

depends on the amount of the dissociated species from water (H* and OH*). The 

hydrogen production yield could be increased by varying the steam to biomass ratio. 

The influence of steam to biomass mass ratio on the total gas yield and gas 

compositions is shown in Figure 5.3-3. 
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Figure 5.3-3.The influence of steam to biomass (S/B) ratio on gas composition and 

total gas yield 

The increase in steam quantity enhanced the steam reforming of tar and tyre pyrolysis 

char-steam reactions which results in an increase in the gas yield from 94.82 to 132.6 

wt.% (data calculated in relation to the original mass of biomass). The total gas yield 

increased by ~28% with the increase of steam flow rate (S/B ratio 1.82 to 3.32). At 

higher S/B mass ratio of 3.32, the effect of steam on gas production was negligible. 

According to Alipour et al. [82], the high steam to biomass ratio does not always 

contribute to increase the total gas yield. 

As the steam to biomass ratio was increased from 1.8 to 6.0, the hydrogen 

concentration increased from 47 to 56 vol.% and the CO concentration decreased from 

26 vol.% to 19 vol.%. The increase of H2 and decrease in CO at higher S/B mass ratio 

is due to the enhanced char steam gasification (R5.3-1) and water gas shift reaction 

(R5.3-5). However, the increase of H2 concentration was not significant when the S/B 
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mass ratio was higher than 3.32. In a study undertaken by Zhang et al. [69], the highest 

hydrogen yield achieved, during the reforming of bio-oil using biochar, was about 60 

vol.% at a steam to model pyrolytic vapour ratio of 4 and a reaction time of 30 min.  

Sattar et al. [83] investigated the influence of steam flow rate on the product gases 

during the gasification of biochar and reported an increase in the hydrogen and CO2 

yields with increasing steam flow rate. However, in this study, both CO and CO2 yields 

decreased with an increase in the steam flow rate which could be due to multiple 

reactions occurring at the same time, such as water gas shift, reforming and char 

gasification. Yan et al. [64] studied the influence of steam on the gasification of 

biomass char at a temperature of 850 °C and reported an increase of H2 yield from 

2.15 mol kg-1 to 57.07 mol kg-1 with the increase of steam input from 0 to 0.165g min-

1 g-1 of biomass char. 

As observed in Figure 5.3-4, with the increase of S/B mass ratio, the H2/CO molar 

ratio increased while CO/CO2 decreased which suggests that the water gas shift 

reaction determines greatly the H2 production. The same trend was observed by Wei 

et al. [84]. The H2/CO ratio is important in determining the end use of the syngas. 

 

Figure 5.3-4.Effect of steam to biomass ratio on H2 yield, HHV, H2/CO and CO/CO2. 
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The optimum value of H2/CO is determined by the required application, for 

example,the upgrading of syngas for fuel cell applications requires a higher H2/CO 

ratio while a value of 2:1 is needed for Fisher-Tropsch reactions [85]. It is well known 

that it is costly to produce synthesis gas with a H2/CO molar ratio of between 1-2 [86]. 

In this study, the experiments performed at a steam/biomass ratio of 3.3 and 4.3 

produced a syngas ratio of 2 which is more suitable to be used for Fisher-Tropsch 

synthesis. The HHV increased in the range of the studied S/B ratio to 72 MJ Kg-1. 

Based on the hydrogen concentration and total gas yield, it can be concluded that the 

optimum steam to biomass ratio for this system is 3.32. Zhang et al. [69] studied the 

influence of steam on model pyrolytic vapour (2-5 g/g) on the gaseous composition 

using biochar and concluded that the ratio of 4 was the optimum.  

With regards to the tyre char gasification and S/B ratio, the presence of steam 

enhanced the char conversion as the residual material (reacted tyre char) recovered 

after the gasification was found to decrease with increasing steam to biomass ratio. 

The higher S/B mass ratio enhanced the tyre char gasification as the amount of tyre 

pyrolysis char recovered after the reaction was found to decrease from 90% at a S/B 

ratio of 1.8 to 73.5% at a S/B ratio of 6.0. Therefore the increase of gas yield at a 

higher S/B ratio was also due to char gasification as has been mentioned before. High 

steam to carbon ratio is required to avoid coke accumulation on the surface of the tyre 

char [87]. However, the decrease was not significant, the increase of steam flow rate 

by about 70% led to a 20% decrease in the amount of final tyre char recovered. Chen 

et al [73] reported a 6% decrease in char yield when the S/B ratio was increased from 

1 to 4. The char conversion rate can be better enhanced with a long reaction time. 

5.3.3 Effect of reaction time 

Further experiments were carried out to investigate the influence of reaction time on 

tyre char gasification at a temperature of 900 °C, to determine whether the char 

conversion and total gas production could be enhanced by allowing the reaction to 

proceed for several hours. The variation in gas compositions with reaction time is 

shown in Figure 5.3-5. With the increase in reaction time, the H2 concentration 

remained almost constant and the CO concentration increased. Chaudhari et al. [85], 
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reported that the hydrogen concentration was also found to remain constant after 1 h 

reaction time. 

 
 

Figure 5.3-5.The influence of reaction time on the product gas compositions 

 

The increase of hydrogen formation during the biomass gasification is mainly due to 

the reactions of tars and hydrocarbons with char.  As can be observed from the gaseous 

compositions presented in Figure 5.3-5, the hydrogen content remained almost 

constant with the increase of reaction time from 1 h to 2 h and only a slight increase 

was observed at a reaction time of 4 h. Additionally, the CO/CO2 molar ratio increased 

with time on-stream, while H2/CO decreased. These results suggest that the reaction 
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is complete in 60 min and Boudouard (R 5.3-3) and char reactions with steam (R 5.3-

1) are the dominant reactions after 60 min. This agrees with the evolution of CO/CO2 

and H2/CO with time. The high H2/CO at a reaction time of 60 min is due to the 

influence of water gas reactions and over the reaction time of 60 min, the char 

reactions with CO2 and steam are more important which could explain the increase in 

CO/CO2 ratio. However, a decrease in the ratio of CO/CO2 was observed with the 

increase in reaction time from 2 h to 4 h; this is due to the gasification of the total fixed 

carbon, so there was no carbon left in tyre char to react with steam and as a result, 

CO/CO2 decreased. 

The increase of gas yield with time was found to be correlated with the increase of 

carbon conversion of tyre char as displayed in Figure 5.3-6.  

 
 

Figure 5.3-6.The influence of reaction time on tyre char conversion and total gas 

yield 
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Where Co = carbon mass of tyre char before reaction and C = carbon mass after 

reaction 

For example, tyre char carbon conversion increased by 50% with the increase in 

reaction time from 1 h to 2 h and the same percentage of increase was observed in the 

total gas yield which means that the increase in gas yield with time is mainly due to 

char gasification. For example, the carbon conversion of tyre char increased from 5 to 

56% with an increase in reaction time from 1 h to 2 h. Accordingly, the total gas yield 

increased from 131.55 to183.40 wt.% (in relation to the original mass of biomass).  

As the main aim of this study was to increase the total gas yield through tar reforming 

and char gasification, the results displayed in Figure 5.3-6 shows that the reaction time 

had a significant influence on decreasing the amount of tyre char recovered after the 

reaction. With a reaction time of 4 h, the final tyre char recovered was 6 wt.%, which 

included carbon and ash, and from Figure 5.3-7, the carbon and ash represent 19.3 and 

85 wt.% respectively. The carbon content decreased significantly from 80.6 wt.% after 

one hour to 19.3 wt.% after 4 hours (Figure 5.3-7). 

 
Figure 5.3-7.Carbon and ash content of tyre char from catalytic gasification of 

biomass at different reaction times 
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A complete conversion of tyre char was almost achieved with 4 h reaction time. This 

agrees very well with the results presented in Figure 5.3-6. Char with high ash content 

can be recycled in construction and cement industries [88]. 

As tyre char is expected to be gasified with the presence of steam at high gasification 

temperature, blank experiments of tyre char and steam was carried out where tyre char 

was gasified at 900 °C for 1 hour (in the absence of biomass in the first pyrolysis stage) 

with the same experimental conditions as for biomass steam reforming over tyre char. 

The total gas yield produced from the gasification of tyre char itself was 35.49 wt.% 

compared to 131.6 wt.% (Table 5.3-2) obtained with biomass tar reforming over tyre 

char. Therefore, tyre char gasification contributed to about 26% of the total gas yield 

obtained with biomass tar reforming experiments. Further experiments at 1.5 h, 2 h 

and 4 h showed that the total gas yield from the steam gasification of the tar (in the 

absence of biomass) was 55.13 wt.%, 80.36 wt.% and 152.14 wt.% respectively. By 

comparison with the data in Figure 5.3-6, at 1.5 h the contribution of the tyre char 

gasification to the total gas yield was 35.5%, after 2 h it was 43.8% and after 4 h the 

total gas yield contributed by the tyre char gasification was 78.9% of the total gas 

yield.  

In this work, char derived from the pyrolysis of waste tyres has been shown to be 

effective for the cracking and degradation of gasification tar like compounds during 

the pyrolysis-catalytic steam reforming of biomass. The metallic mineral content of 

the tyre pyrolysis chars making a significant contribution to the tar degradation. In 

addition, the char reacts with the steam to generate hydrogen, and also carbon 

monoxide, and methane which add to the calorific value of the product syngas.  

Through the reactions of the tyre char with the steam, the char catalyst for 

reforming/gasification reactions is consumed or 'sacrificed' as a catalyst. 

An overall process concept could be, pyrolysis of waste tyres to recover, valuable tyre 

pyrolysis oils which have similar properties to a petroleum derived light fuel, steel for 

recycling into the steel industry, and a product gas with a high calorific value that can 

be used as process fuel for the tyre pyrolysis process. The product char from tyre 

pyrolysis may then be used as a catalyst for the cracking/reforming/gasification of tars 
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from the gasification of biomass to produce as clean syngas, while also contributing 

to the yield of the biomass syngas through tyre char gasification reactions. 

5.3.4 Summary of section 5.3 

In this section, biomass pyrolysis gas and char gasification was investigated to produce 

hydrogen. The thermal cracking of biomass pyrolysis gases with the presence of steam 

at a temperature of 900 °C had a small influence on hydrogen production as only 10.94 

mmolg-1of hydrogen was obtained for the pyrolysis-reforming of biomass with sand. 

The hydrogen production increased significantly with the use of tyre pyrolysis char in 

the 2nd stage reforming/gasification reactor to be 39.20 mmol g-1 biomass due to the 

simultaneous reactions of tar reforming and char gasification. On the other hand, acid 

treated tyre pyrolysis char exhibited a lower catalytic activity as the hydrogen 

production decreased to 30.4 mmol g-1 biomass at 900 °C. The difference in hydrogen 

production between the two types of tyre char suggests that the metals in tyre char 

have a significant catalytic effect in enhancing the water gas shift, tar reforming and 

char-steam reactions.   

The influence of operating conditions including catalytic reforming temperature, 

steam/biomass (S/B) mass ratio and reaction time were investigated for the purpose of 

obtaining a high hydrogen production. Among the studied variables, the reforming 

temperature had the greatest influence on hydrogen production. The results showed 

that the gas yields and hydrogen production increased with the increase of reforming 

temperature and S/B ratio due to the enhanced char steam gasification and water gas 

shift reactions. 
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6. CHAPTER 6.  CONCLUSIONS AND FUTURE 

WORK 

An interesting environmental and sustainable concept is to convert waste materials to 

carbonaceous materials which are then used in pollution control applications. This 

thesis is aimed to investigate the potential low-cost waste-derived feedstocks to 

produce valuable carbonaceous materials for (i) nitric oxide control or (ii) tar 

conversion. To achieve this goal, waste tyre, refused derived fuel (RDF), and date 

stones were selected as raw waste materials to prepare the carbonaceous materials.  

(i) The presence of nitrogen oxides (NOx) in industrial flue gases is problematic since 

emissions of NOx produce acid rain and ozone formation. The NO removal 

performance of the activated carbons, derived from the steam activation of the tyre, 

RDF and date stones at 900 °C has been investigated using a fixed bed reactor at low 

temperatures (25-100 °C) and compared with several commercial activated carbons. 

Moreover, the influence of chemical activation of the waste tyre on porosity and 

subsequent NO removal has been studied.  

(ii) One of the most promising biomass conversion processes is gasification in which 

the complex biomass hydrocarbons are thermally degraded into useful gaseous 

species, mainly hydrogen, carbon dioxide and carbon monoxide. However, tar 

formation in syngas is a serious problem. One of the most efficient techniques for tar 

removal is catalytic steam reforming in which tar compounds can be converted into 

useful gases. To cope with the challenges associated with deactivation of commercial 

catalysts because of coking or sulphur poisoning, char as a by-product obtained by the 

pyrolysis of organic matter is cheap and easily replaceable. In this work, the 

effectiveness of waste derived chars for tar decomposition has been investigated using 

a two stage fixed bed reactor. The influence of cracking temperature, char amount, 

porosity, oxygen functional groups, steam and ash minerals on tar decomposition and 

hydrogen production has been studied. 

The overall conclusions of this research are summarised as follows: 
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6.1  Waste derived activated carbons for NO removal 

6.1.1 Nitrogen oxide removal using commercial and waste-derived physically 

activated carbons 

Activated carbons were synthesised from waste materials and investigated for their 

efficiency for the removal of NO at a low temperature of 50 °C. The wastes used were 

waste biomass (date stones), processed municipal solid waste in the form of refuse 

derived fuel and waste tyres. Activated carbons were prepared through carbonisation 

of the waste feedstock followed by subsequent physical activation with steam. Date 

stones were shown to be a more suitable precursor for the formation of a highly porous 

activated carbon with a high BET surface area. This was ascribed to the low ash 

content (4 wt.%) contained within the date stones feedstock compared to that found 

with tyre (7 wt.%) and RDF (11 wt.%). Chemical characterization of the waste raw 

materials revealed a high concentration of Zn and Ca with tyre and RDF respectively. 

The presence of high amounts of alkaline species in the RDF was reflected by the high 

basicity of the RDF derived activated carbon.  

The NO sorption capacity of the waste-derived activated carbons was compared with 

several commercial activated carbons which exhibited a very well developed porous 

texture. The waste-derived activated carbons had NO adsorption efficiencies, which 

were between 50% and 70% of those achieved for the commercial activated carbons. 

Date stones activated carbon exhibited the highest NO removal efficiency of 40%, 

while RDF and tyre achieved 23 and 21%, conversion of 800 ppm NO, respectively. 

It was also shown that the nitrogen oxide adsorption uptake depends on the porous 

structure, particularly the presence of micropores in the activated carbon, but to a 

lesser extent on the surface area and acid–base surface groups on the carbon surface.  

The NO/activated carbon reaction at low temperature was enhanced by the presence 

of oxygen. Based on the overall analysis of NO adsorption on activated carbon in the 

presence of oxygen, the nature of the NO adsorbed species formed on the activated 

carbon surface after NO adsorption were suggested to be in the form of –NO2 and –

NO3, which indicates that the adsorbed NO is oxidized in the presence of oxygen.  
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NO adsorption by the waste derived activated carbons appeared to be due to physical 

adsorption (Vander Waals forces) of nitric oxide on carbon surface as a significant 

decrease of carbon adsorption capacity was observed with the increase of adsorption 

temperature to 100 °C.  

6.1.2 Activated carbons from chemical activation of waste tyres for low 

temperature NO control 

To further investigate the role of carbon porosity on NO adsorption, tyre chars were 

chemically activated with KOH, K2CO3, NaOH and Na2CO3. These chemical 

activating agents were chosen for the purpose to develop the porous texture of waste 

tyre derived activated carbon. The product activated carbons were then examined for 

their ability to adsorb NO at low temperature (25 °C). 

Pyrolysis of tyre followed by chemical activation, in particular with KOH, resulted in 

the formation of activated carbons with a greater extent of porosity in comparison with 

the physically activated carbons. The highest BET surface area of 621 m2 g-1 was 

achieved with the chemical activation of tyre char with KOH at an activation 

temperature of 900 °C and KOH to char ratio of 3:1. The influence of chemical 

activation parameters on the porosity development of the resultant tyre activated 

carbons revealed that both the chemical activation temperature and the type of 

chemical agent had a more pronounced influence on the porous texture development 

compared to the other investigated parameters.  

Both BET surface area and micropore volume were maximised with the activation 

temperature of 900 °C and with the use of KOH as the activating agent.  As a result, 

activated carbon prepared through this preparation route exhibited the highest NO 

removal efficiency at 75% compared to 40% with the physically activated waste tyre 

at the adsorption temperature of 25 °C and with NO inlet concentration of 400 ppm 

and oxygen concentration of 10%. The waste tyre derived activated carbons prepared 

using K2CO3, NaOH and Na2CO3 alkali-activating agents appeared to have little 

influence on NO removal from the flue gases.  From the experimental investigation 

and characterization of the series of prepared chemically activated waste tyre, the 
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adsorption ability of waste tyre depends on to a great extent on the procedure of 

activation and the porous properties, in particular, the micropore volume. As a result, 

this study showed that the chemically activated tyre derived activated carbon is a 

promising sorbent for NO capture at low temperature.  

6.2 Tar decomposition using waste derived pyrolysis chars 

6.2.1 Thermal decomposition and cracking of biomass pyrolysis gases using a 

hot bed of waste derived pyrolysis chars 

Chars produced from the pyrolysis of different waste materials have been investigated 

for their use as a catalyst for the catalytic cracking of biomass pyrolysis gases during 

the two-stage pyrolysis-gasification of biomass. Wood pellets were pyrolysed in a 

fixed bed reactor at 500 °C and the resultant pyrolysis vapours were then passed to a 

second stage reactor to undergo secondary cracking reactions over the waste derived 

pyrolysis chars at temperatures from 600 °C to 800 °C. The chars were produced from 

the pyrolysis of waste tyres, refused derived fuel and biomass in the form of date 

stones. The results showed that the hydrocarbon tar yields decreased significantly with 

all the char materials used in comparison to the non-char catalytic experiments.  

Higher cracking temperature was favourable for tar decomposition. For example, at a 

cracking temperature of 800 °C, the total product hydrocarbon tar yield decreased by 

70% with tyre char, 50% with RDF char and 9% with biomass date stones char 

compared to that without char. Analysis of the tar composition showed that the content 

of oxygenated compounds decreased and polycyclic aromatic hydrocarbons increased 

in the product tar at higher char temperatures. In addition, Bio-oil/tar with 2-4 aromatic 

ring could significantly be transformed into smaller gas species with increased 

concentrations of most noticeably hydrogen in the gas yield. For instance, at a cracking 

temperature of 800 °C, the hydrogen concentration increased markedly from 19.6 

vol.% with no char to 25, 29 and 34 vol.% with the use of a hot bed of date stones, 

tyre, and RDF chars respectively in the second stage. 

The tar composition from the biomass pyrolysis/cracking at a cracking temperature 

800 °C was dominated by polycyclic aromatic species of naphthalenes, fluorene and 
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phenanthrene. Different amounts of these tar species were obtained from the biomass 

pyrolysis-cracking process with the three types of char materials. The results showed 

that tyre char was the most effective waste derived char for the reduction of 

hydrocarbon tar compounds from 8171 µg g-1 with no char to 3842 µg g-1. The high 

catalytic activity of char was ascribed to the catalytic effect of ash minerals, which 

could act as the active sites for tar cracking.  

Analysing the spent char materials after the reaction with the biomass pyrolysis 

volatiles showed a decrease in the BET surface area, which may suggest the coke 

formation due to the deposition of tar species on the char surface.   

6.2.2 Catalytic activity of tyre char for cracking of tar model compounds 

To overcome the complexity of real biomass tar, the effectiveness of tyre char for 

cracking of tar model compounds was carried out at a cracking temperature of 700 °C. 

The use of tyre char for cracking of tar model species showed a high activity, 

producing a carbon conversion (46-75%) and hydrogen yield (15-28 mmol g-1), which 

was far higher than that of cracking with sand (blank). Methylnaphthalene was the 

most refractory one among the studied tar compounds, whereas furfural presented the 

highest reactivity. With all the studied tar species, the total gas yield was found to 

increase markedly with the presence of tyre char compared to thermal cracking with 

sand.  

Additionally, the influence of porosity of carbonaceous materials on 

methylnaphthalene cracking was studied. The catalytic activity of tyre char was 

compared to two different commercial activated carbons with varied porous texture. 

However, with the significant difference in the porous texture and the BET surface 

area of the tested carbonaceous materials, the difference in methylnaphthalene 

conversion over the commercial activated carbons and tyre char was negligible, 

indicating the marginal effect of the BET surface area. The tyre mineral content may 

contribute to the sorption effect, as tyre char with a higher mineral content (18 wt.%) 

had almost a similar catalytic activity to the commercial activated carbons with a 

developed porous texture but lesser mineral content.  
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Furthermore, the role of surface oxygen functionalities on contributing to the catalytic 

activity of carbonaceous materials was investigated via the oxidation of the 

commercial activated carbon with nitric acid. The acid treatment was successful in 

increasing the total acidic groups on the activated carbon. However, the catalytic 

activity of the treated samples for methylnaphthalene conversion was similar to the 

original activated carbon, suggesting that the oxygen functional groups have no 

catalytic role in enhancing the char catalytic activity for tar cracking.    

6.2.3 Steam reforming of biomass tar over sacrificial tyre pyrolysis char for H2-

rich syngas production 

The simultaneous reforming and gasification of pyrolysis gases and char was 

investigated for H2-rich syngas production and tar reduction during the gasification- 

reforming of biomass using a two stage fixed bed reactor. The catalytic role of ash 

minerals on tar decomposition using tyre char was studied. The char was 

demineralized via treatment with hydrochloric acid. The biomass sample was 

pyrolysed under nitrogen at a pyrolysis temperature of 500 ºC, the evolved pyrolysis 

volatiles were passed to a second stage with steam, and the gases were reformed in the 

presence of tyre char as a catalyst. The influence of catalyst bed temperature, steam to 

biomass ratio, reaction time and tyre ash metals were investigated.  

The influence of the catalytic activity of tyre ash minerals on the composition of 

syngas and tar decomposition during the steam reforming of biomass was significant 

as the removal of minerals led to a decrease in the H2 yield. The results demonstrated 

that when the reforming temperature increased from 700 to 900 ºC, the hydrogen yield 

increased from 8.4 to 39.2 mmol g-1 with the original tyre char and from 2.7 to 30.5 

mmol g-1 with the acid treated tyre char. In addition, the use of demineralized tyre char 

caused a marked decrease in total gas yield and an increase of the condensed liquid 

fraction with all the investigated reforming temperatures. Moreover, the H2/CO molar 

ratio decreased significantly with minerals removal from 1.31 with the original tyre 

char to reach only 0.37 with the acid treated char at a reforming temperature of 700 

ºC. The results obtained confirm that the high activity of tyre char for tar 

decomposition during the biomass-reforming process is mainly due to the catalytic 
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role of metals present in tyre char. The presence of ash metals played a significant role 

in enhancing the water-gas shift, char gasification, steam tar reforming, and 

hydrocarbon reforming reactions. The catalytic activity of tyre char was described by 

the presence of a quite high percentage of Zn of 6.5 wt.% that had a positive influence 

in enhancing the tar reforming reactions and thereby promoting the hydrogen 

production during the biomass gasification.  

Raising the steam injection rate and reforming temperature led to increased hydrogen 

production as steam reforming and char gasification reactions were enhanced. Over 

the ranges of operating conditions examined, the maximum hydrogen content reached 

56 vol.%, and the ratio of H2/CO varied between 1.3 to 2. The presence of steam 

promoted char conversion, however, increasing the steam to biomass ratio from 3.32 

to 4.32 g g-1 did not influence the char conversion, and the obtained H2 yield was 

almost the same at ~51 vol.%. Therefore, tyre char can be used as an effective catalyst 

for cracking/reforming of heavy hydrocarbons from the biomass gasification, and 

could also contribute to the total syngas yield through char gasification. 

6.3 Future work 

6.3.1 Waste derived activated carbons for NO removal 

 Further work could be carried out to investigate the effectiveness of waste 

derived activated carbons for NO removal in the presence of simulated flue gas 

containing N2, CO, O2, NO, and H2O. This would provide information about 

the influence of other gaseous species on nitric oxide removal. 

 Waste derived activated carbons could be tested for the simultaneous SOx/NO 

removal. This would enable investigation of the sorption capacity of waste 

derived activated carbons for multi-pollutants. 

 Investigate the regeneration and the re-usability of the spent waste derived 

activated carbons for nitric oxide removal by heating the used carbons in a 

furnace at 600 ºC under an inert atmosphere.  

 Further work could be carried out on surface chemistry modification (nitrogen 

content) to improve the carbon sorption efficiency. In addition, explanation of 
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the effect of different types of carbon functional groups including nitrogen and 

oxygen groups on NO adsorption needs further investigations which would 

also help to gain information on the role of acidic and basic groups. This could 

be done by using TGA combined with MS, TPD or X-ray Photoelectron 

Spectroscopy (XPS) 

6.3.2 Tar decomposition using waste derived pyrolysis chars 

 The waste-derived pyrolysis chars were shown to reduce the tar content as well 

as increase the hydrogen yield. However, the catalytic activity of biomass char 

was not high. Further work could be done on char preparation in order to 

enhance the catalytic activity. The char preparation conditions such as 

pyrolysis temperature and heating rate may influence the char properties and 

consequently the catalytic activity. In addition, metal additions to char could 

be investigated.  

 

 Further research could be carried out to further understand the tar reduction 

mechanism over a char bed, for example, the origin of active sites that simulate 

the cracking process.  

 

 This research work has shown that tar conversion over a hot bed of char is 

promising, however, the effect of char particle size and gas velocity on the tar 

outlet concentration should be further investigated. In addition, long-term 

stability of char for tar cracking could be carried out to quantify the catalytic 

deactivation of char samples. The deactivation behaviour of char materials 

could be investigated by leading tar model, for example, methylnaphthalene, 

for 20-400 min through a hot bed of char material.  

 

 Examine the evolution of sulphur-containing gases while using tyre char which 

contains sulphur. This could be carried out downstream of the reactor using a 

scrubber to trap the sulphur species such as SO2 and H2S. 


