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Abstract 

Waste-derived products are considered to address the question of sustainability in a variety of 

projects and applications. These products provide a consistent source of raw materials as well 

as cope with the waste handling dilemma. Waste derived carbon is one of these products which 

not only has gained serious consideration from an environmental point of view but also proven 

to be useful in soil amendment, wastewater treatment and production of nano-materials. This 

study provided a thorough approach to the production of optimised carbon materials from date 

palm biomass and wastewater derived microalgae. Their individual and co-pyrolysis behaviour 

with product performance in energy application including combustion and pyrolysis presented 

thoroughly.  

Slow pyrolysis of the date palm branches (DB) and wastewater derived microalgae (WMA) 

was conducted in the temperature range (HTT) of 400-600 °C. Mass yield decreased; whereas, 

ash content increased with the increase in HTT. Algae biochar (AB) char showed higher mass 

yield and ash content and reduced heating values as compared to DB samples. DB chars, 

however, showed higher stability than AB chars. Combustion of both types of the char samples 

found to degrade through a two-stage devolatilization process whereas char pyrolysis showed 

one stage devolatilization. DB samples at 400 and 500 °C and, AB samples at 500 and 600 °C 

showed lower activation energy during combustion than their feedstock.  

Similarly, co-pyrolysis of date palm branches and wastewater derived microalgae was 

conducted between 400-600 °C for multi-stage pyrolysis. Char aromaticity increased, and mass 

yield decreased substantially with the increase in treatment temperature in both single stage 

pyrolysis and two stage pyrolysis from 40% to 30% by weight. Nitrogen concentration was 

decreased with the increase in temperature, which determines its transformation to the gas 

phase. Combustion of the feedstock and the char samples produced at 400 °C and 500 °C 

showed two-stage degradation. The optimum treatment temperature for two-stage pyrolysis to 

gain the lowest activation energy is found to be 500 °C during combustion, moderate heating 

values and lowest price. The economic analysis showed a decrease in price with the increase 

in treatment temperature for two stage pyrolysed biochar due to a decrease in energy content. 

It can be concluded that co-pyrolysed char from multi-stage pyrolysis process contains the 

superior properties and complements each other. The obtained product may be useful for 

potential applications in multiple areas such as energy and adsorption than individual pyrolysis 

of each of the concerned feedstock which has certain limitations. 

Keywords: biomass; kinetic modelling; combustion; pyrolysis.  
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Chapter 1 

Background 

The use of biomass in different forms have been the part of the evolution, however, energy 

potential of the materials have gained significant importance in today’s world. Innovative 

solutions and techniques are being introduced through variety of the research to determine the 

ideal output from the available resources. Several techniques from combustion of the waste 

into boilers to conversion of waste into biofuels and bio-based products have been the 

paramount of current research [1–3]. The use of biomass and organic waste into boilers 

although considers net zero carbon emissions, however, the uptake of different elements 

throughout the life span creates notable problems from environmental and technical point of 

view. The problems related to slagging and fouling, and several emissions is described in detail 

in the following chapter. 

Further use of organic waste from a range of sources are being recommended through pyrolysis 

and gasification in thermochemical conversion technologies besides hydrothermal processing 

technologies. Each of the technology is also explained in detail in the following chapter with 

their major products output, upgradation pathways and current research trends. The use of third 

generation feedstock is being reported heavily in the research due to their rapid production and 

multi-functional characteristics [4]. However, the use of third generation feedstock needs the 

attention in respect of ultimate product performance [5]. Wastewater derived biomass 

(microalgae) considers the most useful instrument which after the treatment can be utilised in 

bio-refineries [6,7]. 

Date palm biomass is being produced in millions of tonnes worldwide and thus generates huge 

amount of waste [8]. The conversion of the waste into stable carbon materials can contribute 

to the carbon storage and act as a resource for several further applications [9]. The use of 

microalgae through pyrolysis produced variety of results. Tang et al. [10] reported the co-

pyrolysis of microalgae with plastic and found the improvement in oil quality with high 

aliphatic hydrocarbon content. In another study by Chen et al. [11] lignocellulosic biomass 

improved the oil quality when pyrolysed with microalgae and transforms the nitrogen 

compounds to gas and solid phase.  
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Chapter 2 

Literature review1 

This chapter provides an overview of the biomass utilisation through different technologies 

such as combustion, pyrolysis and gasification. From the conventional use of biomass in the 

form of heating to the modern day use of biomass in the form of electricity generation and 

biofuel production, biomass has always been part of the evolution of mankind. Modern day use 

of biomass is gradually becoming more complex, and engineering played an important role in 

defining different directions. Efficient use of biomass with the desired output and minimising 

the drawbacks are the core of the research, and marginal focus is being held on developing new 

techniques. The variety of composition and uptake of different elements throughout the lifespan 

of biomass produces a variation of results. In general, it can be seen that the optimisation was 

observed either in the form of chemical looping combustion to prevent greenhouse gas 

emission or in the upgrading of bio-oil to produce biofuels. The significant factor is the reaction 

conditions, which define the ultimate product yield and the products’ performance in different 

applications. Moreover, the development of new systems is desired in the present scenario due 

to the limited possibility of further improvement in the current systems.  

                                                 
1 This chapter is extracted from the published study “A. Akhtar, V. Krepl, T. Ivanova, A Combined Overview of 

Combustion, Pyrolysis, and Gasification of Biomass, Energy & Fuels. 32 (2018) 7294–7318. 

doi:10.1021/acs.energyfuels.8b01678.” with permission from American Chemical Society. 

This literature review was thoroughly conducted by the first author and first author is responsible for deriving 

literature data, analysing, processing and publishing in article format. 
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2.1 Introduction 

Sustainability consideration in modern projects is an essential criterion in the developed world 

and getting recognition day by day in the developing world as well. It is not only the need of 

the hour from an environmental point of view but also economically suitable for handling large 

projects on a commercial scale. “Sustainability of any product can be defined by its level of 

carbon footprint and reduction of this footprint can be achieved by a change of built-in or 

external characteristics which can also lead to a change of its configuration” [1]. One of the 

paramount of sustainability is reducing the reliability of fossil fuels for energy generation and 

chemical extraction on a daily basis. There have been many routes being researched to focus 

on the alternative sources of energy which reduces not only environmental pollution but also 

available recurrently. These sources also called renewable sources of energy and fuels. Solar, 

wind, and biomass are one of the few emerging sources in this scenario where the availability 

throughout the world and potential to cope with the environmental pollution makes them the 

most studied areas so far in this category. 

Although the importance of each of the energy source cannot be denied, however, biomass 

contains a significant value. This can be due to its highly versatile composition, availability 

and conversion into many useful products depending on the technology and conversion 

pathway. Biomass has a notable advantage in terms of its ability to produce different chemicals 

that can be modified according to employed route for processing of the biomass that is absent 

in other sources of energy. Biomass can be utilised through combustion [2], thermochemical 

[3,4] and biochemical [5] treatment technologies producing energy, biofuels and biochemicals 

accordingly. Figure 2-1 explains the different treatment technologies pathway to obtain desired 

products. Although all the processing techniques contain some form of drawbacks in their end 

products, however, researchers proposed different measures and procedures to improve the 

properties. For instance, using the reduced pressurised distillation to improve the heating values 

and reduce the corrosivity of the bio-oil produced through pyrolysis [6] and changing the fatty 

ester composition through different ways in biodiesel production from vegetable oil and animal 

fats [7]. Each of the processes has been reported extensively in the last decade, and 

breakthroughs have been observed, moving from first generation biofuel to fourth generation 

biofuels. The production of fuels and chemicals through the waste source to the energy-specific 

crops and genetically modified crops has reached its peak, and the next pathways must be 

explored to improve the efficiency of these processes. Multiple process integration of biofuel 

and energy production with cost optimisation must be the focus of future studies to employ 



5 | P a g e  

 

these processes on the industrial scale [8]. This chapter focuses on the recent advances on 

biomass-based renewable energy and fuel perspective from each of the processing technologies 

including combustion, pyrolysis and gasification and provides an overall background in this 

area.  

 

2.2 Combustion 

2.2.1 Biomass components 

Biomass primarily consists of three main components (i) cellulose (ii) hemicellulose and (iii) 

lignin and three minor components (iv) proteins (v) sugars and aliphatic acids and (vi) fats. 

They have different combustion behaviours and degradation pattern and releases energy 

according to the type of the biomass and its composition. Cellulose is a glucose monomer 

attached through straight link chains in β crystalline form (unchained polymer). Hemicellulose, 

on the other hand, contains sugar monomers which are amorphous and is a branched polymer. 

Lignin holds phenylpropane units with biopolymers [9] and works as a glue to hold the fibres 

of the cellulose. This ability gives the lignin a very prominent place in the field of biochemicals 

and exhibits versatility. The chemical structure of cellulose, hemicellulose and structural units 

found in lignin can be seen in Figure 2-2. All the components of the biomass contain different 

reaction behaviour upon degradation into different chemicals which makes it arduous material 

to deal with, however, this ability holds an advantage in terms of segregation. Conversion of 

Figure 2-1 Biomass processing technologies and respective products obtained through 

each of the technologies 
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cellulose into other valuable products through degradation considered to be a demanding job 

as compared to the rest of the composition [9]. The variation of each of the component in 

hardwood and softwood biomass is given in Table 2-1. It can be seen that the significant 

difference lies in lignin concentration of both types of biomass where softwood contains higher 

lignin content than hardwood. Flax and hemp contain a significantly higher concentration of 

cellulose and a subsequently lower concentration of lignin. Low lignin content fibres prolong 

the burning which leads to incomplete combustion and lower heat evolved [10], hence not 

suitable for energy and heat production. Lignin content also significantly affect the activation 

energy of particular biomass. They might be suitable in construction applications so-called 

composites or fibre reinforced concrete as heat resistant materials.  

 

Figure 2-2 Chemical structure of cellulose, hemicellulose and structural units [149] found in 

lignin (SW = soft wood, HW = hard wood). (With permission from Royal Society of Chemistry) 
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Table 2-1 Hardwood and softwood composition. (Adapted from references [11],[10],[12]) 

Composition 

(%) 

Hardwood Soft 

Wood 

Flax Hemp Sugarcane Bamboo Pine Blue 

gum 

Cellulose 40-50 40-50 80 74.1 51.8 54.6 39.9 41.0 

Hemicellulose 25-35 25-30 13 7.6 27.6 11.4 24.2 19.4 

Lignin 20-25 25-35 2 2.2 10.7 21.7 27.4 28.1 

 

2.2.2 CO2 emissions 

Biomass, a renewable source of energy, produces net zero CO2 emission upon their combustion 

into boilers and reactors for energy and heat production. However, there are other techniques 

such as pyrolysis and gasification which converts the available carbon in biomass into useful 

products rather than gaseous emissions. Co-firing of the biomass with coal can reduce the 

greenhouse gases emission significantly while maintaining a consistent supply of renewable 

feedstock [13]. Carbon capture and storage integration into the combustion plant can 

significantly enhance the environmental potential, however, the energy consumption is the 

main barrier in this scenario with the decrease in efficiency. Lopez et al. [14] reported the 

techno-economic analysis of the coal-biomass co-combustion for up-scale power plants. It was 

found that 300 MW power plant with 40-50% biomass co-combustion showed promising 

solution than the lower capacity plants, whereas, a noticeable increase in the cost of energy was 

observed with the biomass increment. Extra funding was recommended to maintain the 

financial viability of the plant in Spain scenario. Chemical looping combustion (CLC) 

technology have a potential in this area in which CO2 removal from the other gas components 

is not required. The absence of specific equipment required for CO2 removal makes this process 

cost and energy efficient. This concept is reported by Richter and Knoche [15] where metal 

oxide can be used to support the combustion process rather than direct contact of fuel with 

oxygen. 

2.2.2.1 CO2 remediation through chemical looping combustion (CLC) 

Zhao et al. [16] reviewed comprehensively on biomass-based chemical looping processes and 

categorised the types of chemical looping technologies according to the desired output product. 

For instance (a) generation of heat and electricity (b) generation of gaseous fuels (c) co-

generation of gas and energy. Table 2-2 shows the general characteristics of the biomass-based 

chemical looping in a different scenario with relevant input and output for both of the designed 

chambers. Metal is used in the air reactor or regenerator which upon heating transform into 

metal oxides to carry the oxygen in the fuel reactor or combustor. This metal oxide later 
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reduced due to the consumption of oxygen during biomass combustion and returns to the air 

reactor and the cycle continues. Figure 2-3 shows the major factors affecting the CO2 capture 

efficiency including char gasification, the solid residence time in fuel reactor and CS efficiency 

in chemical looping combustion. Adanez-Rubio et al. [17]  reported the use of a mixture of 

copper and manganese oxides in chemical looping combustion (CLC) with different types of 

biomass. It was found that oxygen concentration had a negligible effect on the CO2 capture 

efficiency. A higher CO2 capture with efficient combustion was reported. In another recent 

study by Wang et al. [18] showed the use of different metal ferrite (Cu, Ni and Co) effect in 

the carbon capture and conversion efficiency. Ni-based ferrite was found to present lower 

performance as compared to Cu and Co-based ferrites after multiple cycles in a fluidised bed 

reactor (Table 2-3). 

Zhang et al. [19] reported the use of chemical looping combustion for partial oxidation of fuel 

which can lead to syngas production. Among the four carriers, CaFe2O4 and Ca2Fe2O5 were 

found to be optimal for the production of partial oxidation of solid fuels. However, the study 

conducted on charcoal that may show limitation with the respected carriers on employing the 

raw biomass due to different minerals present according to its source. There is a number of 

other studies as well which showed syngas production through chemical looping gasification 

technology and showed positive results [20,21]. Luo et al. [22] reported the use of iron-based 

carriers and found that pure Fe2O3 lacks the stability as compared to synthetic Fe2O3/MgAl2O4 

and iron ore with temperature limit less than 950 ˚C using methane as a fuel.  

Figure 2-3 Major factors affecting the CO2 capture and oxygen demand in chemical 

looping combustion. (Adapted from reference 140 with permission from Elsevier) 
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Table 2-2 General characteristics of looping combustion and gasification systems (BCLC, BCLG, BCCLP, BCaLC, BCaLG, and SE-BCaLG 

represents biomass based chemical looping combustion, biomass based chemical looping gasification, biomass based co-production chemical 

looping process, biomass based calcium looping combustion, biomass based calcium looping gasification and sorption enhanced BCaLG 

respectively). (Adapted from reference [16], published by Royal Society of Chemistry) 

 

 

 Air reactor / Regenerator Fuel reactor / combustor O2/CO2 carrier Gasifier 

 

Temp 

range ΔH Input Output 

Temp. 

range ΔH Input Output Oxidised 

Reduce

d  

Temp. 

range ΔH Input Output 

 ˚C    ˚C       ˚C    

BCLC 

600 -

1200 <0 Air 

Deplete

d Air 

600 -
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Biomass, 

H2O/CO2 

Ash, 

CO2 rich 

gas 

MexOy 

/heat 

MexOy-

1 O2     

BCLG 

600 -

1200 <0 Air 

Deplete

d Air 

600 -

1000 >0 

Biomass, 

H2O/CO2 

Ash, 

Syn gas 

MexOy 

/heat 

MexOy-

1 O2     

BCCLP 

600 -

1200 <0 Air 

Deplete

d Air 

600 -
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Biomass, 

H2O/CO2 

Ash, 

CO2 rich 

gas 

MexOy 

/heat 

MexOy-

1 O2 

600-

900 <0 H2O H2 

                

BCaLC 

850 -

900  >0 

H2O/

CO2/

O2 

CO2 

rich gas 

600-

700 <0 

Biomass, 

Air 

Ash, 

Depleted air 

CaO 

/heat CaCO3 CO2     

BCaLG 

850 -

900  >0 

H2O/

CO2/

O2 

CO2 

rich gas 

600-

700 <0 

Biomass, 

H2O 

Ash, 

H2 rich gas 

CaO 

/heat CaCO3 CO2     
SE-

BCaLG   O2 

CO2 

rich gas   

Biomass, 

H2O 

Ash, 

H2 rich gas 

NiO+Ca

O 

Ni+Ca

CO3 

O2 + 

CO2     
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The detailed overview of chemical looping combustion technology for solid, liquid and gaseous 

fuels other than the biomass and according to the different oxygen carriers can be referred 

further at Nandy et al. [23]. CLC is also found to be economically compatible among the CO2 

capture technologies for fire heaters and boilers [24]. Oxygen carrier recovery from the ashes 

needs to be considered in future biomass studies and lifetime of oxygen carrier with possible 

declining in their efficiency on long term scale needs to be investigated.  

Table 2-3 Carbon capture and conversion efficiencies of different metal ferrites at 850˚C. 

(Adapted from reference [18] with permission from Elsevier) 

Cycle Carbon conversion (%) Carbon capture efficiency (%) 

 CuFe2O4 NiFe2O4 CoFe2O4 CuFe2O4 NiFe2O4 CoFe2O4 

1st 95.66 93.53 94.65 95.48 94.04 94.19 

2nd 95.51 91.84 93.78 94.98 92.59 94.07 

3rd 95.46 88.53 93.89 93.65 89.98 93.48 

4th 94.88 86.38 93.21 93.76 87.15 93.40 

5th 94.90 83.85 93.47 93.81 86.30 93.51 

 

2.2.2.2 Co-combustion with other fuels 

Co-combustion of biomass and other fuels is also one of the focus of the recent studies which 

brings the variety of the outcomes depending on the source of biomass and operating 

conditions. Gu et al. [25] showed that co-combustion of biomass and coal in the presence of 

iron ore decreases carbon conversion efficiency with the increase in temperature due to 

inadequate oxygen transport capacity. However, the carbon capture efficiency was enhanced 

with the temperature increment in the fuel reactor. Luo et al. [26] in another study, reported the 

co-combustion of coal and biomass in the presence of CuO carrier. It was found that biomass 

helped to raise the efficiency of coal conversion and also increases in the presence of high 

alkali and alkaline earth metals in biomass. The potential slagging and fouling needs to be 

considered while utilising the biomass in co-combustion technology. Co-combustion in the 

presence of additives may contribute towards a decrease in slagging effect [25,26]. At another 

instant, it was reported that sewage sludge and coal co-combustion in the presence of hematite 

(Fe2O3) oxygen carrier have the potential to increase the carbonaceous gas conversion 

efficiency and carbon capture efficiency. The agglomeration was also not occurred even though 

coal in this study contained high alkali and alkaline earth metals due to high melting points of 

the sodium compounds [27]. It is possible to combine the woody biomass with sewage sludge 
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to minimise the slagging and fouling potential in the reactor. However, sludge requires higher 

temperature and time in reference to the woody biomass for complete combustion including 

volatiles and char.  

2.2.3 NOx emissions 

Even though CO2 emission is one of the main contributors to environmental pollution and 

considered as a benchmark for the so-called green system, however, other pollutants are 

affecting and harming the environment equivalent to CO2. NOx emissions are one of the most 

prominent emission pollutant emits during combustion. This highly depends on the biomass 

composition which is also one of the main elements that exist in the biomass after carbon, 

hydrogen and Oxygen. NOx emission mechanism is divided into two parts, first through the 

oxidation of the atmospheric nitrogen during biomass combustion and second is oxidation of 

fuel containing nitrogen [28].   

2.2.3.1 NOx treatment   

The NOx emissions can be controlled through three ways via pre-combustion, during 

combustion or post-combustion processes. Although pre-combustion primarily emphasise the 

selective feedstock for biomass burning to reduce the relevant emissions, however, the 

blending of the biomass with other fuels [29,30] is also one of the solutions where not only 

GHG emissions but also the post-combustion problems like an agglomeration of ash is reduced. 

Wang et al. [31] reported that the optimum ratio of biomass in the co-firing scenario is 0.4 to 

reduce the NOx emissions, whereas, further increment did not influence the NOx emissions and 

combustion efficiency. In another study, it was reported that biomass alone burning produced 

higher NO emissions than coal and biomass/coal combustion. This could be due to higher 

nitrogen concentration of concerned biomass (rice husk and wood) and volatile contents than 

the coal. Oxygen staging in co-firing scenario helped in further reduction of the NO emissions 

[32].  

Combustion technologies are extensively studied to reduce the NOx emission during the 

burning process,  for instance, selective non-catalytic reduction [33,,34],  Air staging or two-

stage combustion [35,36], and decoupling combustion[37,38]. Hongfang et al. [37] reported 

the use of decoupling combustion for high nitrogen biomass and encouraged the use of 

decoupling technique above 600˚C. It was also recommended to increase the burning rate of 

biomass while maintaining the adequate char content in the reactor for efficient removal of 

NOx emissions. Li et al. [39] reported the use of iron oxide as a catalyst with lignite biomass 
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char to reduce the NO in flue gas and found that iron oxide increased the removal efficiency. 

Temperature also played an essential role in this study where 300 ˚C showed the highest 

denitrification. Liu et al. [40] and Khodaei et al. [41] reported the encouraging outcomes 

regarding reductions in the NOx emissions up to 40% through air staging technique, however, 

both of the studies showed an increment in CO emissions. The complete combustion was 

prohibited, and particulate emission was increased in some instances. Thus, it is recommended 

to use the air staging technique coupled with other techniques to enhance the reductions of NOx 

and other GHG emissions. The oxygen concentration in the combustion chamber also affects 

the NOx emission significantly where the lower excess oxygen can potentially decrease the NO 

and N2O emissions [30].  

2.2.3.2 Catalytic remediation  

Chen et al. [42] presented the effect of a catalyst on the emission of NOx during the combustion 

of microalgae and oil shale/microalgae. NOx emissions showed variable behaviour in which oil 

shale addition decreases the emissions at early stage whereas emissions increase with the time. 

In another study, the comparative evaluation of the three different types of algae biomass 

(Enteromorpha, Sargassum and Chlorella) on the NOx emissions was reported. NOx emissions 

in this particular case were not affected by the nitrogen concentration of biomass. The 

conversion ratio of the S and N in relevant biomass algae also showed similar patterns as of 

the emissions [43]. At several occasions, emission of pollutants from biomass (NOx, PM) is 

higher than coal-based energy production through combustion [44–46] which raises serious 

concerns in this scenario where proper treatment technologies are the must consider prior to 

utilising the biomass for energy generation or heat production 

2.2.3.3 Post-combustion treatment  

Post-combustion techniques involve the treatment of flue gas at the end of the exhaust system 

and contribute towards the GHG emission control. The broad categories in this area are wet 

and dry treatment technologies which serve the purpose of removal of particulate matter, acidic 

gases and heavy metals from the gas. As the name depicts, dry methods involve the cleaning 

of gas through dry technologies, for instance, passing of the flue gas through filters or 

electrically charged medium which in turn captures the pollutants. Figure 2-4 shows three 

different types of electrostatic precipitators uses for the classification of fly ash during the 

biomass burning in fluidised bed boilers. Wet methods use the universal water solubility 

principle and remove the pollutants from the gas through different equipment called scrubbers 

and mop fans. Schematic diagram of moving bed absorber utilising copper oxide as a sorbent 
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for the removal of NOx can be seen in Figure 2-5. Table 2-4 shows different studies conducted 

to remove pollutants from flue gas either during real biomass combustion or model flue gas. 

 

  

Figure 2-4 Three types of electrostatic precipitators (b) with fluidized boilers classifying 

the fly ash according to its composition. (Reprinted from reference [150] with permission 

from Elsevier) 
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Table 2-4 Pollutants removal from the gas through different post-combustion technologies 

Technology Type 

of gas 

Efficiency Combustion 

chamber 

Feedstock Pollutant References 

Electrostatic 

precipitator 

Flue 

gas 

and 

biogas 

~ 98% for 

flue gas 

and ~ 75% 

for biogas 

Boiler 

(50kW) and 

gasifier (100 

kW) 

Wood 

pellets 

Particulate 

matter 

[47] 

Wet 

scrubber 

system with 

chlorine 

dioxide 

Flue 

gas 

>97% for 

SO2 

removal 

and >80% 

for NOx 

 Artificial 

flue gas 

produced 

NOx  

SO2 

[48] 

Condenser Flue 

gas 

~ 57% for 

PM2.5 and 

43% for 

PM10 

Industrial 

Boiler 

Coal Fine 

particles 

[49] 

Spray 

scrubber 

with 30% 

Flue 

gas 

~ 90% 

CO2 

removal 

Pilot plant 

CASPAR 

Artificial 

flue gas 

produced 

CO2 [50] 

Figure 2-5 Schematic diagram of moving bed absorber. (Reprinted from 

reference141 with permission from Elsevier) 
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Technology Type 

of gas 

Efficiency Combustion 

chamber 

Feedstock Pollutant References 

Mono- 

ethanolamine 

Moving bed 

absorber 

with copper 

oxide sorbent 

Flue 

gas 

~85% fly 

ash  

~ 90 SO2 

and NOx 

removal 

Life cycle 

test system 

Coal SO2  

NOx 

[51] 

2.2.4 Biomass ashes 

Besides producing the greenhouse gases in the atmosphere, biomass is also responsible for the 

production of ashes in the combustion chamber which contains different minerals, trace and 

heavy metals. There are two main types of ashes produced during biomass combustion (i) fly 

ash obtained through the flue gas cleaning. (ii) Bottom ashes left after the combustion of 

biomass. The composition of ashes depends on the biomass uptake of the respective elements 

during its lifetime and its inherent composition. The ash composition although have the 

potential to affect the environment; however, the significant problem occurs in the chamber 

reacting the different elements together to produce the silicates, sulphates and chlorides etc.  

2.2.4.1 Slagging and fouling 

The alkalis present in the biomass reacts with other minerals and produce intermediate 

components. These components react further to create slagging and fouling in the reactor which 

reduces the productivity of the plant and creates problems in the input of the feedstock, ash 

congestion and energy transfer. These problems also cost economically where the operational 

cost and energy is required to remove the ashes and respective clogging. Figure 2-6 shows the 

forming ash elements exist in various biomass fuels according to its weight. As it can be seen 

that potassium, silicon and calcium are the major contributors in this area. Figure 2-7 shows 

the potassium, sulphur and chlorine transport during the biomass combustion in the form of 

particles. KCl and K2SO4 can be found in the form of coarse particles known as PM10 and in 

the form of aerosols. In a detailed study presented by Bogush et al. [52], reported different 

types of biomass ashes generated throughout the UK with the goal of comprehensive 

characterisation. Most of the ashes produced from the combustion of meat, poultry litter and 

bone meal tend to be alkaline with a high concentration of P (phosphorus), K (potassium), and 

Ca (calcium). The high concentration of P and K allows the use of this end-product in 

agricultural fields. Vassilev et al. [53] presented a comprehensive review on ash elements 
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present in different types of biomass (532 varieties) and classified the biomass accordingly 

(Figure 2-8).  

 

 

Figure 2-6 Elements contributing towards ash production in biomass during 

combustion. (Reprinted from reference [151] with permission from Elsevier) (db =  

dry basis) 

Figure 2-7 Transport pathway of potassium, chlorine and sulphur from biomass to 

fine particles during combustion of biomass. (Reprinted from reference [142] with 

permission from Elsevier) 
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Figure 2-8 Classification of ash produced from biomass combustion according to its chemical composition. (Reprinted from 

reference [46] with permission from Elsevier) 



18 | P a g e  

 

2.2.4.2 Factors affecting the slagging and fouling 

Although there are many factors which influence the creation of slagging and fouling through 

biomass combustion including peak temperature, heating rate and biomass feed rate. However, 

to calculate the effect of biomass slagging potential is understood by the relations developed 

for coal combustion. These relations are generally not suitable for accurate prediction. Garcia 

et al. [54] presented a comprehensive study to evaluate the established relationships and indices 

to calculate the biomass slagging capacity, and there was no direct relationship found among 

the current indices for biomass fuels. Hence it was recommended to obtain real-time data for 

biomass combustion scenarios and revaluate the effect of these indices and establish 

relationships as per their diversity of the composition and combustion behaviour.  

Weber et al. [55] reported the high temperature (950-1200 °C) effect on ash deposition to 

minimise the effect of alkali salts on ash condensation. Ash deposition and sticking efficiency 

increased at 1170 °C (1.2-2.4%) (0.4) as compared to 970 °C (0.2-0.5%) (0.03-0.09) 

respectively. This also agrees with the results presented by Yang et al. [56] in which increase 

in sticking efficiency was observed with the increase in furnace temperature. The deposition 

time also plays an important role that increases the deposition due to thermophoresis 

phenomenon and local temperature variation. Kleinhans et al. [57] explained the deposition of 

ash according to its size and contents. Particle viscosity and kinetic energy are the main 

parameters explaining the sticking behaviour of ash particles. Alumino-silicate particles 

containing small size stick together due to low kinetic energy, whereas, large particles rich in 

iron mainly effected by low viscosity values. At another instant, the fluidised temperature was 

shown as a critical factor due to silicate melt induced slagging. The higher the fluidised 

temperature, reduces the high-temperature silicate melt induced slagging [58]. In a separate 

study, Niu et al. [59] presented an alkali-based slagging mechanism in boilers (Figure 2-9). 

Slagging was defined by chlorine and sulphur ratio (Cl + K2O + Na2O/SiO2 + Al2O3) and 

(Svolatile + K2O + Na2O/SiO2 + Al2O3) respectively. Slagging was predominant with chlorine 

and sulphur ratio higher than 2.4 and 1.9 respectively. Increasing chlorine and sulphur ratio 

expands the growth of potassium chloride (KCl) and Aphthitalite which ultimately causes the 

intensification of the slagging process. 
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Figure 2-9 Slagging mechanism due to alkali during combustion of biomass. (Reprinted 

from reference [59] with permission from Elsevier) 
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2.2.4.3 Biomass ash applications 

As the ash production is inevitable during biomass combustion as a by-product, it has found its 

way in many applications, For instance as a binder replacement in cementitious composites 

[60], biogas purification by the removal of hydrogen sulphide [61] and sewage sludge treatment 

[62]. Recently Ribeiro et al. [63] reported the use of industrial fly ash and domestic ash used 

for soil fertility and plant growth. Domestic ash was found to be effective in transferring of the 

macronutrients such as K, P and Ca to the soil. However, the increase in plant growth was not 

observed. Cruz-Paredes et al. [64] compared the phosphorus fertiliser application with biomass 

ashes in barley crop and pointed out that biomass ashes, not a significant factor in altering the 

yield of the crop. Hence, it can be used as a substitute for phosphorus fertiliser. A long-term 

study in this scenario is recommended to see the cyclic effect of ashes on overall production 

behaviour. In another study by Zhang et al. [65] the replacement of potassium fertiliser with 

ash tablets (6mm × 2mm) to (15mm × 5mm) was studied for slow availability of nutrients to 

the plants. The reported methodology reduced the potassium release rate as compared to 

powder ash to 1/60th. However, it is still higher than conventional potassium fertiliser. The 

bigger size of tablets (210mm × 70mm) and a smaller diffusion coefficient is recommended to 

use the biomass ash as a fertiliser.  

2.3 Pyrolysis  

Thermochemical processing addresses the critical challenges faced by the combustion system 

as mentioned in the previous section. This processing technique reduces CO2 emissions, 

properly utilises the biomass and divert the end-products yield according to the desired 

outcome. There are three subgroups in this processing technique i) Torrefaction ii) Pyrolysis 

iii) gasification. There is a newly emerging area in this scenario, the hydrothermal processing, 

which also contains three subcategories a) hydrothermal carbonisation b) hydrothermal 

liquefaction (c) Hydrothermal gasification. All the processing of biomass in this category 

involves the controlled heating in a limited or oxygen-free environment where biomass is 

primarily converted into three components i) gas ii) liquid and iii) solids. Table 2-5 shows a 

typical distribution of these products through each of the processes. The controlled conditions, 

type of fuels and their product’s use are discussed in detail in the subsequent section. 

Pyrolysis is a process of heating the organic materials in the absence or limited supply of 

oxygen at elevated temperature (<700 °C) [66]. It contains mainly three subcategories a) slow 

pyrolysis b) Intermediate pyrolysis c) fast pyrolysis. Intermediate pyrolysis contains features 
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of both slow and fast pyrolysis in which major product is liquid (50%) and rest of them are 

solid (25%) and gas (25%) [67]. Cellulose, hemicellulose and lignin converts to tar, non-

condensable vapour and char during pyrolysis at 150 – 350 °C, 275 – 350 °C, 250 – 500 °C 

respectively. 

Table 2-5 Approximate yields of the products obtained by thermochemical conversion of 

biomass. (Adapted from reference [68] with permission from Elsevier) 

Technology Product distribution (wt. %) 

 Solid (char) Liquid (bio-oil) gas 

Slow pyrolysis 35 30 35 

Fast Pyrolysis 10 70 20 

Gasification 10 5 85 

 

2.3.1 Slow pyrolysis 

Slow pyrolysis is the heating of the biomass/organic material in the absence or limited supply 

of oxygen with a slow heating rate and predominantly produces a solid product called biochar 

or simply char. This obtained char product contains different properties according to the type 

of feedstock and can be used for different applications. Most of the organic waste derived from 

different sources including but not limited to wood waste [69], farm and agricultural waste 

[70], municipal solid waste (MSW) [71] and industrial waste [72] can be utilised to process the 

waste and produce char for further use in different applications. Char produced from 

lignocellulosic biomass, and agro-industrial waste is found to be more suitable for solid fuel 

production [73] due to retention in energy density, however, poultry litter char is suitable for 

soil amendment. Zhang et al. [74] have done a comprehensive study on char production from 

four different types of biomass (pine, peanut shell, sugar cane and oak) and categorised the 

char into three categories depending on the elemental composition (Figure 2-10). Char 

produced from peanut shell contains several elements suitable for plants and soil fertility, 

whereas sugarcane char can be a source of potassium and phosphorus.  

The other significant factor affecting the char yield and properties is the reaction conditions in 

the reactor. For instance, increasing peak temperature and increasing residence time leads to 

less yield and modifies the properties according to the char produced at relatively fewer peak 

temperatures. The peak temperature is the temperature at which the pyrolysis reaction 

terminates, and products start to cool down. Overall, the higher temperature leads to the higher 
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carbon content, thermally stable char [75], micropore volume and higher surface area [76]. The 

increasing temperature of the pyrolysis also reduces the nutrients utilised by plants, for 

instance, phosphorus (P), potassium (K) and nitrogen (N) [73], hence not recommended for 

improving soil fertility. The residence time of the feedstock in the reactor also contributed 

towards change in properties, however, the significant effect of residence time observed at the 

low temperature (350 °C) pyrolysis rather than relatively high temperature (>600°C) pyrolysis.  

 

 

 

 

2.3.1.1 Activation and applications of char 

Char properties can be changed post-pyrolysis through different techniques called as physical 

and chemical activation. This process removes the volatiles and improves the surface area 

which is valuable in various applications. In a recent study by Bardestani et al. [77] compared 

Figure 2-10 Categorization of char according to the feedstock type. (Reprinted from reference 

[74] with permission from Elsevier) 
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the steam activation and mild air oxidation and found that surface area increased 20 times 

through the steam activation process, however functional groups decreased. Mild air oxidation, 

on the other hand, increased the functional groups from 44 to 104.6 µmol m-2. Genuino et al. 

[78] also reported an increase in surface area (+64 %) and adsorptive properties after thermal 

and chemical activation of MSW derived char. More than 99 % of dye removal was achieved 

with activated char in the presence of concentration up to 25 mg L-1. Wang et al. [79] reported 

the increase in adsorption properties for acid red 18 dye with the use of nitrogen-doped 

activated carbon prepared through ammonium chloride and ammonium acetate in the presence 

of microwaves. 

Char use in heavy metals removal has been reported on several occasions [80–82] and found 

to contain a significant effect on adsorption properties after the activation. Ahmad et al. [83] 

recently reported the effect of potassium-rich char on the removal of heavy metals (Cu, Cd and 

Pb) in aqueous solution avoiding the separate activation. Banana peels and cauliflower leaves 

were used to produce the char. Banana peels char was found to enhance the sorption capacity 

than cauliflower char due to electrostatic attraction being the main driver in sorption capacity. 

At another instant, Rice straw char produced at 600 °C was investigated for the adsorption of 

Cu and Zn in a single and binary metal system. Biochar was highly active in adsorbing 

respective metal in the beginning, however, after four hours reaches equilibrium. Char was 

found to be highly sorbent in the presence of single metal and reduces the efficiency in the 

presence of both metals. Adsorption of Zn was affected the most in the binary metal system 

[84]. 

Char from different materials is also observed to be effective sorbent of NH4 [85]. Char use in 

other applications is being recognised with heavy metal removal and soil improvement and 

amendment. For instance, char use in wood-polypropylene composites is comprehensively 

reported by Das et al. [86,87] and positive results obtained for mechanical and fire resistance 

properties. Similarly, char use in concrete applications improved the strength of concrete 

[88,89]. It is expected that with the passage of time, char use in different applications will 

further add value and will continue to embark its potential with several varying properties. 

Although char is one of the highly stable carbon materials with years of carbon storage 

potential, nonetheless, the use of char as fuel is limited and alternative technology of receiving 

liquid based fuel product in pyrolysis category is fast pyrolysis. 
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2.3.2 Fast pyrolysis 

Fast pyrolysis yields a high amount of liquid product called bio-oil at high heating rates which 

sometimes spans from few milliseconds to seconds. The obtained resultant product thus contain 

several properties and has the potential to use in fuel and chemical based applications. The 

significant parameter in this scenario is the heating rate which determines the total product 

output and properties. Bio-oil produced through this process contains many challenges 

including high viscosity, low heating value and water fractions. There are two routes 

considered after the production of bio-oil, either convert it into biofuel through upgrading 

(cracking [90] mechanism, steam reforming [91] and hydrodeoxygenation [92]) or convert it 

into suitable chemicals which can further be processed to use in different applications. Figure 

2-11 shows a different process method generally used to upgrade bio-oil into useful products. 

 

  

Figure 2-11 Bio-oil upgrading process in a nutshell. (Adapted from reference [96] with 

permission from Elsevier) 
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2.3.2.1 Bio-oil upgradation  

2.3.2.1.1 Catalytic cracking 

Hew et al. [93] have done catalytic cracking of bio-oil produced from empty fruit bunch and 

reported 400 °C, 15 min and 30 grams of the catalyst as optimum parameters for the conversion 

of bio-oil to gasoline. The conversion rate was remarkably more than 90%. Table 2-6 shows a 

different zeolite cracking catalyst utilisation for the upgrading of the bio-oil and its yield 

potential. As can be seen, the yield is less than 30% in all cases. Combined catalytic cracking 

is one of the recent interests of today’s research in which bio-oil is combined with different 

hydrocarbon-rich materials to produce more effective products. For instance, Recently, Ma et 

al. [94] reported the upgrading of the mixture of bio-oil and kitchen waste oil with the use of 

catalyst HZSM-5. Kitchen waste oil acted as a hydrogen supplier who helped in the formation 

of hydrocarbons from oxygenated unsaturated compounds. Figure 2-12 shows the conversion 

chain of different reactions occur during the combined upgradation of kitchen waste oil and 

bio-oil produced from sawdust at 550 °C. In another study, bio-oil was mixed with ethanol and 

performed co-cracking over the Ni-ZSM-5/MCM-41 catalyst. The significant drop in acid 

content (0.1 wt. %) was achieved and converted acids to ketones [95]. 

Table 2-6 Catalytic upgrading of the bio-oil through zeolite cracking. (Adapted from reference 

[96] with permission from Elsevier) 

Catalyst Setup Feed Time 

(hours) 

Pressure 

(bar) 

Temperature 

(°C) 

Oil yield 

(wt. %) 

GaHZSM-5 Continuous  Bio-oil 0.32 1 380 18 

H-

mordenite 

Continuous  Bio-oil 0.56 1 330 17 

H-Y Continuous  Bio-oil 0.28 1 330 28 

HZSM-5 Continuous  Bio-oil 0.32 1 380 24 

HZSM-5 Continuous  Bio-oil 0.91 1 500 12 

MgAPO-36 Continuous  Bio-oil 0.28 1 370 16 

SAPO-11 Continuous  Bio-oil 0.28 1 370 20 

SAPO-5 Continuous  Bio-oil 0.28 1 370 22 

ZnHZSM-5 Continuous  Bio-oil 0.32 1 380 19 
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2.3.2.1.2 Catalytic steam reforming 

Catalytic steam reforming helps to produce useful gaseous products (H2, CO etc) from bio-oil 

or pyrolysis oil and helps in the elimination of carbon-rich phases. There is a number of studies 

done on the steam reforming process and optimisation of hydrogen yield [97,98]. Nabgan et al. 

[99] presented a comprehensive review article recently on the subject matter. Quan et al. [100] 

conducted the steam reforming of bio-oil through the Fe/olivine catalyst which helped in the 

conversion of the phenolic-rich oil to the light gas phases such as CO, H2 and CH4. The 

optimum conditions reported are 800 °C with weight hourly space velocity 0.5 and steam to 

carbon ratio 2 to achieve carbon conversion efficiency 97%.  

Figure 2-12 Bio-oil and kitchen waste oil upgradation pathway over HZSM-5 catalyst. 

(Reprinted from reference [94] with permission from Elsevier) 



27 | P a g e  

 

Bimbela et al. [101] obtained the highest H2 production with Ce impregnation onto 

conventional Ni-Mg-Al catalyst. Ce impregnation at 0.5% produced the highest yield of H2 as 

compared to Ni/Mg-Al catalyst and provided stable H2 production. At another instant, 

approximately 80% hydrogen production achieved and 97 % carbon conversion attained at 850 

°C and steam to carbon ratio 5:1. Most of the carbon removal can be achieved through 

combustion in the air flow at 600 °C [102]. Char is found to be an effective catalyst in steam 

reforming process and sufficiently high yield of hydrogen approximately 89 % obtained at 900 

°C, steam to a bio-oil model compound ratio of 3 and weight hourly space velocity equal to 1. 

This high efficiency was obtained due to alkali and alkaline earth metals present in char which 

influenced the water adsorption and facilitated the formation of reactive hydroxyl groups [103]. 

2.3.2.1.3 Catalytic hydrodeoxygenation 

Bio-oil tend to contain a high amount of oxygen content which results in less energy yield as 

compared to conventional fuels. Hydrodeoxygenation is the process of oxygen removal in bio-

oil and produces energy-rich products which can be called as a bio-fuel. This product has the 

potential to be incorporated with conventional fuels. Although significant advances have been 

reported recently, nevertheless, further research is required to improve the quality of biofuels 

further. Cheng at al. [104] have done in-situ hydrodeoxygenation of pine sawdust bio-oil over 

Pd/C catalyst. This is a relatively new technique in which hydrogen is not provided through an 

external source, despite the water present in the bio-oil was used to produce hydrogen. The 

optimum temperature was reported to be 250 °C yielding heating value of oil 30 MJ/kg with 

high hydrocarbon content 24%.  

This technique was earlier reported by Cheng et al. [105] in which Zinc hydrolysis used despite 

external hydrogen supply. However, higher treatment temperature (<400 °C) were selected and 

increasing temperature resulted in improved hydrocarbon content (38-69%) and heating values 

(33 MJ/kg). Similarly, Mosallanejad et al. [106] presented another approach of in-situ 

upgrading of bio-oil through hydrodeoxygenation with the use of pulsed corona discharge 

(plasma reactor). The hydrogen was produced through methyl decomposition rather than the 

separate addition of hydrogen. This study was done on model compound 4methylanisole rather 

than bio-oil derived from biomass, hence further detailed study is required on original bio-oil 

and evaluates the detailed effect on hydrogen production. 
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2.3.2.1.4 Catalytic hydrocracking 

Hydrocracking is the process of converting hydrocarbons containing high boiling temperature 

to low boiling temperature hydrocarbons. This also includes the use of catalyst during the 

reaction which can help to reduce the bio-oil into simpler compounds. A study by Lee et al. 

[107] was reported for selective hydrocracking done on tetralin model compound in the 

presence of different catalysts (Ni/H beta catalyst with Ni contents from 1-10%, Ni-Sn/H beta 

and CoMo-S/H beta) to record the benzene, toluene and xylene production. The yield order is 

as follows Ni-Sn/H beta > CoMo-S/H beta> Ni/H beta. In another recent study, Upare et al. 

[108] showed that synthesised catalyst (cobalt promoted Mo/β with different metallic loadings 

(0.5-1.5)) promoted hydrocracking of model compound tetralin and bio-oil. The highest yield 

of benzene, toluene and xylene was produced from Co/Moβ catalyst at 0.5 impregnations in 

both cases, however, the studied compounds produced in less yield in bio-oil (55%) than model 

compound tetralin (63%). This also shows the possible variation in the results while conducting 

the experiments with bio-oil rather than model compounds. 

2.3.2.2 Cellulose, hemicellulose and lignin degradation during pyrolysis 

Cellulose, hemicellulose and lignin, the basic constituent of the biomass, is responsible for the 

complex chemical reactions upon heating and converting into mixed crude oil during fast 

pyrolysis. These three components can be identified according to their degradation pattern in 

the pyrolysis. Hemi-cellulose, cellulose and lignin degradation occur at (220-315 °C), (315-

400 °C) and >400 °C respectively [109]. Hemicellulose degradation causes the production of 

CO2, formic acid and tar. The other products obtained during degradation are xylose, acetol, 

CO and 2-furaldehyde [110]. Gaseous products yield obtained during hemicellulose pyrolysis 

are given in Table 2-7. It can be seen that CO2 is found to be the highest production gas followed 

by CO and H2 and among the organic compounds acetic acid produced at highest concentration 

followed by 1,4-anhydro-D-xylopyranose and furfural. High amount of CO2 production 

resulted from decaboxylation of -acetyl groups linked to the xylan chain. Acetic acid and 1,4-

anhydro-D-xylopyranose reduced with the increment of temperature and furfural concentration 

increased with the increment of the peak temperature [111]. Hemi-cellulose degradation into 

bio-oil, gas and char is shown in Figure 2-13. 
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Table 2-7 Gaseous products produced during the fast pyrolysis of hemicellulose. (Adapted from 

reference [111] with permission from Elsevier) 

Compounds 

(wt. %) 

425 °C 475 °C 510 °C 570 °C 625 °C 690 °C 

CO2 25.01 24.54 25.61 25.78 24.79 22.87 

CO 5.35 5.23 6.02 6.93 9.24 13.33 

H2 1.08 1.60 2.35 2.49 3.29 3.34 

Acetic acid 4.44 4.40 3.82 3.20 - 2.45 

1,4-anhydro-

D-

xylopyranose 

3.84 3.43 2.85 2.01 - 0.69 

Furfural 1.94 2.30 2.40 2.86 - 3.16 

Methanol 0.81 1.01 1.11 1.13 - 1.14 

Acetone 0.69 0.77 0.84 1.00 - 1.06 

Figure 2-13 Hemicellulose degradation under pyrolysis into bio-oil, gas and char. 

(Reprinted from reference [152]) 
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Cellulose exists anywhere between 40 to 90 % depending on the type of biomass. Cellulose 

pyrolysis divided into three phases, development of active cellulose or anhydrocellulose, 

depolymerisation and char production process. The phenomenon of active cellulose occurs 

before 300 °C due to dehydration, depolymerisation between 300-390 °C and char production 

effected from 380 up until 800 °C.  Depolymerisation is the step which causes the highest 

production of volatile compounds [112]. Figure 2-14 showed the degradation of cellulose to 

different volatile compounds obtained during fast pyrolysis. Several types of linkages exist in 

lignin between carbon to carbon, ether and ester, for instance, β-O-4, β-β, β-5, 4-O-5, α-O-4, 

5-5. Figure 2-15 shows a β-O-4 type linkages model compound during the pyrolysis and 

degradation into sub-compounds upon thermal treatment. Lignin pyrolysis divides into two 

temperature categories. Initially, alkyl chain conversion and breaking of some of the linkages 

occur up to 400 °C, and later type H phenols concentration increased in bio-oil and type S 

phenol concentration decreased with the increment in temperature up to 800 °C [112]. As 

compared to cellulose and hemicellulose where gas, tar and char are the main products of the 

pyrolysis, lignin produces gas, char, phenols and lignin derivatives which can later be distilled 

into different fractions [113]. Figure 2-16 presents the lignin conversion into chemicals during 

fast pyrolysis from 400 to 700 °C in a simple equation form.   
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Figure 2-14 Pyrolysis of cellulose to volatiles. Four possible pathways from Glycosidic 

cleavage to the formation of (1) formic acid, CO2 and 2,5 dihydroxy-3-pentanal (2) 

formaldehyde and 2,3 hydroxy-4-pentanal (3) glyoxal and 3-(vinyloxy)-2-oxiranol (4) 

formaldehyde, carbon monoxide and 4-hydroxy-2-butenal (5) malondialdehyde and a radical 

intermediate. (Adapted from reference [153] with permission from Royal Society of Chemistry) 
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Figure 2-15 Pyrolysis mechanism explained for β-O-4 type lignin model compound. (Reprinted from 

reference [154] with permission from Royal Society of Chemistry) 

Figure 2-16 Catalytic and non-catalytic process for lignin conversion during fast pyrolysis 

(Reprinted from reference [155] with permission from Elsevier) 
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2.4 Gasification 

Gasification treatment of the biomass is well studied and implemented commercially as 

compared to pyrolysis due to the obtained product is easily accessible and require less post-

recovery work. The major product is syngas which can be used in electricity generators or in 

boilers to produce energy and use as a chemical feedstock. The gasification process consists of 

four main stages (i) oxidation (ii) drying (iii) pyrolysis and (iv) reduction [114]. From the 

drying of the biomass through pyrolysis, oxidation and reduction of tar, biomass goes through 

several physical and chemical changes which lead to producing CO, CO2, H2 and other gases. 

These products further processed leading to the production of different types of fuel including 

methanol, Fischer Tropsch processing to produce biofuels, pure hydrogen production as a fuel, 

methane production. These products contribute not only towards renewable fuels but also helps 

to cope with other fossil fuels related to use in chemicals production. Different types of gasifiers 

are used in the gasification process from conventional updraft or downdraft gasifiers to modern 

gasifiers like plasma. Figure 2-17 is showing a schematic diagram of different types of gasifiers 

with their advantages and disadvantages.  

Gasification like other processing techniques also influenced by the reaction conditions 

including peak temperature, residence time and heating rate. Similarly, the atmosphere inside 

the reaction chamber also affects the resultant properties of syngas and char. Tang et al. [115] 

reported the effect of N2 and CO2 inert atmosphere on char properties from MSW and found 

that surface area and porosity is significantly affected by the change in atmosphere. CO2 

improved the properties of the char as compared to N2 until 700 °C, however, porosity in CO2 

atmosphere degraded due to gasification. In another study by Tang et al. [116] showed that 

CO2 act as inert atmosphere under 600 °C, whereas it shifts to reaction atmosphere above 600 

°C which leads to the higher production of syngas facilitating the gasification process. Mainly 

CO2 is being employed to improve the char properties and enhance the gasification process 

rather than using it as inert gas for biomass. Recently Azuara et al. [117] reported that CO2 

atmosphere instead of N2 reduced the CO2 emission, whereas, CO production increased 

comparatively.  
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Figure 2-17 Biomass gasifiers traditionally used with their pros and cons. (Adapted from 

reference [156] with permission from Elsevier) 
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2.4.1 Advances in syngas treatment 

Syngas which is the combination of H2 and CO2 required cleaning due to different pollutants 

(sulphur, nitrogen, tars and particulate matter) exists depending on the type of feedstock and 

operating conditions. The permissible limits for the pollutants in syngas concerning the 

application is given in Table 2-8. Woolcock et al. [118] presented a comprehensive article on 

the syngas cleaning technologies and divided the technologies into three categories hot gas 

cleaning (>300 °C), warm gas cleaning and cold gas cleaning (≤100 °C). Shi et al. [119] 

proposed a new methodology through simulations to remove organic contaminants from 

syngas by introducing oxygen on the principle of thermodynamic equilibrium. The resultant 

syngas contains a high amount of desired product (H2 + CO2) approximately 72% in the 

preheating category. Pre-heating decreased oxygen, fuel and steam consumption. However, a 

real biomass-based syngas needs to be tested for a thorough evaluation of the proposed work. 

Recently, Chen et al. [120] developed an improved device (moving granular bed filter) to 

remove particulate matter from the syngas in a cold test and found to remove the particulate 

matter up to 87 % for particle size ranging from 0.1 to 0.5 µm with an inlet dust concentration 

15000 ppmw. Schematic diagram of the filter is shown in Figure 2-18. However, the filter is 

less effective for the particle size greater than 0.5 µm. 

 

Figure 2-18 Moving granular bed filter for syngas cleaning. (Reprinted from reference [120] 

with permission from Elsevier) 
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Table 2-8 Permissible limits for the pollutants in syngas according to the applications. 

(Adapted from reference [118] with permission from Elsevier) 

Contaminant Applications 

 IC engine Gas turbine Methanol synthesis FT synthesis 

Nitrogen (NH3, 

HCN) 

 < 50 µL/L < 0.1 mg/m3 < 0.02 µL/L 

Alkali  < 0.024 

µL/L 

 < 0.01 µL/L 

Inhibitory 

compounds 

   < 0.01 µL/L 

Class 2-heter 

atoms, BTX 

   < 1 µL/L 

Tars 

(condensable) 

< 100 mg/m3  < 0.1 mg/m3  

Particulate < 50 mg/m3 < 30 mg/m3 < 0.02 mg/m3  

(Soot, dust, 

char, ash) 

(PM10) (PM5)   

Sulphur (H2S, 

COS) 

 < 20 µL/L < 1 mg/m3 < 0.01 µL/L 

Halides 

(primarily 

HCl) 

 1 µL/L < 0.1 mg/m3 < 0.01 µL/L 

 

Filippis et al. [121] successfully reduced the tar and particulate matter (PM) in syngas through 

the addition of a second fixed bed reactor containing Al2O3 spheres. The secondary reactor 

reduced the tar and PM approximately 60% and 84% respectively. After wet scrubbing, the tar 

and PM reduced to a great extent containing less than 12 and 7% respectively. On the other 

hand, Diego et al. [122] reported a high tar removal efficiency through catalytic filter candles 

in a dual fluidised bed gasifier for biomass gasification. The tar conversion was reported up to 

80% with tar removal efficiency up to 95% at 850 °C in the filter enclosing catalytic layer 

integrated with activated alumina foam tube.  

Akay et al. [123] reported that sulphonated polyHIPE polymers (s-PHP) positively influenced 

the tar removal from the syngas in the range of 80-95% and dew point depression reduced from 

90 °C to 70 °C. Authors encouraged the use of tar loaded s-PHP into the soil to enhance crop 

productivity. In another recent study, lime was also found to be effective in reducing tar 

concentration during gasification. Tar yield was found to be decreased approximately eight 

times than the non-lime (silica sand) study in fluidised bed reactor. Tar dew point was also 
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noted to be decreased to 71 °C from 124 °C[124]. Peng et al. [125] reported that co-gasification 

of coal/biomass helps improve the tar removal in the presence of carbonates (K2CO3, KHCO3 

and NaHCO3) as catalysts with pure oxygen and steam. The highest yield is obtained through 

K2CO3 catalyst.  

Plasma has gained considerable attention recently towards syngas treatment to remove 

impurities. Hrabovsky et al. [126] treated syngas produced from different feedstock (wood 

pellets, crashed waste polyethylene, fine sawdust, and pulverised lignite) with steam plasma at 

a very low flow rate (18 g/min) for 1 kg/min flow rate of the treated material. High H2 and CO 

concentration were achieved with a low amount of impurities were produced. The composition 

of the gas was recorded nearly similar to predicted by the thermodynamic equilibrium 

calculations. Wnukowski et al. [127] recently also observed an increase in H2 and CO 

concentration upon treatment with microwave plasma considering benzene as a tar model 

compound, however, the mechanism described by the authors suggested that methane presence 

reduced the conversion efficiency up to 60% due to reforming of benzene. Authors also 

suggested using oxygen as a gasifying agent to improve the H2 concentration in gas and reduce 

the nitrogen. In another study, a hybrid plasma and catalytic conversion of toluene as a model 

tar compound were tested by Liu et al. [128] and found that the catalytic effect increased the 

conversion efficiency with plasma. The highest conversion efficiency recorded was 52% in the 

presence of 20 wt. % Ni/Al2O3 catalyst in dielectric barrier discharge plasma reactor. The 

mechanism of toluene conversion as a model tar compound during gasification can be seen in 

Figure 2-19. 

Figure 2-19 Gasification mechanism of toluene as a model tar compound in dielectric 

barrier discharge plasma reactor (a) energetic electrons and excited Ar (b) OH radicals. 

(Reprinted from reference [128] with permission from Elsevier) 
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Furthermore, chemical looping is also finding its way in the treatment of biofuels besides 

combustion. More et al. [129] presented a new approach converting the methane in the syngas 

to produce H2 gas catalytically. Methane cracked over Ni catalyst (carbon carrier) which is 

later regenerated by oxidising the carbon via CO2, hence reducing the chances for CO 

production.  

2.4.2 Advances in syngas applications 

Zhang et al. [130] recently presented the influence on combustion properties (adiabatic flame 

temperature, laminar flame speed) with the variation in syngas composition. When the 

combustion chamber is under adiabatic conditions, creates adiabatic flame temperature. With 

the peak in adiabatic flame temperature, equivalence ratio approaches to one. The adiabatic 

flame temperature was found to be less affected by the variation in syngas, however, flame 

speed is significantly affected by fuel variation. Hydrogen variation at lean combustion effects 

the flame speed approximately 80%, whereas, methane had negligible effect. Jia et al. [131] on 

the other hand, presented a pathway to improve the quality of syngas produced from woodchip 

gasification. Char was impregnated with potassium salts (KCl, KOH, K2CO3 and CH3COOK), 

however maximum hydrogen yield (197.2 g/kg) was obtained with 6 wt. % KOH solution. The 

high temperature increased the syngas production, whereas, led to lower hydrogen yield. 

Oxygen helped to convert the char and adjust the H2/CO ratio to enhance the quality of syngas.  

Gupta et al. [132] developed a hybrid solar-thermal power generation with the use of syngas 

combustion as an alternating heat source. The system contained a maximum fuel thermal input 

of 34 kW and a turndown ratio of 1.67. The optimum reported equivalence ratios were 4 and 5 

with quick start-up, stable operation and low heat loss approximately 20-27%. Rajbongshi et 

al. [133] presented a PV-biomass-diesel hybrid energy system for rural electrification, and cost 

analysis was done for 19 kW peak load with the demand of 178 kWh/day. The cost was found 

to be US$ 0.145/kWh for the off-grid system, however, the energy price reduced to US$ 

0.064/kWh. Kohsri et al. [134] recently proposed a hybrid syngas/PV system for a continuous 

supply of electricity using battery power system. The specific fuel consumption of syngas was 

found to be at 3.14 Nm3/kWh with an efficiency of biopower system around 16.9% and overall 

efficiency at 34.3%. The operating plant contained 12.28 kW solar panels, 33.7 kW of syngas 

genset, 13.8 kW of the bidirectional converter and 60.9 kWh of battery capacity. 

Zhao et al. [135] synthesised a novel catalyst from Cu-Mn mixed oxides through calcination 

and Co-catalyst CaO-ZrO2 to convert syngas into methyl formate. Methyl formate was formed 
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due to nucleophilic addition-elimination reaction mechanism, and carbonylation of methanol 

and CO. Liquid petroleum gas (LPG) synthesis was achieved from syngas by synthesising the 

CZ@H-β-P catalyst by preparing the zeolite through hydrothermal technique and later coated 

on Cu/ZnO core with ludox [136]. Moreover, the catalyst promoted the intermediate reactions 

like the conversion of methanol through dehydrogenation to dimethyl ether which participated 

in the generation of LPG. CO conversion and hydrocarbons selectivity were recorded at 61.8% 

and 64.2% respectively. 

Syngas combustion was improved in internal combustion engines through methane enrichment 

which resulted in quick and smooth combustion behaviour than syngas and compressed natural 

gas alone [137]. This also improved the thermal brake efficiency (30.2%) and brake specific 

fuel consumption (21.3%) and reduced the CO emissions. Indrawan et al. [138] reported the 

use of syngas in spark ignition engine with a capacity of 10 kW after modification to observe 

the parameters like air to fuel ratio and feeding the syngas directly from the reactor. 5 kW 

power was produced with specific fuel consumption of 1.9 kg/kWh and net electrical efficiency 

of 21.3%. CO, CO2, SO2 and NOx emissions were produced at a lower concentration than using 

the natural gas based engine. However, the fuel consumption was higher and produced output 

was lower than the natural gas burned engine. Syngas and biogas co-combustion in internal 

combustion engines was studied by Kan et al. [139] to understand the combined behaviour. 

Syngas fuelled engine performed better than biogas fuelled and hydrogen concentration 

effected positively on the indicated thermal efficiency of syngas utilisation in IC engines, 

however, it reverses when ignition advance is relatively higher. The combined combustion of 

both gases led to the reduction of knocking and the NOx emissions. Al-Attab et al. [140] 

proposed a new technique to remove the step for external compression of syngas by injecting 

the air-syngas mixture directly in the micro gas turbine’s compressor. This proposed technique 

was tested by developing pressurised cyclone combustor with a micro gas turbine. Stable 

syngas combustion was achieved for air-fuel ratio 3.3-4.1 and NOx and CO emissions were 

noted below 250 ppm and 15 ppm respectively. Total energy pathway of the studied system is 

shown in Figure 2-20. 
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Additionally, Pardo-Planas et al. [141] simulated the hybrid gasification and fermentation 

process for ethanol production from syngas. The potential of 36.5 million gallons of anhydrous 

ethanol production was observed through the utilisation of 1200 tons of switchgrass. Syngas 

fermentation can yield approximately 97 gallons of ethanol per dry ton of biomass. Schematic 

diagram of the process is shown in Figure 2-21. Recently Sun et al. [142] produced ethanol 

from the syngas with the help of char fermentation media from four different sources 

(switchgrass, forage sorghum, red cedar and poultry litter). Red cedar and poultry litter derived 

char enhanced ethanol production significantly up to 16% and 59% respectively than yeast 

extract medium. This was due to the inorganic elements present in char which was released 

during fermentation and reduced the acid stress on anaerobic bacteria, leading to the enhanced 

ethanol production. 

  

Figure 2-20 Energy distribution during the syngas production in a micro gas 

turbine. (Adapted from reference [131] with permission from Elsevier) 
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2.4.3 Supercritical water gasification (SWG) 

Supercritical water gasification is also a biomass conversion technique which uses the high 

pressure (around 20-30 MPa) as a helping parameter with relatively low temperature (around 

600 °) than conventional gasification (800-1000 °C). The other significant advantage is the use 

of wet biomass, as the reaction occurs in the presence of water, thus requires no drying of 

biomass. Supercritical water gasification of biomass is explained in the schematic diagram in 

Figure 2-22 and by the following equations (i – x) reported by Reddy et al. [143]. 

𝐶𝐻𝑥𝑂𝑦 + (2 − 𝑦)𝐻2𝑂 → 𝐶𝑂2 + (2 − 𝑦 +
𝑥

2
) 𝐻2                   (𝑖) 

𝐶𝐻𝑥𝑂𝑦 + (1 − 𝑦)𝐻2𝑂 → 𝐶𝑂 + (1 − 𝑦 +
𝑥

2
) 𝐻2                   (𝑖𝑖) 

Cellulose hydrolysis 

(𝐶6𝐻12𝑂5)𝑛 + 𝑛𝐻2𝑂 → 𝑛𝐶6𝐻12𝑂6                                         (𝑖𝑖𝑖) 

Glucose reforming reaction  

𝐶6𝐻12𝑂6 → 6𝐶𝑂 +  6𝐻2                                                            (𝑖𝑣) 

Hydrolysis of lignin 

(𝐶10𝐻10𝑂3)𝑛 + 𝑛𝐻2𝑂 → 𝑛𝐶10𝐻12𝑂4 → 𝑃ℎ𝑒𝑛𝑜𝑙𝑖𝑐𝑠           (𝑣) 

Steam reforming reaction 

𝑃ℎ𝑒𝑛𝑜𝑙𝑖𝑐𝑠 +  𝐻2𝑂 → 𝐶𝑂 + 𝐶𝑂2 +  𝐻2                                   (𝑣𝑖) 

Water-gas shift reaction 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 +  𝐻2                                                               (𝑣𝑖𝑖) 

Methanation reaction of CO 

𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 +  𝐻2𝑂                                                             (𝑣𝑖𝑖𝑖) 

Methanation reaction of CO2 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 +  2𝐻2𝑂                                                        (𝑖𝑥) 

Hydrogenation reaction 

𝐶𝑂 + 2𝐻2 → 𝐶𝐻4 +  0.5𝑂2                                                        (𝑥) 
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Kang et al. [144] conducted the supercritical water gasification for waste biomass and 

concluded the significant parameters affecting the hydrogen production in the decreasing order 

as follows, temperature > catalyst loading > catalyst type > biomass type. The temperature 

around 650 °C and at 100% catalyst loading produced the highest hydrogen. Nanda et al. [145] 

produced a higher gas yield with nickel impregnated biomass gasification than non-catalytic 

biomass gasification. The optimum recommended conditions were 500 °C, biomass to water 

ratio 1:10 and 23-25 MPa with 45 min residence time. The authors did not report the study at 

more than 500 °C, however, the increasing temperature seems to be more beneficial for higher 

hydrogen production. Figure 2-23 shows a mechanism of glucose conversion during 

supercritical water gasification treatment. Amrullah et al. [146] recently conducted the SWG 

of sewage sludge in a continuous reactor in order to convert the organic phosphorus present in 

sewage sludge to inorganic phosphorus. The inorganic phosphorus was obtained at a short 

residence time of 10s in a reactor. This conversion of organic phosphorus to inorganic 

phosphorus required activation energy around 19.1 kJ/mol and remaining inorganic 

phosphorus was further converted at 18.7 kJ/mol. 

Figure 2-21 Schematic diagram of the hybrid gasification and fermentation system. (Adapted 

from reference [141] with permission from Elsevier) 
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Figure 2-22 Biomass gasification under supercritical conditions. Catalysts A, B, C, and D 

represents (Ni, Ru, Rh, Pt, Pd, Ni/Al2O3, Ni/C, Ru/Al2O3, Ru/TiO2), (Ni, Ru, Pt and activated 

carbon), (Ni, Rh, Ru, Pt and activated carbon) and (Ni, Ru, NaOH, KOH) respectively. 

(Reprinted from reference [143] with permission from Elsevier) 
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Even though SWG contains several advantages towards biofuel technology, however, there are 

many disadvantages which need to be explored further, for instance, impurities formation, 

economically inefficient, clogging and energy inefficient. These critical factors diminish the 

positive aspects of the process. Although recently some of the studies [147,148] reported 

positive results in order to reduce this barrier, however, an extensive study on a range of 

feedstock is required to optimise the efficient working parameters. 

  

Figure 2-23 Supercritical water gasification of glucose at 400 °C. (Reprinted from reference 

[157] with permission from Elsevier) 
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2.5 Conclusive remarks 

Biomass is a versatile feedstock and contains several merits based on the technology to utilise, 

however, combining the biomass with coal or another kind of wastes; for instance, plastic can 

be beneficial. The types of emissions and impurities produced during thermal use contributed 

significantly to the product’s effectiveness. The optimised parameters for each of the 

technology give some sort of way out to reduce the drawbacks associated with energy 

efficiency and unwanted by-products. Chemical looping combustion contains significant 

advantages in reducing greenhouse gasses and improving cost efficiency. 

Moreover, co-combustion with coal or sewage sludge increases the carbon conversion and 

capture efficiency. Slagging and fouling during biomass combustion needs to be re-evaluated 

according to the type of biomass in a real-time scenario rather than depending on coal-based 

indices. Pre-treatment of biomass needs to be considered for Ca, Si and K prior to their use in 

heating technologies. Biomass ash use as a fertiliser is recommended in the form of large tablets 

to reduce the potassium release rate.  

Pyrolysis products from biomass are widely regarded as beneficial in many applications from 

wastewater treatment to composites and from simple ethanol production to complex upgraded 

biofuel production. Pyrolysis products typically need to be treated further for appropriate use 

either in the form of the upgrading of bio-oil or the activation of the char. The upgradation 

mechanism needs to be thoroughly studied on bio-oil rather than model compounds which 

makes it difficult to estimate the potential of the relevant technology. Syngas use has been 

found in several applications due to its instant use in engines, boilers and electricity generators. 

Hybrid systems are being researched extensively where the use of syngas with other renewable 

fuels found positive results, both for on and off-grid supply of energy. 

Although extensive research has been done in many areas of biomass utilisation, however, 

further research is required in a number of areas, for instance, refining and improving the 

quality of biochemicals and reducing the water production during fast pyrolysis. Multiple 

routes and integration of different systems together required to prepare one efficient set of 

systems to use according to the type of the biomass. The development of new technologies is 

also inevitable due to the limitations in the current systems. Thus, further research will bring 

closer to the sustainable and environmentally friendly approach of energy and biofuels 

generation.  
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Aim of the thesis 

Several studies reported the individual behaviour of date palm biomass and microalgae from a 

range of perspectives. The major focus is the production of improved bio-oil quality through 

fast pyrolysis with reduced oxygenated and nitrogenous compounds. However, detailed 

chemical and energy point of view was missing for biochar (bio-carbon) production through 

slow pyrolysis by each of the feedstock. Thus, the primary objective of this thesis is to process 

the waste from date palm cultivation and wastewater derived microalgae individually and in 

the combined form through pyrolysis process. Further, analysis of the products through 

different techniques is provided to establish the use of these feedstocks in bio-refineries.  

Hypothesis 

Following scientific hypothesis are the basis of the conducted research: 

▪ Date palm biomass and microalgae can contribute signifcantly in char yielding bio-

refineries.  

▪ Combined processing of the lignocellulosic biomass and microalgae contains the 

potential to produce char for multiple applications. 

▪ The introduction of multi-stage processing might help to improve char properties and  

combined behaviour in bio-refineries. 

Following major questions are parts of the hypothesis: 

How the behaviour of the char from microalgae differs from lignocellulosic biomass in slow 

pyrolysis technology? How can we improve the properties of char produced through 

biorefineries for multiple applications?  

Research objectives 

Following objectives are the part of the research to comprehensively explain the behaviour of 

both feedstocks upon pyrolysis: 

▪ To characterize the date palm biomass for heavy metals concentration and comparison 

with the EU standards. 

▪ To determine the effect of treatment temperature and multi-stage processing of 

feedstocks via pyrolysis on the product’s composition and aromaticity. 

▪ Determination of the potential of char from both feedstocks in combustion and energy-

based applications through kinetic modelling. 

▪ Economic evaluation of the product on the basis of treatment conditions and its resultant 

energy potential. 
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Experimental procedure 

The characteristics of the materials and methods utilised in this thesis are explained 

individually in each chapter and explained in detail with the corresponding references. 

Thesis outline 

Thesis is divided into two major parts including literature review and research work. Literature 

review is explained in the second chapter while third, fourth and fifth chapter included the 

research work. Third chapter defined the basic characteristics of the date palm biomass and 

heavy metals presence in different parts of the branches. Fourth chapter included the individual 

pyrolysis of the date palm biomass and wastewater derived microalgae and evaluation of their 

products. Fifth chapter contained the multi-stage combined pyrolysis process of the date palm 

and wastewater derived microalgae. Their products evaluation and product performance was 

reported. Sixth chapter included the summary of the project and further recommendation for 

future research. 
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Chapter 3 

Characterisation of waste from date palm branches2  

This chapter is devoted to the detailed analysis of the date palm branches from chemical to 

thermal perspective. Date palm biomass generates a huge amount of waste throughout the 

world which can be utilised to produce energy through thermochemical or biochemical 

conversion technologies. The objective of this study is to present a detailed characterisation of 

parts of date palm branches (twig) and analyse the trace elements including heavy metals for 

environmental safety and potential slagging and fouling in a reactor. The biomass was divided 

into four parts L (leaf ribs), SB (small part of a branch attached to the ribs), MB (middle part 

of the branch) and LB (large part of a branch attached to the trunk). Different characterisation 

techniques applied were XRD, TGA, FT-IR, ICP-MS, XRF, HHV and CHNSO analysis. High 

crystallinity was observed in LB with all the heavy metals present in permissible limits. 

However, it showed a considerably high moisture holding capability. Conversely, SB was 

found to be of low moisture holding capability, moderate higher heating values, and contains 

one heavy metal (As) higher than the permissible limit defined by European Union standards. 

It can be concluded that LB can be used directly for energy generation after sun drying. The 

other parts are required to be treated for heavy metals reduction before being used for energy 

production, keeping in mind the environmental safety. 

 

 

  

                                                 
2 This chapter is extracted from the published study “A. Akhtar, T. Ivanova, I. Jiříček, V. Krepl, Detailed 

characterization of waste from date palm (Phoenix dactylifera) branches for energy production: Comparative 

evaluation of heavy metals concentration, J. Renew. Sustain. Energy. 11 (2019) 13102. doi:10.1063/1.5027578.” 

with permission from American Institute of Physics. 

First author is the major contributor of the article and is responsible for data gathering, analysis, writing  and 

publishing in article format. 
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3.1 Introduction 

Biomass is being considered as a large source of energy and finds its way to produce energy, 

fuels, and chemicals which otherwise are produced through fossil fuels. Biomass is a 

composition of carbon, hydrogen, and oxygen at varying percentage according to the source of 

the material and its characteristics [1]. Biomass can convert and accumulate the light energy 

into chemical energy and upon deterioration release this energy which can be used in different 

applications [2]. Biomass with little to no processing can be utilised in various technologies, 

e.g., to produce biogas in digesters, to produce energy in boilers and to produce chemicals and 

fuels in various reactors in the presence or absence of oxygen. Irrespective of the type of 

biomass, it is still considered a net zero carbon energy source [3].  

Date palm (Phoenix dactylifra L.) tree is resilient. Hence it can survive in tough conditions like 

the Arabian Peninsula. This tree was once found in most Arabian countries, but due to its fruit, 

it is being harvested in many countries in Asia and America. Saudi Arabia is home to more 

than 24 million date palm trees across the country which makes it one of the highest producers 

in the Arab region [4]. According to the Food and Agriculture Organization (FAO)  statistics, 

it is also the third largest producer in the world after Egypt and Iran [5]. Date palm is associated 

with the generation of the enormous amount of waste which is of no value except combustion. 

Each tree can produce approximately 40 kg of waste annually [6] which leads to 960 thousand 

tonnes of waste in one country. Although date palm waste was being used and studied as a 

building material [7,8] but continually changing living conditions are making it impossible to 

utilise whole waste.  

This waste can be utilised to produce alternative energy or can further be processed to produce 

valuable chemicals to meet the need of the hour. Briones et al. [9] reported the production of 

polyol from date seeds through oxypropylation and liquefaction process and obtained high 

yields in suitable reaction time. It was approved to use the product as a precursor in 

polyurethane synthesis directly without any treatment. Lattieff [10] employed the date palm 

fruit waste to produce biogas and found the optimum solid mix ratio of 0.15 where the observed 

biogas production was highest at both mesophilic and thermophilic conditions 182 L/kgVS and 

133 L/kgVS respectively. Abd-Alla and Elsadek El-Enany [11] suggested the use of rotten date 

fruits to produce acetone, butanol, and ethanol. The use of yeast extract or ammonium nitrate 

helped increase the production of biochemicals without the use of a costly reducing agent. 

Moreover, Fang et al. [12] concluded that hydrothermal pre-treatment of date palm biomass 



64 | P a g e  

 

yields high ethanol production up to 96% for leaflets and 80% for rachis under optimum 

conditions 210 °C and 10 min. 

Date palm waste was proposed to use in cogeneration power plant to produce energy and 

distilled water. It was concluded that up to 535 kWh electricity could be generated per ton of 

biomass waste with 2.27 million tonnes of distilled water. Nasser et al. [13]  carried out a 

characterisation of different parts of a date palm tree and concluded that date palm stones and 

coir are most suitable for renewable energy production. The suitability of date palm biomass 

for different energy recovery applications has been proven through several studies. However, 

it is clear from the literature that trace elements including heavy metals presence in date palm 

branches need to be thoroughly investigated considering their potential effect on environmental 

safety and living beings. Therefore, the main objective of this chapter is to comprehensively 

investigate the different parts of date palm branches (twigs) through an array of characterisation 

techniques and recommend the fair use of this biomass in energy generation applications 

without compromising on environmental safety. To achieve the desired objective, date palm 

branches were imported in the fresh state from Saudi Arabia to the Czech Republic, and the 

biomass then characterised through chemical and thermal analysis. 

3.2 Materials and Methods 

3.2.1 Biomass collection and processing 

Biomass (date palm branches) was imported from Saudi Arabia to the Prague Czech Republic 

in the fresh state. Some of the biomass left to dry at room conditions in the laboratory rather 

than accelerated sun drying to see the moisture reduction pattern. While the rest of the biomass 

was processed (cut and ground) in the fresh state (wet condition) to determine its moisture 

content immediately upon arrival. Branches (twigs) were divided into four main parts i) L (leaf 

ribs), ii) SB (small part of the branch attached to the ribs) iii) LB (large part of the branch 

attached to the truck) iv) MB (middle part of the branch between LB and SB). All the samples 

were prepared according to BS 14780 [14]. 

The remaining part was left for air drying. The dried biomass was then cut and ground into 

powder form to achieve a less than 1 mm size. This processed biomass was stored in airtight 

bags afterwards. All the experiments were performed three times, and the average values were 

reported in the figures and tables. 
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3.2.2 Moisture content  

Moisture content was measured by weight loss in the oven for all samples according to ISO 

18134-2 [15] standard for biofuels. Moisture content was measured at first for wet biomass and 

then after air-drying the biomass for two months to determine the moisture holding capability 

at room conditions. Meanwhile, it was not exposed to solar radiations. 

3.2.3 Proximate analysis 

Proximate analysis was performed for the above mentioned four samples using the following 

standards ISO18122  [16] and ISO 18123 [17] to determine the ash content and volatile matter 

respectively. Fixed carbon was calculated by the difference:  

𝐹𝐶 (%) = 100 − (𝑀(%) + 𝑉𝑀(%) + 𝐴𝑠ℎ(%)) ……………. (3-1) 

Where FC (%), M (%), VM (%) and Ash (%) are percentages of fixed carbon, moisture, volatile 

matter and ash content respectively. 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 (%) = 100 − 𝑀 (%) ………………… (3-2) 

3.2.4 Ultimate analysis  

The Ultimate analysis was conducted according to standards BS EN 16948 [18] to determine 

the Carbon, Hydrogen, Nitrogen content and BS EN 16994 [19] to determine the Sulphur 

content.  

𝑂(%) = 100 − (𝐶(%) + 𝐻(%) + 𝑁(%) + 𝑆(%) + 𝐴𝑠ℎ(%)) ………. (3-3) 

Where O (%), C (%), H (%), N (%), S (%), Ash (%) are mass percentages of oxygen, carbon, 

hydrogen, nitrogen, Sulfur and ash content respectively in equation (3-3).  

3.2.5 Heating values 

Higher heating values (HHV) and lower heating values (LHV) of biomass were determined 

according to BS 14918 [20]. The instrument/calorimeter used to measure these values is IKA 

–C6000 oxygen bomb calorimeter. All standards used in this research are specific to solid 

biofuels (biomass). 

3.2.6 Error analysis  
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An error analysis was conducted to determine the variation in the experimental values of HHV 

and LHV. Six correlations were selected, from the literature which used a wide variety of 

biomass to develop these correlations except date palm residues, to calculate HHV. These 

correlations are given in Table 3-1 and are based on the ultimate analysis [21,22], proximate 

analysis [23,24] and the stoichiometric ratio [25].  

Stoichiometric ratio simply can be explained as the air/fuel ratio needed to burn a biomass 

sample completely. In this study, it was measured on the basis of ultimate analysis (Table 3-

3). 

Following equations (3-4) and (3-5) were used to find the error between experimental and 

theoretical values and to assess the correlations in Table 3-1 used in estimating HHV: 

Average Experimental Error (AEE) =
1

𝑛
∑ |

𝐻𝐻𝑉𝐶 – 𝐻𝐻𝑉𝑀

𝐻𝐻𝑉𝑀
|𝑛

𝑖=1  × 100 %  ………… (3-4) 

Average Bias Error (ABE) = 
1

𝑛
∑

𝐻𝐻𝑉𝐶 – 𝐻𝐻𝑉𝑀

𝐻𝐻𝑉𝑀

𝑛
𝑖=1  × 100 %    ……………. (3-5) 

Subscripts C and M in Eq. (3-4) and (3-5) denoted as calculated and measured respectively. 

3.2.7 Exergy 

Exergy is a salient feature from the point of view of work performance of any system as it 

shows the system’s ability to do work. “Exergy in simple terms shows the highest amount of 

work obtainable through a reversible process from the thermodynamic system during reaching 

equilibrium stage as compared to surroundings” [26]. Song et al. [27] suggested equation (3-

12) based on Szargut's R.E. model to estimate specific chemical exergy of solid and liquid fuels 

which utilises basic elemental composition of fuels making this correlation most 

straightforward among others. Correlations used to determine the exergy of date palm biomass 

is presented in Table 3-2. 

3.2.8 X-ray fluorescence (XRF) spectrometry  

X-ray fluorescence (XRF) was employed to measure the inorganic composition of biomass 

samples which plays a key role during combustion and pyrolysis and significantly affect the 

desired products. Semi-quantitative (estimated) data were obtained with the help of Niton-XL3t 

Goldd (Geometrically Optimized Large Area Drift Detector) analyser to find out fractions of 

inorganic constituents present in biomass samples and concluded their effect in energy use 

applications. 
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Table 3-1 Correlations used for calculating the theoretical higher heating value (HHV) 

Eq. 

No. 

Correlation Composition 

used 

Reference 

(3-6) 
𝐻𝐻𝑉 (

𝑀𝐽

𝑘𝑔
) = 0.3491 × 𝐶 + 1.1783 × 𝐻 + 0.1005 × 𝑆 − 0.1034 × 𝑂 − 0.015 × 𝑁 − 0.0211 × 𝐴𝑠ℎ 

 

Ultimate 

Analysis 

[21] 

(3-7) 
𝐻𝐻𝑉 (

𝑀𝐽

𝑘𝑔
) =  −1.3675 + 0.3137 × 𝐶 + 0.7009 × 𝐻 + 0.0318 × 𝑂+ 

Ultimate 

Analysis 

[22] 

(3-8) 
𝐻𝐻𝑉 (

𝑀𝐽

𝑘𝑔
) = 0.3536 × 𝐹𝐶 + 0.1559 × 𝑉𝑀 − 0.0078 × 𝐴𝑠ℎ 

Proximate 

Analysis 

[23] 

(3-9) 
𝐻𝐻𝑉 (

𝑀𝐽

𝑘𝑔
) =

𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑟𝑎𝑡𝑖𝑜

0.31
 

Stoichiometric 

ratio 

[25] 

(3-10) 
𝐻𝐻𝑉 (

𝑀𝐽

𝑘𝑔
) = 19.2880 − 0.2135 × (

𝑉𝑀

𝐹𝐶
) + 0.0234 × (

𝐹𝐶

𝐴𝑠ℎ
) − 1.9584 × (

𝐴𝑠ℎ

𝑉𝑀
) 

Proximate 

Analysis 

[24] 

(3-11) 
𝐻𝐻𝑉 (

𝑀𝐽

𝑘𝑔
) = 20.7999 − 0.3214 × (

𝑉𝑀

𝐹𝐶
) + 0.0051 × (

𝑉𝑀

𝐹𝐶
)

2

− 11.2277 × (
𝐴𝑠ℎ

𝑉𝑀
)

+ 4.4953 × (
𝐴𝑠ℎ

𝑉𝑀
)

2

− 0.7223 × (
𝐴𝑠ℎ

𝑉𝑀
)

3

+ 0.0383 × (
𝐴𝑠ℎ

𝑉𝑀
)

4

+ 0.0076 × (
𝐹𝐶

𝐴𝑠ℎ
) 

Proximate 

Analysis 

[24] 



Table 3-2 Correlations used to determine the exergy of date palm biomass 

Eq. 

No. 

Correlation Units Reference 

(3-12) 𝐸𝑥𝑠 =  363.439 × 𝐶 + 1075.633 × 𝐻 − 86.308 × 𝑂

+ 4.147 × 𝑁 + 190.798 × 𝑆 − 21.1 × 𝐴𝑠ℎ 
(

𝑘𝐽

𝑘𝑔
) 

[27] 

(3-13) 𝐸𝑥𝐻𝐻𝑉 = 342.50 + 1.04 × 𝐻𝐻𝑉 
(

𝑘𝐽

𝑘𝑔
) 

[48] 

(3-14) 𝐸𝑥𝐿𝐻𝑉 = 2289.87 + 1.01 × 𝐿𝐻𝑉 
(

𝑘𝐽

𝑘𝑔
) 

[48] 

3.2.9 Inductively coupled plasma mass spectrometry (ICP-MS) analysis 

XRF analysis gave the semi-quantitative data regarding the existence of different trace 

elements in biomass samples. Therefore, it was necessary to accurately determine the 

percentage of trace elements in biomass samples and compare the values through both 

techniques.  ELAN DRC-e equipment used for this purpose and Perkin-Elmer microwave was 

used to prepare the samples for analysis. After preliminary digestion of fine powder samples 

with sulfuric acid and hydrogen peroxide (30%, v/v), digested in a microwave. The transparent 

digested product then diluted with demineralized water and measurement of the trace elements 

were carried out using inductively coupled plasma-mass spectrometry (ICP-MS). The data 

were presented in percentage according to measured elements. 

3.2.10 X-ray diffraction (XRD) analysis 

Biomass samples were characterised using X-ray diffraction technique for all parts of the 

branch with emphasis on its crystallinity determination with Bruker D8 instrument. The 

operating voltage and current were set at 30 kV and 10 mA respectively. Spectra collected on 

a wide range for 2θ starting from 7° to 80° with a step size of 0.012 at 0.1 S per step. To prepare 

the homogeneous samples for all parts of the branch, biomass was first dried and cut into small 

pieces which were later crushed to pass through 1 mm sieve. The biomass was left at ambient 

condition for 24 hours before the experiment to remove any uncertainty due to cutting and 

crushing procedure. 
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3.2.11 Thermogravimetric (TGA) analysis 

Thermogravimetric analysis was conducted for the considered biomass samples in the presence 

of Argon as a purge gas at a flow rate of 1.66 cm3/sec. TG-750 was used for thermal analysis 

of the biomass samples. To compare the potential results, the single platinum crucible was 

used, and the weight of the samples was maintained between 7.2-8.3 mg. Balance and 

temperature of the equipment maintained for 10 minutes before the start of the experiment. The 

chamber then started heating the samples separately at heating rates of 10 °C/min, 20 °C/min 

and 50 °C/min for all the samples. Multiple heating rates were employed to understand the 

decomposition pattern under different pyrolysis conditions.  

3.2.12 Attenuated total reflection fourier transform infrared (ATR-FTIR) spectroscopy 

Studied biomass was investigated for the functional group composition present in the date palm 

biomass through Fourier Transform Infra-Red (FTIR) spectroscopy. The biomass was 

converted to powdered samples and placed on the diamond (ATR-FTIR) and transmittance 

spectra were collected. The spectra were collected at a scan rate of 64 with a spectral resolution 

of 4 cm-1 covering a range of 700-4000 cm-1 wavenumbers. 

3.3 Results and Discussion 

3.3.1 Moisture content 

Moisture content is significant in the case of biomass and its use in energy applications. Some 

types of biomass are little difficult to dry early than others due to their high moisture holding 

the capability and requires energy to dry for immediate use. Figure 3-1 displays moisture 

content alteration pattern for different parts of the branch until it reaches a stable position.  Wet 

biomass had more than 50% moisture content calculated on a dry basis in nearly all samples. 

However, it started to reduce rapidly at room conditions. At the end of the first month of drying, 

three out of four samples had a moisture content less than 10% whereas LB had approximately 

37% exhibiting high moisture holding capability and which could take extra time in a 

combustion chamber to dry and burn [28]. The second month revealed the sudden change in 

moisture in LB reducing it to 8.3%. However, other parts demonstrate less than a 2% change 

in their moisture while sustaining their values consistently. All parts of the branch are found to 

be feasible to use after the first month of air drying at room conditions except LB which 
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requires significantly more time of air drying to use economically for combustion or other 

energy application. 

 

3.3.2 Proximate analysis 

Proximate analysis is most frequently used the technique to determine biofuel composition and 

to evaluate its general properties [24]. Figure 3-2 presents the values of total solids, moisture 

content, volatile matter, fixed carbon and ash content measured on a dry basis determined 

during the proximate analysis of date palm branches. Volatile matter content in fuel usually 

gives the information about the reactivity of fuel is describing how easily a fuel can be burned, 

however, in many cases of biomass, high volatile matter content can also produce many 

inorganic compounds during combustion [29]. 

The highest volatile matter was found in MB and lowest in L. Conversely, maximum ash 

content was found in L which is approximately 2.5 times MB, making L more energy intensive 

due to more mechanical work required for ash removal and more space required in boilers or 

combustion chambers. Fixed carbon content showed a small difference in their values with the 

highest value in L and lowest in LB with the total difference of 2% in their values. 

Figure 3-1 Moisture content changing pattern with time (months) in L, SB, MB and LB. L 

(Leaf ribs), SB (small part of a branch attached to the ribs), MB (middle part of the branch) 

and LB (large part of a branch attached to the trunk) 
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3.3.3 Ultimate analysis 

The results of the elemental composition measured on a dry basis are presented in Table 3-3. 

Chemical evaluation is necessary for energy generation and conversion into different other 

compounds. Ash content is equivalent to the proximate analysis. Oxygen (O) content is 

measured through the subtraction method which also contains other inorganic elements with 

oxygen. Carbon content showed the highest percentage in L and lowest in LB with the 

difference of more than 2% which translates to heating values. 

Table 3-3 Elemental composition of biomass samples (C = Carbon, H = Hydrogen, N = 

Nitrogen, S = Sulphur, O* = Oxygen (*calculated by difference) and SR = stoichiometric ratio) 

Samples C (%) H (%) N (%) S (%) O* (%) Ash (%) SR 

(kg/kg) 

L 45.22 6.323 0.825 0.1975 37.585 9.85 5.8 

SB 44.2 6.301 0.443 0.107 44.1 4.85 5.4 

MB 43.72 6.368 0.251 0.086 45.836 3.74 5.3 

LB 43.075 6.263 0.22 0.126 45.787 4.53 5.1 

 

  

Figure 3-2 Proximate analysis of date palm branches on the dry basis 
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3.3.4 X-ray fluorescence spectrometry 

X-ray fluorescence (XRF) spectrometry is an important and convenient method to determine 

inorganic fractions. This method is not only simple but also many researchers find it useful in 

obtaining excellent results [30–32]. Commercially pre-calibrated XRF Niton XL3t with Goldd 

technology showed relative percentages of inorganic elements including major elements 

potassium, calcium, chlorine, and silicone (K, Ca, Cl, and Si) and trace elements iron, zinc, 

chromium, zirconium, cadmium (Fe, Zn, Cr, Zr, and Cd). Even though the data obtained is 

semi-quantitative, but it depicts some excellent comparison of these elements in biomass 

samples in Figure 3-3. Leaf ribs showed the highest percentage of Si reaching more than 13% 

whereas other parts showed a significantly lower concentration of approximately 1%. 

However, as low as 1% Si can be a significant problem during combustion of biomass due to 

the production of slagging in the form of silicates [30]. Non-woody biomass usually showed 

more tendency to produce slagging due to the high concentration of Si as compared to woody 

biomass [33]. SiO2 concentration may be lowered by using alkaline washing of biomass. This 

can also help reducing potassium concentration as well [34].  

On the other hand, Chlorine concentration is quite low in L as compared to the rest of the 

samples which causes gaseous emissions of HCl. Chlorine potentially increases the alkali 

concentration in the vapour phase after combustion [35]. The maximum concentration of Cl 

found to be in LB exceeding 4%. During combustion, chlorine can cause corrosion and deposit 

formation in the chamber. Acid washing can help remove a significant amount of alkali 

material to cope with this problem [34]. 

Furthermore, Potassium makes salt with different other elements in the form of carbonates and 

sulphates which found as a significant inorganic element in all parts of the branch with the 

highest concentration in L exceeding 3%. Aluminum sulphate or sulphur addition can decrease 

KCl in a gas phase with higher efficiency belongs to aluminum sulphate as compared to sulphur 

which facilitates the reduction of agglomeration problem [36]. Calcium percentage is highest 

in SB 3.4% while the lowest in MB 2.7%. Calcium concentration throughout branch showing 

approximately 3 % depicting little variation in all parts. Calcium existence in approximately 

every type of biomass makes this essential element of ash in combustion chambers. Calcium 

usually reacts with silicon and sulphur to make different silicates and sulphates. Pisupati and 

Bhalla [37] found an interesting relation in pyrolysis process where calcium can help in 

decreasing of Sox emissions in the form of bio lime.  
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Moreover, lower calcium content yields more volatile compounds which ultimately reduces 

NOx emissions by approximately 15%. Other inorganic elements (Fe, Zn, P, Cr, Zr, and Cd) 

found in low concentration. The concentration of all other elements found to be less than 0.1%. 

Zr and Cd showed approximately 0.002% in biomass samples whereas chromium is about 

0.01%. James et al. [38] suggested the approach to dividing the fractions of ash to reduce the 

content of undesirable elements in bottom ash. Similarly, the date palm branches can be divided 

into parts and process individually before utilisation and can reduce the amount of undesirable 

elements during combustion or pyrolysis. 

3.3.5 ICP-MS analysis 

The results obtained from ICP-MS for trace elements is shown in Figure 3-4 in percentage, to 

compare the values with XRF. It is clear from the Figure 3-4 that L contains highest amount 

of trace elements than all other parts except Ca, Cr and K. The major elements found in leaf 

ribs is Si (3.6%), K (1.16%) and Ca (1.007%) while others are less than one percent Fe 

(0.071%), Zn (0.02%), Zr (0.002%), arsenic (As) (0.000372%), Cr (0.000568%) and lead (Pb) 

(0.000562%). K (1.17%) and Cr (0.0006%) was found highest in LB and Ca (1.07%) was 

highest in MB. On the other hand, SB contains a minimum percentage of Ca, Cr, Fe, Pb, Zn, 

and Zr while LB exhibited the lowest concentration of As and Si with zero concentration of Zn 

and Zr in LB. 

Heavy metals emission into the atmosphere exceeding certain limits leads to serious health and 

environmental concerns. Table 3-4 presents the limits for four of the trace elements generally 

found in biomass, and these limits are defined by (ISO-17225-1, 2014; 2, 2014; 3, 2014; 4, 

2014; 5, 2014; 6, 2014 and 7, 2014) [38-44] standards. Chromium (Cr) and Lead (Pb) both are 

within the permissible limits for all the samples. Zinc (Zn) in sample L is double than the 

described limit in Table 3-4. However, SB, MB, and LB contain negligible concentration. 

Arsenic (As) showed a higher percentage than the allowed limit in L, SB, and MB while slightly 

less than the acceptable limit in LB. Thus, biomass pre-treatment is essential according to its 

source before utilising in potential applications particularly in the boilers and combustion 

chambers where sufficient gas cleaning and control is not available. 

In short, L showed a higher percentage of As and Zn whereas Cr and Pb were within 

permissible limits presented in EN ISO 17225:2014.  SB and MB both showed a higher 

percentage of As in their samples, however, Cr, Pb, and Zn were found to be inadmissible 

limits. Moreover, LB was found to be within acceptable limits for all of the four elements 
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making it more favourable to use in energy production application without any significant pre-

treatment. Biomass pretreatment is required for arsenic reduction in L, SB, and MB and zinc 

in L. 

Zinc and lead are volatile heavy metals which upon combustion vaporize and convert to fine 

particles which are usually found in fly ash while others move towards bottom ash and char 

[46]. Biomass uptake different heavy metals from the soil during its lifetime while some of the 

biomass is being used particularly for this purpose, for instance, in the phytoremediation 

process. Liu et al. [47] showed that fast pyrolysis technology could cope with heavy metals 

contamination of biomass which also resulted in improved heating values. The generated 

metal-rich char was suggested to use as a fuel for fast pyrolysis process without volatilisation 

of Cu metal. ICP-MS values showed a substantial difference with XRF values. It is quite 

evident by comparison of ICP-MS data that elements detection in biomass via XRF technology 

have considerable limitation and can only be used as an indication. 

 

Table 3-4 Permissible limits for trace elements in biomass defined in Standard ISO 17225  

Heavy 

metals 

Unit Wood pellets Wood 

briquettes 

and chips 

Fruit biomass 

 
 Commercial and 

residential 

Industrial 

use 

 
Pellets and 

Briquettes 

As  (mg/kg) ≤1 ≤2 ≤1 ≤1 

Cr  (mg/kg) ≤10 ≤15 ≤10 ≤50 

Pb  (mg/kg) ≤10 ≤20 ≤10 ≤10 

Zn  (mg/kg) ≤100 ≤200 ≤100 ≤100 
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Figure 3-3 Inorganic elements in biomass 

by XRF analysis in percentage 

Figure 3-4 ICP-MS analysis of biomass for 

inorganic elements in percentage 
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3.3.6 Heating values and Exergy 

The heating values of biomass are fundamental in selecting the biomass for energy generation 

and evaluating its potential for economic viability. Figure 3-5 shows a trend of HHV, LHV, 

and Exergy of biomass in four samples. Specific chemical exergy in Figure 3-5 is calculated 

using Eq. (3-12). Exergy of organic constituents is nearly equal to specific exergy of fuels due 

to the negligible value of exergy by inorganic constituents [27]. Highest HHV values were 

observed in L (18.47 MJ/kg), containing approximately 1.5 MJ/kg and 1.3 MJ/kg higher than 

LB and MB respectively. Estimation of exergy of biomass samples corresponds to HHV and 

LHV where highest value existed in L (20.9 MJ/kg) and lowest in LB (19.3 MJ/kg). SB value 

showed a second maximum energy level with less than 1 (MJ/kg) difference than L.  

Zhang et al. [48] exergy correlations were also used to determine exergy values by HHV and 

LHV to observe the trend of specific chemical exergy and exergy calculated through HHV and 

LHV. Exergy values showed parallel behaviour with all three correlations in Figure 3-6. 

Although there is no significant difference among the values of ExHHV, ExLHV and Exs, however, 

specific chemical Exergy (Exs) showed a close pattern to ExLHV than ExHHV. The average 

difference between ExLHV and Exs lies below 0.5 MJ/kg.  

𝐸𝑥𝐻𝐻𝑉 = 1.1721𝐸𝑥𝑠 − 3971…………….. (3-15) 

𝐸𝑥𝐿𝐻𝑉 = 1.1318𝐸𝑥𝑠 − 3008……………... (3-16) 

  

Figure 3-5 Heating values and exergy values of biomass samples 
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3.3.7 Error analysis 

Average experimental error (AEE), average bias error (ABE) and R2 values of different 

correlations for estimating HHV values against measured values of date palm biomass are 

shown in Table 3-5. It is important to note that among the selected correlations, least AEE, 

ABE errors are found in Eq. (3-9) considering the stoichiometric ratio is the main parameter 

for estimation of HHV values with errors less than ±2% and R2 value of more than 0.98 is 

showing a straight line correlation between measured and estimated values. While the highest 

AEE and ABE showed by Eq. (3-8) 10.57% and -10.57% respectively with the lowest R2 value. 

Non-Linear correlation proposed by Nhuchhen and Abdul Salam, [24] also showed greater than 

5% AEE value with less than 5% ABE with R2 value 0.51. Overall Eq. (3-6), (3-7), (3-9) and 

(3-10) showed within ±5 % limit for both AEE and ABE whereas Eq. (3-8) and (11) showed 

higher than ±5 % error which is found to be the least suitable correlations for estimating the 

HHV of date palm biomass. Thus, the most suitable equation to calculate the higher heating 

value for date palm biomass is equation (3-9) using the stoichiometric ratio as the main tool. 
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Figure 3-6 Trend of Exs, ExHHV, ExLHV values of date palm branches. (Exs — Specific 

chemical exergy, ExHHV and ExLHV Exergy on the basis of HHV and LHV) 
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Table 3-5 Correlations against their errors and R2 values (AEE = average experimental error, 

ABE = Average bias error) 

 

  

Eq. 

No. 

Sources Correlations AEE 

(%) 

ABE 

(%) 

R2 

3-6 [21] 𝐻𝐻𝑉 = 0.3491 × 𝐶 + 1.1783 × 𝐻

+ 0.1005 × 𝑆 − 0.1034 × 𝑂

− 0.015 × 𝑁 − 0.0211 × 𝐴𝑠ℎ 

4.14 4.14 0.993 

3-7 [22] 𝐻𝐻𝑉 = −1.3675 + 0.3137 × 𝐶 + 0.7009 × 𝐻

+ 0.0318 × 𝑂+ 

4.50 4.50 0.821 

3-8 [23] 𝐻𝐻𝑉 = 0.3536 × 𝐹𝐶 + 0.1559 × 𝑉𝑀

− 0.0078 × 𝐴𝑠ℎ 

10.5 -10.57 0.328 

3-9 [25] 
𝐻𝐻𝑉 =

𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑅𝑎𝑡𝑖𝑜

0.31
 

1.18 -0.8 0.986 

3-10 [24] 
𝐻𝐻𝑉 = 19.2880 − 0.2135 × (

𝑉𝑀

𝐹𝐶
)

+ 0.0234 × (
𝐹𝐶

𝐴𝑠ℎ
)

− 1.9584 × (
𝐴𝑠ℎ

𝑉𝑀
) 

3.22 1.38 0.537 

3-11 [24] 
𝐻𝐻𝑉 = 20.7999 − 0.3214 × (

𝑉𝑀

𝐹𝐶
)

+ 0.0051 × (
𝑉𝑀

𝐹𝐶
)

2

− 11.2277 × (
𝐴𝑠ℎ

𝑉𝑀
)

+ 4.4953 × (
𝐴𝑠ℎ

𝑉𝑀
)

2

− 0.7223 × (
𝐴𝑠ℎ

𝑉𝑀
)

3

+ 0.0383 × (
𝐴𝑠ℎ

𝑉𝑀
)

4

+ 0.0076 × (
𝐹𝐶

𝐴𝑠ℎ
) 

5.45 3.00 0.51 
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3.3.8 FTIR analysis 

The FTIR spectra of the biomass samples can be referred to in Appendices A.1. All four parts 

showed peaks at similar positions on X-axis wavenumbers (cm-1). Different transmittance was 

observed explaining the presence of functional groups at different intensities. For instance, 

broad peaks were observed at 3325 (cm-1) for all the samples, showing the —OH stretching 

vibrations. However, MB showed high-intensity peak than other samples. There are wide range 

of peaks observed from 700-4000 cm-1 including at 3325 cm-1, 2916 cm-1, 2848 cm-1, 1716 cm-

1, 1622 cm-1, 1506 cm-1, 1456 cm-1, 1238 cm-1 and 1031 cm-1. The prominent peaks at 2916 

and 2848 cm-1 signal the presence of alkanes (C—H) and carboxylic acid which also coincides 

with the peak at 1716 cm-1 showing the carbonyl C=O stretching of esters and ketones. This 

stretching is due to the hemicellulose presence in biomass. The peaks at 1622 and 1506 cm-1 

indicating the presence of aromatic rings due to benzene C—C ring stretch which is assigned 

due to lignin existence in the samples. The C—H aliphatic stretching was observed at 1456 cm-

1. The high-intensity peaks were observed in the fingerprint region at 1031 cm-1 which are due 

to C—O—C stretch. Moreover, LB and MB showed a sharp peak in this zone than other parts 

of the branch. 

3.3.9 XRD analysis 

The XRD spectra for the crystallinity of biomass is shown in A.2 (Appendices), in which SB 

has shown the higher peaks at 22° followed by MB, LB and L. However, LB exhibited 

maximum crystallinity (38%) followed by L (36%), SB (35%) and MB (34%) presented in A.3 

(Appendices). High crystallinity values may be allocated to difficult decomposition than 

relative biomass upon thermochemical treatment. It can be seen from XRD spectra that 

secondary peaks at 16° have different diffraction peaks with LB showing the broader peak 

while L has a least broad peak. The broad diffraction peak may be attributed to disorder 

increase between the crystallographic planes [49]. The position of secondary peaks was found 

to be at 15.84°, 15.88°, 15.76° and 15.64° for LB, MB, SB, and L respectively. Generally the 

crystallinity of biomass directly related to cellulose content and complex bonding among 

cellulose, hemicellulose, and lignin, therefore, a more detailed chemical interpretation is 

generally required to authenticate the XRD results [50]. Although XRD contains some level of 

uncertainty for biomass interpretation, however, this can give a reasonable comparison among 

different biomass types. 
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3.3.10 TGA analysis 

Biomass composed of carbohydrate polymers (cellulose and hemicellulose), aromatic 

polymers (lignin) and some inorganic elements which show different degradation patterns and 

results in different reactions upon pyrolysis. Polymer compositions in biomass exist in wide 

percentages according to its source usually in the range of cellulose (40-50%), hemicellulose 

(25-35%) and lignin (10-40%) [51]. This also results in different decomposition patterns. 

Cellulose, hemicellulose, and lignin decomposition occur around 240-350 °C, 180-260 °C and 

280-500 °C respectively which yields anhydrocellulose and levoglucosan from cellulose, acetic 

acid and galactoglucomannan from hemicellulose and phenols from lignin pyrolysis [52]. 

The thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) 

curves for date palm biomass pyrolysis according to its divided parts (L, SB, MB, LB) at 

different heating rates 10 °C/min, 20 °C/min and 50 °C/min are presented in Figures 3-7 and 

3-8. DTG showed the rate of decomposition of biomass and TGA showed the percentage of 

weight loss between temperature range (30-800 °C). A comprehensive comparison can be seen 

for the degradation pattern of all the parts with increasing heating rates. The drying of the 

biomass occurs around 100 °C for 10 °C/min and 20 °C/min heating rates and 120 °C for 50 

°C/min due to rapid heating and less time available to dry the material. The loss of mass at this 

stage also varies significantly with SB (7.28%), MB (6.83%) and LB (5.81%) showed the least 

mass loss at 50 °C/min. However, L (4.53%) showed the least mass loss at 20 °C/min during 

drying of the biomass. The highest mass loss was observed for MB (7.9%) and LB (7.19%) at 

20 °C/min while L (6.43%) showed at 50 °C/min and SB (8.65%) at 10 °C/min. At 400 °C, 

most of the samples lost their weight more than 60% except L at 10 °C/min which lost nearly 

56 % of the weight. 

As shown in Figure 3-7, highest char content was observed at 50 °C/min for SB, MB, and LB 

while L showed highest char content at 10 °C/min which is the highest in all of the samples at 

all heating rates. L also exhibited the highest tendency to produce high char content on average 

than all the samples at all heating rates. Average char content in L and SB during pyrolysis 

corresponds to the values of proximate analysis given in Figure 3-2 combining both fixed 

carbon and ash content. Whereas, MB and LB have considerably higher char content in 

pyrolysis conditions as compared to proximate values with an increase of 8% and 5% 

respectively.  
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DTG curves in Figure 3-8 provided the extensive data for the rate of devolatilization during 

the thermal analysis and showed the effect of different heating rates during pyrolysis. 50 °C/min 

showed single stage decomposition between 200-400 °C for all the samples, however, 20 

°C/min and 10 °C/min showed more than one stage of decomposition between 150-400 °C. SB 

and MB presented three stages of decomposition at 10 °C/min and 20 °C/min and L and LB 

displayed two stages of decomposition. SB and MB showed the first peak around 200 °C, the 

second peak around 270 °C during devolatilization and largest peaks between 320-340 °C at 

10 °C/min and 20 °C/min heating rate. However, L and LB showed the first peak during 

devolatilization around 280 °C and second largest peak at 335 °C for 10 °C/min and around 

320 °C for 20 °C/min. Biomass at 50 °C/min reached the single largest peaks at slightly less 

Figure 3-7 Pyrolysis profiles of biomass samples at 10 °C/min, 20 °C/min, and 50 

°C/min heating rates 
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temperature ranging between 310-325 °C during devolatilization. The secondary 

devolatilization was highest for both heating rates of 10 °C/min and 20 °C/min. 

 

 

  

Figure 3-8 DTG curves of biomass samples at 10 °C/min, 20 °C/min, and 50 °C/min 

heating rates 
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3.4 Conclusive remarks 

The following conclusions can be drawn through detailed characterisation:  

• LB holds the ability to retain the moisture content for a longer duration as compared to 

rest of samples which, however, contains the highest crystallinity followed by L, SB, 

and MB. 

• The highest ash content was exhibited by L which is approximately double the rest of 

the branch, which also contains the highest HHV values than the rest of the parts. 

• Arsenic was found to be higher than the permissible limit in L, SB, and MB and Zinc 

only in L with no heavy metals above the permissible limit in LB. 

• LB can also be used in technologies which require no drying of biomass for instance in 

hydrothermal treatment technologies. 

• The increase in heating rate determines the rapid devolatilization and changes from 

two-stage devolatilization to single stage devolatilization which also increases char 

production. 

It can be concluded that LB can be used directly for energy generation after sun drying. 

However, the other parts need to be treated for heavy metals reduction (water and acid washing) 

or can be pre-treated via torrefaction to produce the biofuel which can later be used with coal 

for energy generation.  
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Chapter 4 

Slow pyrolysis of date palm and high rate algal pond biomass3 

The processing of waste through pyrolysis technology is gaining momentum worldwide and is 

considered to be a green technology to reduce CO2 emissions. This chapter is devoted to 

analysing the lignocellulosic biomass (date palm), and wastewater derived microalgae and the 

carbon-rich char produced between temperature range (400-600 °C) from these biomass types. 

The properties of microalgae char showed significant variation with date palm char exhibited 

high heating values (24-28 MJ/kg), low ash content (11-16%) and high energy yield (48-42%). 

Algal biomass char showed considerably high nitrogen content (6-7%) as compared to date 

palm char (<1%), lower stability, and more significant influence on the price with respect to 

treatment temperature. Quaternary, pyrrolic, and pyridinic nitrogen species were found on the 

surface of the microalgae char, whereas no nitrogen species detected on date palm char due to 

low nitrogen content. The activation energy was also noted to be high for algal char during 

pyrolysis and combustion process. It can be concluded that date palm char is suitable for energy 

applications, whereas, algal char can be used for soil amendment, wastewater treatment and 

applications requiring nitrogen doped char. 

 

  

                                                 
3 This chapter is extracted from the accepted article “Akhtar, A., Jiříček, I., Ivanova, T., Mehrabadi, A., Krepl, V., 

2019. Carbon conversion and stabilisation of date palm and high rate algal pond (microalgae) biomass through 

slow pyrolysis. Int. J. Energy Res. https://doi.org/10.1002/er.4565” with permission from John Wiley & Sons, 

Ltd. 

First author is the major contributor of the article and is responsible for data gathering, analysis, writing and 

publishing in article format. 
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4.1 Introduction 

Waste production and utilisation are being considered as a circular economy throughout the 

world where waste produced from different sources are desired to go through the 3R process 

(reduce, reuse and recycle). Although all the efforts on a government and private sector are 

being made at the forefront of the green economy throughout the European Union. However, 

advance research is being conducted to investigate materials which are not only useful to cope 

with the demand for desired raw material but also can contribute to other applications. Waste 

from lignocellulosic biomass is considered to one of the products in this area derived from 

different industries including agricultural farms, dairy farms and forestry residues. Another 

heavily studied area in this scenario is the use of microalgae in wastewater treatment processes 

which are not only growing rapidly but also provide a raw material which can later be utilised 

in energy plants or for biochemical production.  

Microalgae in wastewater treatment plants are an interesting option which utilises solar energy 

for photosynthesis and produces biomass rapidly [1]. The pollutant removal can be efficiently 

completed in wastewater without expensive treatment technologies. The number of pollutants 

can be removed such as nutrients, pathogens and heavy metals through the uptake of the 

nutrients, raising pH and dissolved oxygen and acting as an effective biosorbent respectively 

[2]. Phong Vo et al. [3] presented a comprehensive overview of the pollutant removal through 

microalgae photobioreactors. Flat plate photobioreactors contain the potential to produce the 

highest biomass yield than the rest of them, and a wide range of contaminants could be treated 

including heavy metals and pharmaceutical and personal care products. 

The biomass production through high rate algal ponds can be utilised through several 

technologies to produce biogas [4], bio-oil [5] and biochar (char) [6,7]. The production of bio-

oil is usually accomplished through the hydrothermal liquefaction [8], and fast pyrolysis [9]. 

Similarly, biochar production requires hydrothermal carbonisation [10] and slow pyrolysis 

[11]. The utilisation of microalgae often requires pre-treatment to acquire the desired product 

with high efficiency. The treatment of microalgae can easily be divided into mechanical and 

non-mechanical methods such as ultrasonication, microwave, through acid and alkali treatment 

and osmotic shocks [12,13] etc. Cell wall rupture is the main concern during pre-treatment and 

microwave pre-treatment was found to be most effective and economical, however, barriers in 

the commercial application are still unknown [13]. 



91 | P a g e  

 

Pyrolysis is the process to convert the waste into environment-friendly products in the absence 

of oxygen and heating the biomass at elevated temperature in the range of 300-700 °C [14]. 

The heating rate determines the yield of bio-oil, char and syngas production. The slow pyrolysis 

yields the high amount of char which can, in turn, be useful for soil amendment application 

[15]. Char has found to contain the significant potential for carbon storage and sequestration 

while adding net negative carbon into the environment. Woolf et al. [16] estimated the 

sequestration of carbon up to 130 Gigatons throughout a century. The primary use of char in 

that scenario was soil amendment and crop cultivation. Biochar supports the soil amendment 

by increasing the stable carbon content [17]. It is likely that char employment in different 

applications will lead to high carbon sequestration and the availability of raw materials. Char 

yielding bio-refineries has the potential to significantly contribute to carbon storage in the form 

of char for hundreds of years [18].   

Bio-refineries can act as the next generation of energy generation hubs while producing by-

products which can be utilised in a range of applications. The generation of employment and 

added economic value could further add the positive aspect [19]. The working bio-refineries 

by lignocellulosic biomass are presently accounts to 40 across Europe [20]. The location of the 

biorefineries and supply of the feedstock is one of the prominent factors that can be crucial for 

determining the net carbon emissions. Other factors such as the utilisation of type of waste 

which does not affect the animal feed and other applications must be considered. This will 

bring the pressure significantly on the growth of third-generation feedstock that can further be 

converted into useful products [21]. 

Char can be produced from lignocellulosic biomass waste generated from different sources 

including agricultural waste [22], garden waste [23] and forest waste [24]. Date palm is one of 

the examples in this scenario which generates millions of tonnes of waste annually. This waste 

can be converted to char through pyrolysis and can act as a carbon sequestration potential. 

Several studies recently have shown an optimistic trend of char production from date palm 

waste, for instance, Ahmad et al. [25] showed that silica composited char produced at 400 °C 

had the carbon sequestration potential up to 95% and observed an increment in recalcitrant 

potential due to lower thermal degradability. At another instant, recalcitrant carbon increased 

with the increase in pyrolysis temperature. Higher temperature leads to the increasing potential 

of carbon sequestration [26]. Hadoun et al. [27] reported the high surface area for date stem 

derived char 1455 m2/g produced at 550 °C through phosphoric acid activation. 



92 | P a g e  

 

Char produced from organic waste can be used in several applications such as wastewater 

treatment processes [28]. Hence the char derived from wastewater algae can also later be used 

for the treatment of wastewater. Char contains the possibility to use in other applications such 

as indirect carbon fuel cells [29], char recycled aggregate concrete [30], and as a bio-modifier 

in asphalt [31]. The versatility of the properties according to the feedstock and treatment 

conditions makes the char a suitable material and found recognition in several applications. 

Microalgae biomass produced from high rate algal ponds contains the significant edge having 

the ability to replenish feedstock rapidly for biorefineries while providing valuable by-products 

[6].  

Microalgal char also found positive results in different applications. Placido et al. [32] reported 

the production of carbon dots from microalgal char which acts as a heavy metals ion sensor. 

The detection limit for Pb2+, Cu2+, and Ni2+ was in the range of 0.01-0.1 µM. The mechanism 

described is reversible and purely collisional with some fluorophores less accessible than 

others. Similarly, char derived from chlorella sp. exhibited high adsorption capacity for p-

nitrophenols than powdered activated carbon. The adsorption capacity was nearly 140% higher 

than activated carbon showing its potential in water treatment processes [28]. At another 

instant, the microalgal char immobilised complex was used from Chlorella sp. for the 

adsorption of Cd (II) heavy metal. Char immobilised complex (biomass to char ratio 2:3) found 

to contain superior adsorption capacity at 217.41 mg/g than the individual use of microalgae 

(169.9 mg/g) and char (95.8 mg/g) [33].  

Char properties derived from organic waste can be altered either through operating conditions 

during pyrolysis or post-processing techniques such as physical and chemical activation. Char 

properties vary heavily with the peak treatment temperature, for instance, carbon content, 

surface area, morphology and stability [34]. The required application of a resultant product 

defines the optimum treatment conditions. There is a significant number of studies proving the 

use of microalgae for bio-oil and biodiesel production, however, little attention is being paid 

towards sole char yielding bio-refineries. The main objective of the study is to provide a 

guideline towards the utilisation of these different types of biomass in bio-refineries at a single 

point via different treatment temperatures. The overall scenario, in this case, is presented first 

time from chemical to thermal perspectives, their nitrogen-containing species, functional 

groups presence and their ability to incorporate in coal co-combustion boilers in case of co-

generation application. The relative assessment of these both biomass types brings the aspect 
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of a detailed comparison of lignocellulosic and microalgal biomass for char production and 

subsequent product characteristics. 

4.2 Experimental section 

4.2.1 Biomass feedstock 

Date palm from lignocellulosic biomass and wastewater derived microalgae from third 

generation feedstock were chosen to determine their individual effects in bio-refineries 

incorporation designed for slow pyrolysis technology. Date palm biomass (branches) (DB) and 

wastewater derived microalgae (WMA) was first dried and cut into small size (≤5 mm) prior 

to pyrolysis in a fixed bed reactor. Wastewater derived microalgae contained a mixture of 

species investigated through microscope including Mucidosphaerium pulchellum, Coleastrum 

sp., Diatom sp. and Actinustrum sp. [6]. The feedstock was characterised through elemental 

analysis (CHNSO), Energy yield, Fourier Transform Infrared Spectroscopy, and 

thermogravimetric analysis. The description of each of the techniques can be seen below. 

Further comprehensive biomass properties can also be referred at Abbas et al. [6] and Akhtar 

et al. [35].  

4.2.2 Char preparation 

Each of the feedstock was pyrolysed at different highest treatment temperatures (HTT) 

including 400, 500 and 600 °C at a residence time of 20 minutes and a heating rate of 15 °C/min 

in nitrogen atmosphere. To ensure the continuity of the results, only one analysis of the 

feedstock was pyrolysed at a particular HTT per day to leave enough time for a reactor to cool 

down before starting another experiment. The weight of the samples was 10 grams for each 

testing. After the desired residence time, the reactor cooled down to room temperature, and the 

char yield was calculated on the basis of biomass weight. 

4.2.3 Char characterisation 

The obtained char was characterised through elemental analysis (CHNSO) using Elementar 

Vario EL Cube instrument. The obtained elemental composition later used to draw Van 

Krevelen diagram to understand the aromaticity and degradation pattern of char. Van Krevelen 

diagram was prepared using H/C and O/C atomic ratios to determine the aromaticity, 

degradation and half-life of the char samples concerning its feedstock. BET surface area was 

measured using the Coulter SA 3100 instrument. This instrument works on the principle of 

nitrogen adsorption at a temperature of 77 K. The degassing of the samples were done at 150 

°C for 240 minutes under high vacuum. The energy content of the samples was measured using 
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the instrument (Adiabatic Isoperibolic Calorimeter, IKA®-Werke, Staufen, Germany Model 

C5000). Theoretical higher heating value determined from the equation 3-6. 

Fourier Transform Infrared Spectroscopy was employed to determine the surface functional 

groups of the char and the feedstock. The spectra were collected between 400 cm-1 to 4000 cm-

1 range and spectral resolution of 4 cm-1. X-ray photoelectron spectroscopy (XPS) of the char 

samples were conducted by ESCA Probe P instrument for determining the atomic weight of 

each of the elements and nitrogen species on the surface of the char.  Thermogravimetric – 

differential scanning calorimetric analysis (TGA-DSC) was conducted for char samples in air 

and nitrogen atmosphere with the help of simultaneous DSC-TGA analyser (SDT Q 600, TA 

Instruments, USA). Before conducting the experiment, char samples were processed to small 

size passing through the sieve of 125 µm. Samples weight were kept constant at 5 mg during 

each testing session. After adding samples into a heating chamber at room temperature, the 

chamber started heating at 10 °C/min. Air and Nitrogen atmospheres were utilised at 100 

ml/min flow rate to understand the combustion and pyrolysis effect for the considered samples. 

Combustion of the organic matter described through TGA according to their devolatilization 

patterns such as ignition temperature (Ti), maximum weight loss rate temperature (Tmax) and 

burnout temperature (Tb). Intersection method and conversion method was used to determine 

the ignition temperature and burnout temperature respectively as recommended by Lu et al. 

[36]. However, the burnout temperature according to the mass stabilisation method was also 

determined as explained by Muthuraman et al. [37] to compare the values between the two 

methods. 

4.2.4 Kinetics modelling  

Kinetics of the biomass can be described by the Arrhenius kinetic model through the following 

equations: 

𝑘(𝑇) = 𝐴𝑒(−
𝐸

𝑅𝑇
)
…………….. (4-1) 

𝑑𝛼

𝑑𝑡
= 𝐴𝑒(−

𝐸

𝑅𝑇
) (1 − 𝛼)𝑛……………….. (4-2) 

𝛼 =  
𝜔𝜑−𝜔

𝜔𝜑−𝜔𝑓
…………………… (4-3) 

R is the gas constant (8.34 Jk-1mol-1), T is the absolute temperature (K), and E is the activation 

energy (kJmol-1), n is the order of reaction, A is the pre-exponential factor (s-1), and α is the 

conversion rate.  
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After rearranging and integration method (Coats – Redfern method) applied, the equation 

changed into the following form:  

ln[−
ln (1−𝛼)

𝑇2
] = ln

𝐴𝑅

𝛽𝐸
− 

𝐸

𝑅𝑇
 ……………………….(4-4) 

β is the heating rate (°Cmin-1 or Kmin-1) 

E is calculated from the slope of the above equation for the overall thermal process. 

 

4.2.5 Economic analysis 

Energy economics defines the economic aspect of char gain of energy with the input cost. There 

is a limited number of studies calculating the economic aspect of the process to produce char 

[38]. The economic aspect (EV) of the char could be presented by the following equations (4-

5 — 4-6): 

𝐸𝑉 =  𝑈𝑃 × 𝑃𝑅…………… (4-5) 

𝑈𝑃 = 𝐵𝑃𝐽 × 𝐻𝐻𝑉…………… (4-6) 

UP and PR is the unit price and production rate of the char, respectively. BPJ and HHV is the 

char price per megajoule and a higher heating value of the char respectively.  

The price of the char could also be calculated from the correlation (4-7) from the economic 

model presented by [39]. 

 UP ($kg−1) = 0.002528 × 16.2 + 0.02678571 × 𝑇…………. (4-7) 

Where T is HTT in °C. 

First, the method based on production rate employed to estimate the cost of biochar production. 

As the char has the potential to be used with coal; hence, a coal-based parameter was used to 

determine the value of the studied chars regarding its heating value. Then both calculated prices 

compared with coal to conclude its feasibility. 

4.3 Results and Discussion 

4.3.1 Char characteristics 

The yield of the char was determined through the original mass balance. The highest yield of 

the char was obtained at 400 °C, and the consistent decrease was observed with the increase of 

HTT (Table 4-1). The major decrease was noted to be between 400 and 500 °C in which (date 
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palm char) DB and (Algal char) AB samples showed 6.52% and 11.09% decrease than the rest 

of the samples. The decrease in yield was minimal between 500 and 600 °C with less than a 

2% decrease. Overall, the highest yield was obtained by AB samples. The surface area of the 

samples showed contrast trend in which DB samples showed a decreasing trend whereas AB 

samples showed an increasing behaviour. DB-4 showed the highest surface area 2.044 m2/g 

and lower ash content 11.2% which agrees with the results obtained by Jouiad et al. [40]. They 

showed 1.99 m2/g at 400 °C. The change in the surface area with the HTT is not significant in 

DB samples, however, AB samples showed a noticeable increase from 0.45 to 2.55 m2/g at 400 

°C and 600 °C respectively. The applications where the high surface area is one of the major 

requirements such as adsorption [15,41], AB biomass with high HTT is recommended.  

Table 4-1 Char characteristics produced from date palm biomass and wastewater derived 

microalgae 

Samples 
Mass yield 

(%) 

HHV 

(MJ/kg) 

BET Surface area 

(m2/g) 

Ash 

(%) 

HHVT 

(MJ/kg) 

DB-4 35.27 24.61 2.044 11.2 23.69 

DB-5 28.75 25.75 1.505 12.7 22.82 

DB-6 27.17 28.16 1.405 16.5 23.57 

AB-4 43.56 23.78 0.454 26.6 17.97 

AB-5 32.46 18.74 1.320 34.4 13.58 

AB-6 31.38 15.51 2.554 36.5 12.45 

HHVT   Theoretical higher heating value 

HHV     Measured higher heating value 

 

4.3.2 Ultimate analysis 

Elemental analysis of the char shows the increase of carbon content in DB samples with the 

increase of HTT, and in contrast, AB samples found to decrease the carbon content (Figure 4-

1). Hence, it is showing relatively different elemental composition and characteristics. Carbon 

sequestration potential is optimum at low temperature in case of microalgae biomass 

conversion [7]. Similarly, nitrogen and hydrogen showed considerable differences for both 

feedstock types. Nitrogen concentration in AB char was noticeably high in the range of 6-7% 

in all samples. The nitrogen and sulphur concentration decreased with an increase in HTT. DB 
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samples contained a relatively minor concentration of nitrogen and sulphur as compared to AB 

samples, showing less than 1% in all of the samples.  

 

 

4.3.3 Van Krevelen diagram 

Van Krevelen diagram has shown the trends of the char towards the aromaticity and 

degradation pattern. It is interesting to note that microalgae char increases the O/C ratio with 

the increase in HTT showing opposite behaviour than lignocellulosic char [42]. The lower 

ratios of H/C and O/C represents the removal of volatile matter, increase in aromaticity and 

graphite-like structural arrangement of aromatic rings [43–45]. DB samples showed a 

consistent decrease of H/C and O/C ratios with the HTT and 600 °C showed the lowest H/C 

for both feedstock types (Figure 4-2). The major difference lies in the polarity of the char and 

degradation patterns which might be due to protein and lipids in algae.  

4.3.4 Statistical analysis 

The Line fit plots of H/C and Mass yield of char is presented in Figure 4-3. The coefficient of 

determination was moderately high (R2 = 0.8), whereas the R2 value was closer to 0.9 for 

polynomial regression analysis. The correlation coefficient between the two variables was also 

near to 0.9 with p-value 0.016, less than 0.05 showing the significance of the correlation. N/C 

Figure 4-1 Elemental analysis of date palm and wastewater derived microalgae char at 400, 

500 and 600 °C 
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and O/C regression analysis also showed similar results, showing a moderately high coefficient 

of determination (R2 = 0.86) for a linear line fit plot with p-value 0.006 significantly less than 

0.05. The power fit line showed slightly higher R2 value 0.90 and correlation coefficient 

between N/C and O/C was observed to be 0.93. 

 

4.3.5 Fourier transform infrared spectroscopy 

The surface functional groups of individual char were examined by the ATR-FTIR and the 

spectra obtained can be seen in Figure 4-4. Char from both of the feedstock has shown 

considerably different spectra with peaks of contrast intensities. The effect of HTT can also be 

visualised easily in which some peaks are sharp when treated at 600 °C which is of lower 

intensity at a treatment temperature of 400 and 500 °C. Following peaks were observed at 741 

cm-1, 871 cm-1, 1039 cm-1, 1402 cm-1, and 1557 cm-1 corresponds to aromatic monosubstituted 

strong C – H bending vibration, alkene strong =C – H bending vibration [46], ethers medium 

to strong =C – O – C symmetric stretching [47], aromatic ring C = C stretching [47], N – H 

bending [48] respectively in DB samples. The peaks at 2914 cm-1 and 3355 cm-1 corresponds 

to Alkane C – H stretching [49] and alcohol O – H stretching [47] respectively, were visible in 

DB-4 samples, however, at high treatment temperatures, these peaks disappeared completely.  

  

Figure 4-2 Van Krevelen diagram of biomass and char. The dotted line separates the half-

life of char in years [18] 
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Other peaks also changed their intensities with the treatment temperature such as peak at 871 

cm-1 in the DB-6 sample is noticeably sharp, however, at lower HTT, this peak is of minor 

intensity. At another instant, peak at 1402 cm-1 and 1559 cm-1 was very prominent in DB-6 and 

DB-4 samples respectively which in other samples are of lower intensity. Similarly, AB char 

also showed a difference in peak intensities with the change in HTT. The peak at 615 cm-1 

corresponding to C-N stretch [50] reduced its intensity in AB-6, whereas the peak at 559 cm-1 

becomes sharp than the rest of the samples. The peak at 1030 cm-1 showed the highest intensity 

in AB samples and change in HTT greatly affected the peak shape. The peak is broad at 400 

cm-1 and then gradually changes its shape to a sharp peak in AB-6 sample. On the other hand, 

few peaks disappeared (1372 cm-1, 1430 cm-1, and 2914 cm-1) in AB-6 which can be seen in 

AB-4 sample. Functional groups define the adsorption of different chemicals and heavy metals 

Figure 4-3 Line fit plots and R2 values of H/C ratio and Mass yield, and 

O/C and N/C ratios 
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on the char surface, thus, the lower temperature processing can help sustain higher functional 

groups on char for wastewater treatment and other applications. 

  

Figure 4-4 FTIR of (a) date palm and (b) microalgae char produced at 400, 500 and 600 °C 
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4.3.6 X-ray photoelectron spectroscopy 

XPS of the char was conducted to determine the surface elemental composition at different 

HTT produced from both feedstock types. The spectra and surface elemental composition is 

presented in A.4 & A.5 (Appendices). There could be a clear difference observed in elemental 

composition with the change in HTT. Nitrogen can only be seen in AB samples and 

comparatively less oxygen in all of the samples than DB samples. Further analysis of nitrogen 

species exhibited the presence of pyrrolic, quaternary and pyridinic nitrogen species on the 

surface of microalgae char (Figure 4-5). Amine-N and Quaternary-N reduced with the increase 

in treatment temperature.  

 

 

 

 

(4-8) 

(4-9) 

(4-10) 

(4-11) 
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(4-12) 

(4-13) 

(4-14) 

Figure 4-5 Nitrogen species found on the surface of the char through XPS analysis 
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The reaction pathways of the pyridinic, pyrrolic and quaternary nitrogen species in algae 

pyrolysis between the temperature range 400 – 600 °C can be presented by the following 

equations (4-8 — 4-14) [51].  Pyridinic – N and Pyrrolic – N in char are formed through two 

processes, either direct cyclization of amino acids (proline, arginine, leucine and lysine) [52] 

or dimerization of amino acids (glutamic acid, aspartic acid and valine) [53]. 

4.3.7 TGA-DSC analysis 

4.3.7.1 Combustion 

Thermal analysis of the feedstock and individual char was conducted to present the combustion 

and pyrolysis behaviour of the samples. First, the TGA-DSC analysis was conducted in an air 

atmosphere to analyse the combustion pattern of the char (Figure 4-6). The degradation of the 

biomass occurs during different phases of cellulose, hemicellulose and lignin degradation. It 

can be seen that DB and WMA biomass contained the moisture of approximately 8% and 5% 

respectively of the total weight of biomass. On the other hand, char contained a relatively low 

amount of moisture. Overall, biomass lost the high volatile content than their respective chars 

and produced a lower amount of ash.  

DTG curves showed a degradation pattern of both types of feedstock and char, showing the 

two-stage degradation in all of the samples. Microalgae have shown comparatively very low 

degradation rate as compared to date palm biomass samples. Both of the biomass showed 

degradation starting temperature comparatively at a lower range than their chars, depicting the 

stability of the chars at low-temperature exposure. Char produced at 600 °C showed the highest 

and single stage degradation occurring mainly around 400 °C. However, the DB-6 showed a 

sharp peak requiring a low range of temperature for complete degradation whereas AB-6 

requires a long range of temperature for complete combustion which agrees with the previous 

results [54]. 

Similarly, the ash content of the chars increases with the temperature increase showing the 

significant change in carbon concentration during pyrolysis of the biomass. Combustion of 

organic waste mainly derived by the combustion of volatile matter [37] whereas pyrolysed char 

combustion happens due to the fixed carbon concentration. DSC of the biomass compliments 

the DTG analysis and have shown similar peaks during the combustion of the biomass and char 

(A.6) (Appendices). One peak was observed around 400 °C for DB-6, and AB-6 samples 
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whereas other samples showed two peaks at a similar temperature corresponding to the DTG 

curves in DB samples.   

Figure 4-6 Combustion characteristics of date palm and wastewater derived microalgae 

biomass and their respective chars produced at different temperatures. The dotted line shows 

the DTG curves of the respective samples. 
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Combustion parameters of biomass with their respective chars were concluded from the TGA 

analysis (Table 4-2). It can be seen that biomass has shown relatively similar ignition 

temperatures and substantially increased for pyrolysed char and also increased with the 

increase of HTT. However, the ignition temperature is relatively less than coal as tested in the 

literature. Burnout temperature (Tb) was measured through two different approaches. Mass 

stabilisation method (Tb (ms)) seems to be closer to the coal burnout temperature mentioned in 

the literature (Table 4-2) than conversion method (Tb (cm)) for pyrolysed char. Both of the 

methods were equally suitable for biomass approximation of burnout temperature and resulted 

in similar values, showing the limitation of utilising these methods only to biomass. However, 

statistical analysis showed that Ti and Tb (cm) have a significantly higher coefficient of 

determination (R2 = 0.89) as compared to Ti and Tb (ms) (R
2 = 0.184) for char. This shows that 

the conversion method seems to be more reliant on determining the ignition temperature of the 

char with p-value 0.00037 < 0.5 (Figure 4-7).  

Table 4-2 Combustion parameters of biomass and their respective chars (1 = [37], 2 = [57]) 

Samples 
Ti 

(°C) 

Tm  

(°C) 

Tb (ms) 

(°C) 

Tb (cm) 

(°C) 

DTGm 

(%/min) 

Ea 

(kJ/mol) 
R2 

DB 237 283 557 536 6.58 135.5 0.92 

DB-4 298 443 617 757 9.86 123.9 0.87 

DB-5 335 443 637 777 13.43 120.6 0.91 

DB-6 367 384 637 777 19.64 157.9 0.89 

WMA 224 497 557 557 3.66 158.5 0.85 

AB-4 352 536 597 797 3.60 171.2 0.90 

AB-5 367 404 577 797 4.12 124.3 0.92 

AB-6 369 402 557 797 4.82 116.1 0.92 

Indian Coal1 398 452 655 - -  

Australian Coal1 416 471 681 - -  

Indonesian Coal1 366 418 580 - -  

Coal A2 466 494 657 - -  

Coal B2 461 484 692 - -  

Coal C2 449 460 592 - -  

Coal D2 385 409 607 - -  

Ti, Tm, Tb (ms), Tb (cm), DTGm and Ea represents the ignition temperature, maximum weight loss rate temperature, burnout temperature (mass 

stabilisation method), burnout temperature (conversion method), maximum weight loss rate and activation energy. 
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Kinetics parameters are essential to determine the physical and chemical reaction occurring 

during the combustion and pyrolysis of the feedstock and chars. The activation energy of the 

feedstock with their respective chars was calculated to study the possible start of the 

combustion in each of the samples. The lowest activation energy was exhibited by samples 

subjected to 500 °C for DB and 600 °C for WMA samples. DB char decreased the activation 

energy for 400 °C (123 kJ/mol) and 500 °C (120 kJ/mol) as compared to their feedstock, 

a 

b 

Figure 4-7 Statistical analysis of the ignition temperature and burnout temperature (a) mass 

stabilization method and (b) conversion method 
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however, AB chars have found to reduce the activation energy for 500 °C (124 kJ/mol) and 

600 °C (116 kJ/mol) (Table 4-2). There is a common ground for DB and AB chars in which 

char produced at 500 °C reduced the activation energy. The degree of conversion shows that 

chars have a relatively lower temperature range for major degradation during combustion than 

their biomass (A.7) (Appendices).  

4.3.7.2 Pyrolysis 

Thermal analysis of the biomass and char also conducted in the nitrogen atmosphere, showing 

the overall degradation patterns up to 1000 °C (Figure 4-8). The degradation of the chars has 

shown substantially lower weight loss as compared to combustion. The consistent decrease in 

weight loss observed up to 1000 °C than weight stabilisation after 700 °C in the combustion of 

the samples. Single stage degradation of the samples confirmed during pyrolysis in contrast to 

two-stage degradation during combustion. Overall mass loss and mass loss rate of DB and AB 

samples are quite similar to each other. AB-4 and DB-4 samples showed nearly 50% mass loss, 

and the rest of the samples showed mass loss in the range of 30-40%. 

4.3.8 Economic analysis 

The economic value of the char was determined by three parameters including HTT, mass yield 

and heating values (Table 4-3). Price determined based on theoretical heating values, and 

measured heating values show a decreasing trend with the increase in treatment temperature 

regardless of their heating values. Heating values of DB char are increasing with the HTT 

whereas decreases with the increase in HTT. This is apparent in both theoretical and measured 

heating values. This might be due to yield contains the higher influence on determining the 

price of the product than their heating values and microalgae tend to have higher mass yields 

than date palm biomass. Hence, lower heating values do not increase the price of char. 

Price variation was also calculated based on treatment temperature (HTT) parameter and found 

that price was lowest at 500 °C treatment temperature for both biomass types. DB samples 

showed relatively lower prices than AB samples. This can be concluded that treatment 

temperature and feedstock types are the major influencers in determining the price of the char 

than their heating values.  Energy yield also showed a similar trend in which DB char showed 

the high energy yield and AB char showed the low energy yield.  
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Treatment temperature 400 °C showed the optimum energy yield for both types of biomass, 

resulting in approximately 48.22% and 46.76% for DB-4 and AB-4 samples respectively. AB-

5 and AB-6 samples reduced the energy yield drastically up to 27 and 21% respectively. The 

mean value of $0.02 kg-1 showed substantially less value of forest-based feedstock $0.092 kg-

1 and average price of char $0.0748 kg-1 for slow pyrolysis according to the developed model 

[39]. The actual price variation will depend on the end-use of the product in a different scenario. 

The battery electrode material grade will substantially contain more value and so thus required 

energy to treat the waste at high temperatures (>1000 °C). The application requiring post-

Figure 4-8 Pyrolysis curves of the biomass and char, Dotted lines shows the DTG 

curves of the respective samples 
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treatment in terms of activation [55] and magnetic biochar composites [56] production will 

subsequently raise the price of the char. 

Table 4-3 Energy yield and economic value of the char 

Samples 
Energy Yield 

(%) 

Price (HTT) 

($/kg) 

Price (HHV) 

($/kg) 

Price (HHVT) 

($/kg) 

DB-4 48.22 0.024 0.022 0.021 

DB-5 41.12 0.022 0.018 0.016 

DB-6 42.51 0.022 0.019 0.015 

AB-4 46.77 0.029 0.026 0.025 

AB-5 27.46 0.024 0.015 0.018 

AB-6 21.97 0.025 0.012 0.018 

 

The effect of O/C, N/C and chlorine content on the energy recovery was analysed by regression 

analysis (Figure 4-9). The highest coefficient of determination (R2 = 0.989) was found between 

O/C and energy recovery and lowest between N/C and energy recovery (R2 = 0.828). The p-

value of all three variables is less than 0.05 showing the significance of the correlations. All 

the correlations showed a negative slope, recommending the decrease in energy recovery with 

the increase in each of the values. 
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Figure 4-9 Effect of N/C, O/C atomic ratios and chlorine on the energy recovery of the char 
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4.4 Conclusive remarks 

Slow pyrolysis of the date palm branches (DB) and wastewater derived microalgae (WMA) 

was conducted in the temperature range (HTT) of 400-600 °C. Mass yield decreased, however, 

ash content increased with the increase in HTT. AB char showed higher mass yield and ash 

content and reduced the heating values as compared to DB samples. On the other hand, DB 

chars showed higher stability than AB chars. Combustion of both types of the char samples 

found to degrade through a two-stage devolatilization process whereas pyrolysis showed one 

stage devolatilization. DB samples produced at 400 and 500 °C and, AB samples produced at 

500 and 600 °C showed lower activation energy during combustion than their feedstock. 

Amine-N and Quaternary-N species tend to reduce with the increase in treatment temperature 

in AB samples.  

Energy yield and economic costs were found to be lower for AB char than DB samples, 

particularly at high temperatures. Concisely, we can conclude that AB char holds significantly 

different properties than DB char. Algal char is recommended for soil amendment, and 

wastewater treatment and date palm derived char is suitable for energy applications in 

cogeneration plants. Further research in the area of oxidative pyrolysis and combined pyrolysis 

of wastewater sludge and microalgae is recommended. The combined processing of both 

biomass types from similar source might help in the reduction of processing steps and can 

generate the char of improved quality for multiple applications. Catalytic pyrolysis of 

microalgae and date palm biomass with an activating agent such as CO2 might bring properties 

of high surface area and functional groups enhancement at lower temperature processing. 
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Chapter 5 

Combined multi-stage pyrolysis of date palm biomass and microalgae 

This chapter is devoted to present the multi-stage co-pyrolysis of date palm biomass and 

microalgae and impact on the resultant char properties. The use of waste products in different 

applications contains prime importance in today’s research and industry. Researchers all over 

the world are working on producing innovative technologies and processes to utilise waste and 

produce valuable products for different applications. Microalgae-derived char contains low 

aromaticity and heating values with relatively high nitrogen content than lignocellulosic char. 

This chapter shows the use of waste from date palm branches and wastewater derived 

microalgae through co-pyrolysis to produce char of improved properties. Two batches of 

experiments were conducted (a) single stage pyrolysis and (b) two-stage pyrolysis in the range 

of highest treatment temperature of 400-600 °C. Single stage pyrolysed char showed, lower 

aromaticity, higher yield, ash content and heating values of the char than two-stage pyrolysed 

char. Similarly, ignition temperature and activation energy were higher during combustion by 

single stage pyrolysed char than two-stage char. Economic analysis also showed slightly higher 

prices for single stage pyrolysed char. Hence, two-stage pyrolysed char is suitable in the energy 

applications, whereas low-temperature processing (400-500 °C) will result in optimum 

properties in terms of yield and heating values. 
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5.1 Introduction 

Organic waste materials are considered as a new energy material in modern research realm and 

contain the significant value to derive further products for the production of energy in the form 

of biogas, syngas, biofuels and char [1]. Different kinds of waste are being investigated through 

pyrolysis from manure [2,3] to agricultural residues [4,5], municipal solid waste [6,7] to 

industrial waste [8,9]. Although all the waste utilisation techniques are beneficial and provide 

some sort of riddance from the waste, pyrolysis holds a significant place among all of them. 

This is due to the versatility of the products obtained through different reaction conditions such 

as bio-oil and biochar (char). Bio-oil is the result of fast pyrolysis whereas char is the primary 

product of the slow pyrolysis of lignocellulosic biomass [10]. The peak temperature and types 

of feedstock also play an important role in describing the yield and properties of the resultant 

product. 

Char is primarily composed of a carbon-rich material with the loss of weight and volatiles 

which is formed under the absence of oxygen whereas the feedstock is heated slowly to peak 

temperature [1]. Char is being investigated for soil improvement and amendment and found 

positive results through several studies [11–13], however, recently reported also in different 

other applications from the use in wastewater treatment as an effective adsorbent [14,15] to the 

use in the batteries as a carbon material [16,17]. The possibility of the char to alter the 

properties according to the required application is responsible for the multidisciplinary 

applications with significant advantages over the conventional materials. Although several 

factors are influential in determining the ultimate char properties, most of the applications 

require either very high treatment temperature (>700 °C) or post-processing through different 

techniques.  

Different renewable lignocellulosic feedstock has been reported in several studies. However, 

an emerging feedstock which is being considered for char production is microalgae. Microalgae 

is a unicellular photosynthetic organism which is not visible to the naked eye generally lies in 

size range of 1-400 µm [18]. Microalgae are a promising feedstock in renewable energy 

technology which has higher biomass growth than most of the other feedstock and can be used 

for wastewater treatment [19]. Microalgae use nitrogen and phosphorus hence reducing the 

concentration of inorganic elements in the wastewater. Microalgae can be used for other 

purposes in a wastewater treatment facility such as heavy metals removal, or reduction of 

chemical/biochemical oxygen demand [20] and performs the functions in a relatively short time 
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[21]. While considering the multiple benefits, microalgae are quite a promising feedstock for 

the production of char. 

There are many studies reported the use of algae for char production and char utilisation for 

different applications. Bordoloi et al. [22] recently reported the use of algal (S. dimorphus) char 

for the adsorption of cobalt (II) ion from aqueous solution. In another study by Son et al. [23] 

the use of macroalgal char for heavy metal adsorption is investigated. Magnetic char was 

prepared from algae for the adsorption of Cd, Cu and Zn with a higher selectivity for the Cu 

removal. The oxygen-containing functional groups were found to be the primary influencer 

regarding the heavy metals adsorption. Zheng et al. [24] showed adsorption of p-nitrophenols 

(PNP) via three types of microalgal (Chlorella sp., Chlamydomonas sp., and Coelastrum sp.) 

derived char. Chlorella sp. was found to be more effective adsorbent of PNP for wastewater 

treatment than other types of char due to high polarity of binding sites with higher O-containing 

functional groups. 

Similarly, char derived from lignocellulosic biomass is also of significant importance while 

providing material for different applications. Al-Wabel et al. [25] recently reported the use of 

date palm derived char to enhance the germination of lettuce and increased the shoot length 

whereas hydrochar inhibited the germination to 20%. Date seed derived char was also found to 

contain the potential of heavy metal removal in aqueous solution. Cu2+ and Ni2+ adsorption was 

observed at 0.421 and 0.333 mmolg-1 respectively [26]. At another instant, Usman et al. [27] 

reported the Cd (II) sorption through the date palm char produced at two different temperatures 

300 °C and 700 °C. Char prepared at 700 °C found to contain 1.5 times higher adsorption 

capacity than produced at 300 °C.  

Different feedstocks have reported for co-pyrolysis and showed a variety of results. Huang et 

al. [28] reported the effect of co-pyrolysis of sewage sludge and rice straw/sawdust on the 

heavy metals leaching in char. Cu, Zn and Ni contents were reduced in the obtained product, 

however, the surface area and thermal stability decreased with the sawdust biomass. Meng at 

al. [29] conducted the co-pyrolysis of rice straw with pig manure and recommended to use in 

1:3 ratio at 600 °C to reduce the ammonium acetate extractable and Zn and Cu heavy metals 

in char.   

Co-pyrolysis of microalgae and lignocellulosic biomass have also been reported on several 

occasions for the production of bio-oil. Chen et al. [30] performed a co-pyrolysis of bamboo 

and microalgae (Nannochloropsis sp.) at 600 °C. It was observed that most of the nitrogen-
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containing species transferred to the char in the form of pyrrolic-N and quaternary-N and 

reduced the nitrogen concentration in bio-oil. Duan et al. [31] reported the co-pyrolysis of 

waste tyre rubber and microalgae in a temperature range (290-370 °C) in supercritical ethanol. 

The microalgae facilitated the conversion of tyre rubber at a lower temperature than the 

pyrolysis of tyre rubber alone. Chen et al. [32] at another instant reported the co-pyrolysis of 

lignocellulosic biomass and microalgae. Nitrogen species increased in char (>75%) and 

reduced in gas and bio-oil which resulted in nitrogen-doped char yield. Thus co-pyrolysis of 

microalgae with other feedstock also showed promising results with the potential to incorporate 

in biorefineries and produce char of improved properties. Char worked as an adsorbent of 

nitrogen during the co-pyrolysis of algae with other biomass types during bio-oil production. 

Although co-pyrolysis of lignocellulosic biomass and microalgae showed an optimistic trend 

to improve the properties of bio-oil and gas, further studies are required for exclusive char 

production. There is no literature explaining the behaviour of date palm biomass and 

wastewater derived microalgae for the exclusive char production through slow pyrolysis 

technology. As both feedstocks are waste-derived materials, hence contain a promising aspect 

of providing feedstock for biorefineries. A two-stage combined pyrolysis process of waste date 

palm biomass and wastewater derived microalgae was performed. Char properties from co-

pyrolysis of both of this feedstock (date palm branches + wastewater derived microalgae) were 

investigated in detail, and economic analysis of the produced char was conducted. 

5.2 Materials and Methods 

5.2.1 Pyrolysis experiment 

Date palm branches (DB) were first dried, cut and crushed into a small particle size of less than 

1 mm. Wastewater derived microalgae (WWM) was collected from a wastewater treatment 

plant. The derived microalgae contained a number of species including Actinustrum sp., 

Coleastrum sp., Diatom sp., and Mucidosphaerium pulchellum. Co-pyrolysis of the microalgae 

and date palm biomass was conducted in a fixed bed system. The feedstock was used in a 1:1 

ratio and mixed thoroughly before conducting the experiment. The feedstock was put into the 

sample holder and placed into the reactor before starting the experiment. The initial air in the 

reactor was vented out by flowing nitrogen gas at 20 cm3/min. When sufficient flow was 

detected, the chamber started heating to the highest treatment temperature (HTT) (400 °C, 500 

°C and 600 °C) with the residence time of 20 minutes. In single stage pyrolysis (SSP), the 

chamber cooled down to normal temperature after reaching HTT and char is recovered, 
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whereas; for two-stage pyrolysis (TSP), chamber started reheating after the drop of temperature 

up to 150 °C. For instance, after reaching the HTT of 400 °C with a residence time of 20 

minutes at HTT, the temperature drops up to 250 °C and then later started increasing again to 

HTT (400 °C) with the residence time of 5 minutes. The reactor cooled down after the 

completion of the second step. This process was further repeated for 500 °C and 600 °C. 

5.2.2 Char characterisation 

Char yield was calculated at the end of the experiment through mass change and is presented 

as a mass yield. BET specific surface area was determined through Coulter SA 3100, working 

on the principle of N2 gas phase adsorption at a temperature of 77 K. The samples were 

degassed at 150 °C under high vacuum for 240 minutes prior to conducting of the experiment. 

The elemental composition of biomass and char was measured by instrument Elementar Vario 

EL Cube. To present the variation in values according to co-pyrolysed char, biomass in a 1:1 

ratio was mixed and analysed for elemental composition. The energy content of the feedstock 

and char was determined by Adiabatic Isoperibolic Calorimeter Model C5000, IKA-Werke, 

Staufen, Germany. Higher heating values of the char were also calculated based on an 

elemental composition from the equation (5-1) given below: 

𝐻𝐻𝑉𝑇 = 0.3491 × 𝐶 + 1.1783 × 𝐻 + 0.1005 × 𝑆 − 0.1034 × 𝑂 − 0.015 × 𝑁 −

0.0211 × 𝐴𝑠ℎ [33] ……………(5-1) 

The combustion and pyrolysis behaviour of the char and the feedstock were examined by the 

simultaneous TGA-DSC analyser (SDT Q600, TA Instruments, USA). Air and nitrogen 

atmosphere was employed for combustion and pyrolysis at the flow rate of 100 ml/min and 

Constant heating rate of 10 K/min. All the samples were processed to granular form passing 

through the sieve of 125 µm. To analyse the feedstock, both of the biomass samples were mixed 

in a 1:1 ratio prior to conducting the experiment, to describe the co-combustion and co-

pyrolysis conditions for feedstock. The combustion parameters such as ignition temperature, 

maximum weight loss rate temperature and complete burnout temperature were determined 

through intersection and conversion method [34].  

Surface functional groups were investigated by ATR-FTIR spectroscopy. The spectra were 

collected at a scan rate of 100 with a spectral resolution of 4 cm-1 in the range of 400 cm-1 to 

4000 cm-1. The atomic elemental composition and nitrogen containing species on the surface 

of the char products were observed by x-ray photoelectron spectroscopy (XPS) using the 

instrument ESCA Probe P.  
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5.2.3 Energy economics 

Energy economics can be described by the output characteristics of the char in terms of its 

energy recovery (5-2) and yield (5-3) in the process of transition from biomass to char: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑜𝑓 𝑐ℎ𝑎𝑟 (%) =  
𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑐ℎ𝑎𝑟

𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
× 100 ……….(5-2) 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝑊𝑒𝑖𝑔ℎ𝑡𝑐ℎ𝑎𝑟

𝑊𝑒𝑖𝑔ℎ𝑡𝑟𝑎𝑤
×

𝐻𝐻𝑉𝑐ℎ𝑎𝑟

𝐻𝐻𝑉𝑟𝑎𝑤
× 100 [35] ……….(5-3) 

The direct cost was also calculated to compare the value of the char with coal[34,35]. Following 

correlations were used from the literature to calculate the economic value (EV) ($kg-1) of the 

char: 

𝐸𝑉 =  𝑈𝑃 × 𝑃𝑅…………… (5-4) 

UP ($kg−1) = 0.002528 × 16.2 + 0.02678571 × 𝑇…………. (5-5) 

UP and PR is the unit price ($kg-1) and production rate of the char (kg/kg), respectively. T is 

in °C. 

𝑈𝑃 = 𝐵𝑃𝐽 × 𝐻𝐻𝑉…………… (5-6) 

BPJ and HHV is the char price per megajoule and a higher heating value of the char 

respectively. 

The cost was calculated by HHV and HTT parameters which later compared with coal price 

due to char’s potential to be used with coal for energy production. 

5.3 Results and Discussion 

5.3.1 Char characteristics 

Yield, surface area and heating values of the char are presented in Table 5-1. Yield is decreasing 

while the surface area is increasing with the increase of temperature. The yield and surface area 

range was observed to be between 30-40% and 1-2 m2/g respectively for all the samples. TSP 

showed a minor decrease in surface area as well as a decrease in yield than SSP. At higher 

temperatures, yield difference reduces to less than 1%. Overall, more than 8% decrease in yield 

observed for HTT 600 °C than 400 °C. Likewise, heating values also decreased with an increase 
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in temperature. Conversely, the ash content increases with the increase in HTT from 21 to 27% 

in SSP samples and 20 to 26% in TSP samples.  

Ultimate analysis of the feedstock and all the char samples was conducted to determine the C, 

H, N, S and O contents with H/C, O/C and (O+N)/C atomic ratios (Table 5-2). Increasing the 

treatment temperature increased the carbon content and decreased the hydrogen and nitrogen 

content in the char. On the contrary, both feedstocks (DB+WWM) in the combined form 

showed a higher amount of hydrogen and nitrogen and lower carbon content than the chars. 

This also agrees with other studies which reported the relatively high nitrogen content of 

microalgae [30,38]. Co-pyrolysis reduced the overall nitrogen concentration in char and TSP 

slightly reduced the nitrogen and hydrogen content than SSP. 

 

Table 5-1 Yield, surface area, ash and energy values of the char (CS = Single stage, CT = Two 

stage, & 4, 5 and 6 represents 400, 500 and 600 °C respectively) 

HHVT   Theoretical higher heating value 

HHVM   Measured higher heating value 

  

Samples Mass yield 

(g/kg) 

Surface Area 

(m2/g) 

Ash content 

(%) 

HHVM 

(MJ/kg) 

HHVT 

(MJ/kg) 

CS-4 400.3 1.013 21.3 24.47 23.36 

CS-5 335.1 1.471 24.4 23.62 21.75 

CS-6 310.2 2.022 27.4 23.59 22.14 

CT-4 384 1.055 20.1 23.20 22.54 

CT-5 321.7 1.335 26.2 22.46 22.34 

CT-6 302.9 1.967 26 22.82 23.22 
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Table 5-2 Ultimate analysis of the char and feedstock (as received basis) 

 

5.3.2 Atomic ratios and Van Krevelen diagram 

The atomic ratios (H/C and O/C) of the feedstock and chars are presented in the Van Krevelen 

diagram (Figure 5-1) showing the decrease in ratios as the temperature increases. Feedstock 

tends to show higher H/C and O/C ratios than their respective chars [39]. Lower O/C ratios 

represent the formation of graphite-like structures through a structural arrangement of aromatic 

rings [40]. The lower ratios in char depict a reduction in volatile matter content and increase in 

aromaticity [41]. The H/C ratios were significantly lower than most of the chars reported [41–

43] indicating a significant increase in aromaticity. Both of the treatment processes showed a 

decrease in ratios with the increase in temperature. However, TSP revealed a rather significant 

decrease in which TSP at 500 °C showed equivalent ratios to the SSP at 600 °C. It is worthwhile 

to note that O/C ratios reduced comparatively at 600 °C for SSP samples than 400 °C and 500 

°C. Chiodo et al. [44] previously reported that algae char tend to show high O/C ratios than 

lignocellulosic biomass derived char when pyrolysed individually at all HTTs (400, 500 and 

600 °C). Hence, a co-pyrolysis is a suitable approach to gain overall lower O/C ratio in the end 

product, and TSP can further reduce the atomic ratio to increase the aromaticity of the char. 

The regression analysis was performed to determine the correlation between atomic ratios H/C, 

N/C, O/C and (O+N)/C. H/C atomic ratio showed a high coefficient of determination (R2 = 

0.987) and a notably low p-value 5.72E-06 (Figure 5-2). This shows the significance of the 

correlation and dependence of both the atomic ratios on each other. H/C also showed a high 

Samples C (%) H (%) S (%) N (%) O (%) H/C O/C (O+N)/C 

DB+WWM 45.67 6.74 0.65 4.21 42.73 0.148 0.94 1.03 

CS-4 61.65 4.52 0.49 4.18 29.16 0.07 0.47 0.54 

CS-5 62.12 3.14 0.59 3.85 30.29 0.05 0.49 0.55 

CS-6 65.27 2.37 0.76 3.68 27.92 0.04 0.43 0.48 

CT-4 63.30 3.27 0.60 3.98 28.86 0.05 0.46 0.52 

CT-5 64.29 2.71 0.89 3.72 26.79 0.04 0.42 0.50 

CT-6 67.86 2.29 0.76 3.56 25.53 0.03 0.38 0.43 
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coefficient of determination with (O+N)/C atomic ratio, however relatively lower than N/C 

with p-value also significantly low 0.00027 < 0.05. N/C and O/C analysis also resulted in 

similar R2 and p-value. Another part of regression analysis carried out to determine the 

influence of the H/C, N/C and mass yield on the ash production in a co-pyrolysed char. All 

three parameters showed moderate to the high coefficient of determination with substantially 

low p-values. However, the trend shows a negative slope such as increasing atomic ratios and 

yield decreased the ash content of char.  

5.3.3 Fourier transform infrared spectroscopy 

The presence of functional groups in the char and feedstock was analysed by ATR-FTIR 

spectroscopy. The changes in the patterns of functional groups due to thermal treatment are 

quite visible among samples. The spectra of feedstock and char can be seen in Figure 5-3. 

Different treatment temperatures showed peaks of different intensities. The samples subjected 

to the two-stage approach also showed significant changes at 500 °C and 600 °C, however, the 

spectra seems to be similar at 400 °C HTT with similar intensities. WWM feedstock showed 

peaks at 996 cm-1, 1375 cm-1, 1452 cm-1, 1625 cm-1, 2917 cm-1, 3328 cm-1 corresponding to 

the =C-H bending vibration [45], CH3 C-H bending vibration [46], C=C stretching [47], N-H 

bending [48], C-H stretching [47,49], O-H stretching vibration.  

 
Figure 5-1 Van Krevelen diagram of O/C and H/C atomic ratios. The dotted line at 0.6 

and 0.2 O/C ratio separating the range of half-life of char produced [53] 
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Figure 5-2 Regression analysis of H/C, (O+N)/C, O/C and N/C atomic ratios and Ash correlation with N/C, H/C and yield with the 

coefficient of determination and p values 
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DB feedstock, on the other hand, contained relatively higher peaks at 1031 cm-1 and 3328 cm-

1. DB feedstock showed peaks at 1031 cm-1, 1240 cm-1, 1367 cm-1, 1507 cm-1 representing C-

O stretching [47], O=C-O-C stretching [47], CH(CH3)2 bending and N-H bending vibration 

[48] respectively while the rest of the peaks were similar to WWM feedstock. Char clearly 

showed a different pattern than the feedstock resulting in the appearance of some peaks while 

few peaks wholly disappeared. For instance, peaks around 860 cm-1 and 870 cm-1 for =C-H 

bending vibration [50] did not appear in the char with HTT of 400 °C. However, peaks were 

started forming at 500 °C and becomes sharp at 600 °C.  

=C-H 

b 

Figure 5-3 FTIR of char (a) and feedstock (b) (WWM = wastewater derived microalgae, DB 

= date palm biomass) 
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Similarly, relatively small peaks appeared at 1370 cm-1 for CH3 C-H bending vibration [49] at 

400 °C and 500 °C whereas disappeared at 600 °C. The peaks around 1100 cm-1 representing 

C-O stretch [49,50] become significantly broad at 600 °C, however, appeared as a minor peak 

at 400 °C. The N-H bending vibration at 1557 cm-1 were also of higher intensity at 400 and 

500 °C rather than 600 °C. The peaks at 2910 cm-1 and 3325-3355 cm-1 corresponding to C-H 

stretching [47] and Alcohol O-H broad stretching vibration [47] respectively, did not appear at 

600 °C which was the most significant peak in DB. The difference between SSP and TSP peaks 

are quite significant at 600 °C and reduces as the HTT decreases. It can be seen that peaks at 

400 °C are of quite similar intensity for SSP and TSP with a marginal difference around 1200 

cm-1 and 1580 cm-1.  Peak shift was not significant in any of the samples, however, peaks were 

of higher intensity at 500 °C for TSP than SSP and at 600 °C vice versa. 

5.3.4 X-ray photoelectron spectroscopy 

The data on the atomic elemental composition of the char samples were observed through XPS 

technology for C1s, O1s, N1s, Ca2p, Cl2p and K2p (Table 5-3). Na1s, Si2s, S2s and P2p of 

minor percentages were also observed in a few samples. These elements were mostly found in 

samples subjected to a high treatment temperature and in two-stage pyrolysis. The atomic 

percentage of carbon is relatively higher at lower HTT whereas it is decreasing with the 

increasing temperature. Upon subjecting to the two-stage pyrolysis (TSP), the variation in 

carbon content was not significant. All the samples showed the atomic ratio of 74-77% of 

carbon on the surface. Oxygen concentration, on the other hand, was found to be highest at 500 

°C in both SSP and TSP treatment processes. Oxygen was found to be increased in TSP samples 

than SSP, indicating the presence of higher oxygen functional groups. Conversely, N was found 

to be lowest in TSP samples and Ca showed the maximum concentration at 600 °C for both 

treatment processes.  

Nitrogen species investigated in char samples subjected to SSP and TSP. It is important to note 

that these values depict the char surface properties rather than the bulk presence of the nitrogen 

in the samples. Pyridinic, quaternary and pyrrolic nitrogen species were the highest among all 

of them in TSP samples whereas, pyridinic and pyrrolic in SSP samples except CS-4 which 

also showed the presence of quaternary-N (A.8) (Appendices). Furthermore, pyridinic – N and 

pyrrolic – N substantially increased with the decrease of oxidized – N and quaternary – N upon 

increasing the HTT. Oxidized and quaternary – N was removed altogether when HTT 

approached 500 °C in SSP. However, amine – N concentration seems to be highest at HTT 500 
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°C. A contrast behaviour in nitrogen species was observed in TSP samples, showing 

quaternary-N was available in all of the samples. Oxidized – N showed similar behaviour and 

reduced to less than 1% after 500 °C HTT. This can be seen that overall nitrogen concentration 

decreased with the increase in HTT and the further decrease was observed in TSP samples, 

causing most of the nitrogen to convert to the gaseous phase. The left out nitrogen was present 

in the form of pyridinic, pyrrolic, and amine nitrogen species which were also the major 

nitrogen species in a study presented by Chen et al. [32] at 600 °C. Nitrogen-doped char holds 

the potential to use in different applications such as reducing the NOx reduction when co-

combusted with coal [51] and superior electrochemical efficiency with potential 

supercapacitors applications [52]. 

Table 5-3 Elemental composition on the surface of the char samples analysed by XPS  

Samples C 1s O 1s N 1s Ca2p Cl2p K2s Na1s Si2s S2s P2p 

CS-4 82.45 10.82 5.39 1.34 - - - - - - 

CS-5 75.11 14.48 3.12 1.08 2.52 3.68 - - - - 

CS-6 71.51 11.59 2.79 2.15 3.43 3.50 2.06 1.46 1.51 - 

CT-4 76.98 13.48 3.87 1.20 2.28 1.29 - 0.89 - - 

CT-5 74.89 14.54 3.84 0.35 1.38 1.09 0.91 1.80 - 1.21 

CT-6 77.25 14.43 1.32 2.21 2.27 1.59 0.93 - - - 

 

5.3.5 TGA-DSC analysis 

5.3.5.1 Combustion 

A simultaneous thermogravimetric – differential scanning calorimetric analysis of the biomass 

and char samples was conducted to determine the weight loss and degradation pattern during 

combustion and pyrolysis. Co-combustion of feedstock (date palm branches and microalgae) 

showed a slightly different behaviour than the combustion of co-pyrolysed char (Figure 5-4). 

The moisture contained in the feedstock was more than 6 %, whereas, for the chars, it was in 

the range of 4-5% of its total weight. Degradation stages noted in DTG curves verified 2 stage 

devolatilization in which feedstock showed the first peak around 300 °C and a second peak 

around 490 °C. All the chars, on the other hand, showed the first peak after 400 °C, exhibiting 
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higher stability than the feedstock. The degradation at first peak gradually increased with the 

increase of HTT (400 > 500 > 600). SSP relatively showed lower peak than TSP at 400 and 

500 °C.  

Figure 5-4 TGA and DTG curves of biomass and chars produced at 400, 500 and 600 °C in 

air atmosphere 
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The second peak at 600 °C disappears for TSP, however, a small second peak can be seen in 

the SSP sample. TSP has also shown contrast behaviour than SSP in other samples, CS-4 

exhibit reduced second peak and CS-5 the highest peak, whereas, CT-5 showed the lowest 

second peak. The change in degradation pattern is due to lower fixed carbon content upon 

reaching the second stage. This might be the reason for disappearing the second peak in CT-6 

samples and contributing towards higher first peak than the rest of the samples. Thus, CT-6 

might have the potential to fully utilise the char at a lower temperature than its peers. The range 

for overall combustion of feedstock is 241-557 °C, whereas, this range reduced for CT samples 

(340-577 °C). DSC curves have shown a comparatively similar trend to DTG for heat flow, 

however, the change is distinctive for CS-4 and CT-4 samples, showing three peaks with 

gradually increasing intensity (A.9) (Appendices). The first peak reduced its intensity in CT-4 

samples than CS-4. Unlike, DTG, feedstock exhibit second highest peak, showing the 

contributing potential of energy in the second phase despite low degradation.    

Combustion parameters have been calculated to view the overall combustion behaviour from 

starting the ignition towards complete burnout of the samples. It was shown that the char has 

long burning time and contain the ability to generate energy for the long duration of time than 

co-combustion of feedstock (Table 5-4). This is evident from the measured heating values as 

well. TSP relatively reduced the ignition temperature of chars than SSP chars. Although, 

conversion method shows 95% and 88% burnout of the feedstock samples, however, this might 

not generate a significant amount of energy after second stage degradation majorly after 600 

°C. The change in weight loss is less than 1% for biomass and less than 5% for all char samples 

from 600 to 800 °C. The economic feasibility of char concerning its remaining energy potential 

after second stage degradation could be explored in future studies and generalise the char and 

biomass for its energy generation potential. Statistical analysis was also performed between 

ignition temperature and burnout temperature to determine the significance and correlation 

coefficient. Burnout temperature have shown a high correlation coefficient (R2 = 0.96) in 

relation to ignition temperature with p-value 6.5E-05 < 0.5 (Figure 5-5).  
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Table 5-4 Co-combustion of date palm biomass and wastewater derived microalgae and their 

co-pyrolysed char  

Samples Ti (°C) Tmax (°C) Tb (°C) DTGmax E (kJ/mol) R2 

DB+WWM 241 301 536 -4.95 160.5 0.93 

CS-4 343 514 757 -3.96 150.3 0.90 

CS-5 362 497 777 -5.55 128.3 0.90 

CS-6 367 419 797 -6.19 134.3 0.91 

CT-4 339 499 777 -4.87 133.7 0.92 

CT-5 351 419 777 -4.71 123.3 0.93 

CT-6 353 420 797 -6.42 132 0.90 

Ti, Tmax, Tb, DTGmax, and E represents the ignition temperature, maximum weight loss rate temperature, burnout 

temperature, maximum weight loss rate and activation energy respectively. 

 

 

  

Figure 5-5 Regression analysis of ignition temperature and burnout temperature of 

SSP and TSP chars 
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Kinetics 

The activation energy of the samples can be calculated through the Arrhenius kinetic model, 

and it can be determined through the following equations (5-7 — 5-10): 

𝑘(𝑇) = 𝐴𝑒(−
𝐸

𝑅𝑇
)
 …………… (5-7) 

𝑑𝛼

𝑑𝑡
= 𝐴𝑒(−

𝐸

𝑅𝑇
) (1 − 𝛼)𝑛 …………………..(5-8) 

𝛼 =  
𝜔𝜑−𝜔

𝜔𝜑−𝜔𝑓
 ………………….(5-9) 

E is the activation energy (kJmol-1), R is the gas constant (8.34 Jk-1mol-1), T is the absolute 

temperature (K), and A is the pre-exponential factor (s-1), n is the order of reaction, and α is the 

conversion rate.  

After rearranging and integration method (Coats – Redfern method) applied, the equation 

changed into the following form:  

ln[−
ln (1−𝛼)

𝑇2 ] = ln
𝐴𝑅

𝛽𝐸
− 

𝐸

𝑅𝑇
 ……………………….(5-10) 

β is the heating rate (°Cmin-1 or Kmin-1) 

The kinetic illustration is presented in Figure 5-6, and activation energy (E) is calculated from 

the slope of the curves for the overall combustion process and is presented in Table 5-4. The 

lower the activation energy, the lower the energy required to begin the combustion process. It 

can be seen that all of the chars have shown overall lower activation energy according to the 

co-combustion of the feedstock. The lowest amount of activation energy was noted by TSP 

chars, and at 500 °C HTT char have shown relatively less activation energy both for SSP and 

TSP than the rest of the samples. SSP samples showed the range of activation energy from 128 

kJmol-1 to 150 kJmol-1 which is dropped in case of TSP and found in the range of 123 to 133 

kJmol-1. CS-5 and CT-5 both samples reduced the activation energy more than 30 kJmol-1 

according to the feedstock. Regression analysis showed a high coefficient of correlation in all 

of the samples, exhibiting R2 ≥ 0.90. 
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Figure 5-6 Kinetic illustrations of chars subjected to combustion 
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5.3.5.2 Pyrolysis 

A similar set of experiments conducted in a nitrogen environment to illustrate the pyrolysis 

conditions for the concerned samples (Figure 5-7). It can be seen that char has shown single 

stage degradation with a couple of minor peaks after 800 °C as compared to two-stage 

combustion. Degradation can be seen as limited with maximum weight loss occurred in 

samples subjected to 400 °C HTT. The increase in temperature resulted in less degradation 

with high char content. Although degradation happened in small percentage than combustion, 

however, it continuous to devolatilize for a longer duration. There is a small degradation noted 

between 800-1000 °C which resulted in a weight loss of more than 10% in this range in all of 

the samples of SSP and TSP. TSP samples reduced the weight loss further around 3-4 % at 400 

and 600 °C HTT.  

 

Figure 5-7 Thermal analysis of co-pyrolysed char in nitrogen atmosphere 



137 | P a g e  

 

Weight loss rate curve showed a comprehensive outlook of the samples in which the highest 

peak shifted for CS-5, CS-6, CT-5 and CT-6 samples from 400-500 °C towards 500-600 °C. 

Weight loss rate reduced substantially after 500 °C with a sudden decline in a peak in CS-4 and 

CT-4 samples, whereas, it continues to increase for the rest of the samples. This might be due 

to the higher char’s stability treated at high temperatures as shown in Van Krevelen diagram 

(Figure 5-1). Combined feedstock also showed single stage degradation, hence, confirming the 

single stage pyrolysis of the biomass. The smooth curve could be observed after 600 °C, 

however, weight loss continues to occur up to 10% of the total weight from 600 °C to 1000 °C.    

5.3.6 Energy economics 

The economic potential of the char based on the yield and treatment temperature shows that 

char’s price decreases as the HTT increases. It is worthwhile to note that the difference may 

become significant for large-scale production. The overall price range for all of the samples 

indicates between $0.024 to 0.027 kg-1 with maximum value for CS-4 char at $0.027 kg-1 and 

lowest for CT-5 char at $0.024 kg-1 (Table 5-5). Overall TSP samples showed a lower price 

through these variables.  The price of the coal per kg is $0.068 kg-1 for the heating value 26.9 

MJkg-1 [36]. Price is markedly lower than coal, however, the heating value is also lower in the 

range of 22-24 MJkg-1. Therefore, the price evaluation based on heating values of the char was 

also calculated. Both of the measured and calculated heating values were considered. 

Table 5-5 Energy yield and price variation according to the different treatment temperatures 

Samples Energy 

recovery 

Energy yield 

(%) 

Economic 

value  (HTT) 

 ($/kg) 

Economic 

value (HHVM) 

($/kg) 

Economic 

value (HHVT) 

($/kg) 

CS-4 1.26 50.38 0.0272 0.025 0.024 

CS-5 1.22 40.72 0.0250 0.020 0.018 

CS-6 1.21 37.64 0.0253 0.018 0.017 

CT-4 1.19 45.83 0.0261 0.023 00021 

CT-5 1.16 37.16 0.0240 0.018 0.018 

CT-6 1.17 35.56 0.0247 0.017 0.018 
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The economic value was found in the range of $0.017-0.025 kg-1, stating that the decrease in 

heating values will lower the price of the char. Prices based on the measured heating values 

showed slightly higher prices than calculated from the theoretical heating values. Prices based 

on the HHV also showed a similar trend to HTT, in which prices tend to decrease with the 

increase in treatment temperature. Hence treatment temperature, in this case, is the major driver 

of the price of the char. Energy yield also reduces with the increase in treatment temperature. 

The regression analysis of mass yield and energy yield showed a high coefficient of 

determination (R2 = 0.969) and p-value (0.00035) substantially lower than 0.05 (Figure 5-8). 

The higher mass yield translates to higher energy yield. 

 

 

  

Figure 5-8 Statistical analysis of the mass yield and energy yield of the char 
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5.4 Conclusive remarks 

Co-pyrolysis of date palm branches and wastewater derived microalgae was conducted at 400, 

500 and 600 °C for a single stage and two stage pyrolysis. Char aromaticity increased, and 

mass yield decreased substantially with the increase in treatment temperature in both SSP and 

TSP from 40% to 30% by weight. Nitrogen concentration was decreased with the increase in 

temperature, and similar results were found for nitrogen species on the surface of the char. The 

nitrogen-doped char holds the potential to be used in a range of applications from the reduction 

of NOx emissions to supercapacitors.  

Combustion of the feedstock and the char samples produced at 400 and 500 °C showed two-

stage degradation whereas pyrolysis showed single stage degradation. The optimum treatment 

temperature for two-stage pyrolysis is 500 °C to gain the lowest activation energy during 

combustion, moderate heating values and lowest price. Similarly, the activation energy of the 

subsequent pyrolysis of char samples also decreased than their feedstock. TSP samples at 

treatment temperatures (≥500 °C) showed higher activation energy than SSP samples. The 

economic analysis showed a decrease in price with the increase in treatment temperature. It can 

be concluded that co-pyrolysed char from TSP samples contain the superior properties and 

potential applications in multiple areas such as energy and adsorption. 
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Chapter 6 

Comprehensive summary 

The use of date palm branches and wastewater derived microalgae through pyrolysis 

technology was addressed in this dissertation mainly focussing on its chemical and energy 

perspective. The thesis primarily consisted of four major parts. (I) A detailed overview of the 

use of biomass through combustion, pyrolysis and gasification technology and the potential 

and pitfall of each of the technologies with current research trends. (II) Characterising the waste 

from date palm branches for their potential of energy production and subsequently the presence 

of heavy metal concentration and comparison according to the European Union standards. (III) 

Slow pyrolysis of date palm branches and wastewater derived microalgae at varying conditions 

and comparison of the properties of biochar/biocarbon obtained from the process was presented 

in detail. Economic values are also presented based on proposed economic models. (IV) An 

advanced multistage combined pyrolysis process is presented for date palm and wastewater 

derived microalgae. Their thorough understanding and influence on the resultant product are 

shown for further derivation. 

This study investigated date palm branches in detail to determine the potential of different parts 

in energy production chambers. The biomass was divided into four parts L (leaf ribs), SB (small 

part of a branch attached to the ribs), MB (middle part of the branch) and LB (large part of a 

branch attached to the trunk). It was found that LB part of the branch holds the ability to retain 

the moisture content for a longer duration as compared to rest of samples which, however, 

contains the highest crystallinity followed by L, SB, and MB. The highest ash content was 

exhibited by L which is approximately double the rest of the branch, which also contains the 

highest HHV (higher heating value) values than the rest of the parts. Arsenic was found to be 

higher than the permissible limit defined in European Union standards in L, SB, and MB and 

Zinc only in L part with no heavy metals above the permissible limit in LB part. LB can also 

be used in technologies which require no drying of biomass for instance in hydrothermal 

treatment technologies.  

The increase in heating rate determines the rapid devolatilization and changes from two-stage 

devolatilization to single stage devolatilization which also results in an increase in char 

production. It was concluded that LB part of date palm could be used directly for energy 

generation after sun drying. However, the other parts need to be treated for heavy metals 
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reduction (water and acid washing) or can be pre-treated via torrefaction to produce the bio-

fuel which can later be used with coal for energy generation. 

Further detailed investigation on two waste-based feedstock, date palm biomass and 

wastewater derived microalgae, was conducted to utilise in potential bio-refineries. The 

individual and combined pyrolysis behaviour were presented to evaluate their performance for 

both scenarios. Slow pyrolysis of the date palm branches (DB) and wastewater derived 

microalgae (WMA) was conducted in the temperature range of 400-600 °C. Mass yield 

decreased; whereas, ash content increased with the increase in highest treatment temperature 

(HTT). Algae char (AB) showed higher mass yield and ash content and reduced heating values 

as compared to date char samples. On the other hand, DB chars showed higher stability than 

AB chars. Combustion of both types of the char samples found to degrade through a two-stage 

devolatilization process whereas pyrolysis showed one stage devolatilization.  

DB samples at 400 and 500 °C and, AB samples at 500 and 600 °C showed lower activation 

energy during combustion than their feedstock. Amine-N and Quaternary-N species tend to 

reduce with the increase in treatment temperature in AB char samples. Energy yield and 

economic costs were found to be lower for AB char than DB char samples, particularly at high 

temperatures. Concisely, it was concluded that AB char holds significantly different properties 

than DB char. Algal char is recommended for soil amendment, and wastewater treatment and 

date palm derived char is suitable for energy applications in cogeneration plants.  

Co-pyrolysis of date palm branches and wastewater derived microalgae was conducted at 400, 

500 and 600 °C for a single stage and two stage pyrolysis. Char aromaticity increased, and 

mass yield decreased substantially with the increase in treatment temperature in both single 

stage pyrolysis and two stage pyrolysis from 40% to 30% by weight. Nitrogen concentration 

was decreased with the increase in temperature, which determines its transformation to the gas 

phase and similar results were found for nitrogen species on the surface of the char. The 

nitrogen-doped char holds the potential to be used in a range of applications from the reduction 

of NOx emissions to supercapacitors.  

Combustion of the feedstock and the char samples produced at 400 and 500 °C showed two-

stage degradation whereas pyrolysis showed single stage degradation. 500 °C is the optimum 

treatment temperature for two-stage pyrolysis to gain the lowest activation energy during 

combustion, moderate heating values and lowest price. Similarly, the activation energy of the 

subsequent pyrolysis of char samples also decreased than their feedstock. Two-stage pyrolysed 
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carbon at treatment temperatures (≥500 °C) showed higher activation energy than single stage 

pyrolysed carbon. The economic analysis showed a decrease in price with the increase in 

treatment temperature due to a decrease in energy content. It can be concluded that co-

pyrolysed char from multi-stage pyrolysis process contains the superior properties and 

potential applications in multiple areas such as energy and adsorption. 

Future research recommendation 

Further research in the area of oxidative and multi-stage combined pyrolysis of wastewater 

sludge and microalgae is recommended. The combined processing of both biomass types from 

similar source might help in the reduction of processing steps and can generate the char of 

improved quality for multiple applications. Catalytic pyrolysis of microalgae and 

lignocellulosic biomass with an activating agent such as CO2 might bring properties of high 

surface area and functional groups enhancement at lower temperature processing.  

A further consideration in the area of ternary and quaternary pyrolysis through the use of 

Taguchi method is desirable to recommend the multiple types of biomass in biorefineries which 

might result in advanced carbon properties and yield high-value product. The resultant product 

in this scenario might have the potential to be used in several adsorption and soil amendment 

applications. In addition, similar feedstock needs to be thoroughly investigated through 

multiple reactors to observe energy efficiency and variation in product performance according 

to reactor types. This research direction has the potential to integrate a set of reactors which 

can further be utilised to enhance high-quality carbon production.  
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Appendices 

 

 

 

  

A.1 FT-IR analysis of date palm branch parts (L, SB, MB and LB) 
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A.2 XRD spectra of biomass samples (L, SB, MB and LB) 
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A.3 Crystallinity of parts of date palm branches 
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A.4 XPS spectra of date palm char DB-4, DB-5 and DB-6 produced at 400, 500 and 600 °C 

respectively 
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A.5 XPS spectra of wastewater derived microalgae char AB-4, AB-5 and AB-6 produced at 

400, 500 and 600 °C respectively 
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A.6 DSC curves of (a) date palm biomass with its chars and (b) wastewater derived microalgae 

with their chars  
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A.7 Degree of conversion of (a) date palm biomass with chars and (b) wastewater derived 

microalgae with chars 
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A.8 Nitrogen species distribution on char surfaces analysed by XPS 
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A.9 DSC curves of combined feedstock and co-pyrolysed char in air atmosphere 
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