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ABSTRACT 

Palm oil processing generates enormous volume of waste, which can be used as 

a feedstock in thermal processing. Subsequently, these can be valuable in the 

production of activated carbon (AC) and soil amelioration. The production of AC 

often results in secondary contamination through activating agents. This prompts 

the necessity for a non-toxic activating agent for high quality production of high 

adsorptive AC. Therefore this research aims to assess and determine the 

optimum route for efficient utilisation of biowaste from thermal conversion process 

of palm oil residues in producing activated carbon and soil amelioration by 

evaluating the impact of the selected utilisation techniques. 

In the production process, energy demand and process duration have influence 

on the efficiency of AC; therefore, an appropriate design configurations and 

parameter selection are required to achieve an anticipated yield. AC was 

produced by microwave and conventional techniques through pyrolysis. The 

feedstock was also used in combustion and the thermal residues were applied in 

agricultural soil and crop yield relative to application rate was assessed on 

Habanero chili pepper. Therefore, the requisite to quantify the processes, which 

include appropriate assessment of the technology and economic performance. 

The accomplishment of the project overall aim was dependent on the design of a 

microwave system for efficient biomass pyrolysis. The process also evaluated the 

microwave interaction with reactors implemented to produce AC from mixed oil 

palm waste, using Trona ore as an activating agent. The AC was analysed to 

determine the effectiveness of Trona ore for activation using Fourier infrared 

spectrometry, Brunauer-Emmett-Teller (BET) analyser and scanning electron 

microscope. The oil palm waste ash was applied to the soil. The optimum 

outcome of the microwave assisted technique for combine palm waste (CPW) 

was obtained at 600 W, BET surface area (SBET) is 980 m2/g compared to 920 

m2/g from a conventional technique; total volume (Vtotal) 0.865 cm3/g; mean pore 

diameter 2.2 nm and AC yield is 42%. Therefore, this study additionally identifies 

the need for an even distribution of electromagnetic waves within the reactor 

during activation to ensure uniformity of AC. It also proposes that the design of a 
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composite reactor for an industrial production of AC is necessary to enable 

heterogeneous waste stream of the process. For ash application, the 

physiological development and crop yield were measured. The combine 

maximum yield for both sites were 49 t/ha/first season and 71.8 t/ha/second 

season, occurred at 8 t/ha treatment plot against the control plot with 1.3 t/ha/first 

season and 0.7 t/ha/second season. The interaction between oil palm waste ash 

and soil, improved agronomic efficiency of Habanero chilli pepper by 66-69% and 

Scoville value by 3.52%. These utilisation routes (AC production and ash to soil) 

were further integrated for economic and technological benefits using Aspen plus 

Economy. The processes have 16-17% return on investment for the 8-9 year 

payback period. This study therefore concluded that thermal residues of oil palm 

waste are useful in the production of high quality AC and also has rich effect on 

agricultural soil. 

Keywords:  

Activated carbon, adsorption, porous material, kinetic model, economic 

assessment, soil amelioration 

 



iii 

ACKNOWLEDGEMENTS 

Throughout the period of this research, many people provided help and I can 

never thank everyone by name. My supervisors, Doctors Kumar Patchigolla and 

Ruben Sakrabani; were great source of inspiration and guidance. They supported 

this study, coached me passionately to achieve this academic dream and also 

encouraged me during my emotional crisis. Their scientific experiences were 

shared, which gave meaning to my research approach. I thank Professor Bernard 

Anthony for his assistance. My review panel brought the best out of me, 

Professors Phil Longhurst, Ewan McAdam and Fiona Charnley. I appreciate the 

effort of my senior colleagues who were always challenging and discussing my 

work, Drs Jonathon Gillard, Hisham, Adeola, Reward, Igwemezie and many 

others. I doubt, if I could go this far without the daily support of my lovely wife 

Anurika and gorgeous daughter Chiziterem Mary Ukanwa, her constant play 

made the study period fun. They saw me through good and bad times especially 

during the COVID-19 crisis that forced me to work from home. 

A reserved honour to my late father, Sir Ukanwa Kalu, who laid the foundation; 

unfortunately, could not live to see me become a doctor and greatest thanks is to 

my family members: my mother, Mary Ukanwa; sisters, Ngozi and Onyinyechi; 

brother, Pharmacist Igwe; uncles, Engineer Ogbaegbe Kalu and Monsieur Martin 

Uko. Truly, they have been my strength, never frown at my absence from home, 

always been there for me, praying and wishing me success.  

I would want to extend my gratitude to the head of department Agricultural and 

Bioresources Engineering of FUTO for the provision of experimental site and 

facilities. Professors Chinweze, Egwuonwu, Okereke, Asoegwu, Mr Veratius 

Anyanwu and Ekebuisi Moses Chukwu were always there to supervise the field 

activities; I say thank you.  

I am also grateful to my colleagues at Easyfront services Ltd, UK.  I must not 

forget the former president of Federal Republic of Nigeria, Dr Goodluck Ebele 

Jonathan; he saw the little giant in me and called me to contribute to the growth 



iv 

of our nation through this research scholarship and senior appointment. I am also 

indebted to PTDF for the support and funding of this research.  

Finally, my greatest adoration to the almighty God, whose grace brought strength 

through spiritual meditation. 



v 

TABLE OF CONTENTS 

ABSTRACT ......................................................................................................... i 

ACKNOWLEDGEMENTS................................................................................... iii 

LIST OF FIGURES ............................................................................................. ix 

LIST OF TABLES .............................................................................................. xii 

LIST OF EQUATIONS ...................................................................................... xiv 

LIST OF ABBREVIATIONS .............................................................................. xvi 

1 INTRODUCTION ............................................................................................. 1 

1.1 Overview of the research .......................................................................... 1 

1.2 Research background ............................................................................... 1 

1.2.1 Oil palm waste as a renewable carbon source in energy and 

activated carbon: prospects and challenges in Nigeria ............................... 1 

1.2.2 Oil palm processing waste ................................................................. 6 

1.2.3 Oil palm waste characteristics ............................................................ 8 

1.2.4 Oil palm waste utilisation potentials.................................................... 9 

1.2.5 Biomass energy overview in Nigeria ................................................ 15 

1.2.6 Research Inference .......................................................................... 17 

1.3 Research question, aim and objectives .................................................. 18 

1.3.1 Research questions, scientific challenges and gaps ........................ 18 

1.3.2 Aim ................................................................................................... 20 

1.3.3 Objectives ........................................................................................ 20 

1.4 References ............................................................................................. 22 

2 BIOMASS ASH APPLICATION IN AGRICULTURE: A SHORT REVIEW ..... 37 

2.1 Introduction ............................................................................................. 37 

2.2 Mineral composition of biomass ash relative to the influence on soil 

properties and plant growth .......................................................................... 41 

2.3 Mechanism of soil-ash balance, relationship and chemical alteration ..... 46 

2.4 Ash from heterogeneous waste stream for soil amelioration .................. 48 

2.5 The response coefficient of different ash types to crop yield .................. 51 

2.6 Palm waste thermal residual ash, its potency as fertilizer and 

application rate ............................................................................................. 52 

2.7 The challenges of biomass ash application to the soil ............................ 53 

2.8 Conclusion .............................................................................................. 57 

2.9 References ............................................................................................. 58 

3 A REVIEW OF CHEMICALS TO PRODUCE ACTIVATED CARBON FROM 

AGRICULTURAL WASTE BIOMASS ............................................................... 75 

3.1 Introduction ............................................................................................. 75 

3.2 Fuel characterisation for AC production .................................................. 79 

3.3 Modes of activation ................................................................................. 85 

3.3.1 Chemical activation .......................................................................... 86 



vi 

3.3.2 A comparison of activation by microwave and the conventional 

process...................................................................................................... 89 

3.4 Activating agent effect ............................................................................. 91 

3.4.1 The effects of activating agent on renewable and non-renewable 

precursors ................................................................................................. 91 

3.4.2 Acidic treatment of agricultural residues ........................................... 94 

3.4.3 Base treatment of agricultural residues ............................................ 95 

3.4.4 Salts treatment of agricultural residues ............................................ 96 

3.5 Characterisation of AC .......................................................................... 106 

3.5.1 Surface chemistry mechanism and morphology ............................. 106 

3.5.2 Adsorption and kinetic mechanism ................................................. 107 

3.6 Production process challenges ............................................................. 117 

3.6.1 Washing and milling ....................................................................... 117 

3.6.2 Microwave power and radiation duration ........................................ 119 

3.6.3 Activation interaction and temperature ........................................... 120 

3.6.4 Tar deposition ................................................................................ 121 

3.6.5 Equipment selection and mode ...................................................... 122 

3.6.6 Dielectric properties........................................................................ 123 

3.7 Scale of microwave for use in preparing AC ......................................... 124 

3.8 Conclusion ............................................................................................ 125 

3.9 References ........................................................................................... 127 

4 MICROWAVE THERMAL PROCESS AND MATERIAL INTERACTIONS 

RELATIVE TO REACTORS FOR THE PRODUCTION OF ACTIVATED 

CARBON ........................................................................................................ 155 

4.1 Introduction ........................................................................................... 155 

4.2 Materials and methods .......................................................................... 159 

4.3 Results and discussion ......................................................................... 162 

4.3.1 Electrodynamic properties of biomass interaction under microwave

 ................................................................................................................ 162 

4.3.2 Percentage gas, liquid and char yield for conventional and 

microwave processes .............................................................................. 164 

4.3.3 Synthesis variations with different reactors .................................... 168 

4.3.4 Effect of activating agents .............................................................. 169 

4.3.5 Microwave energy and reactor efficiency: techniques for 

improvement ........................................................................................... 171 

4.3.6 Potential energy within the bond and bond stretching interactions . 172 

4.4 Conclusion ............................................................................................ 175 

4.5 References ........................................................................................... 176 

5 PREPARATION AND CHARACTERISATION OF ACTIVATED CARBON 

FROM PALM MIXED WASTE TREATED WITH TRONA ORE ...................... 181 

5.1 Introduction ........................................................................................... 181 

5.2 Materials and Methods .......................................................................... 185 



vii 

5.2.1 Materials ......................................................................................... 185 

5.2.2 Production of activated carbon ....................................................... 189 

5.2.3 Characterisation of Trona ore activated carbon (ToAC) ................. 190 

5.3 Results and discussion ......................................................................... 190 

5.3.1 Thermogravimetric analyses of OPW ............................................. 190 

5.3.2 Elemental analysis of the combine palm waste activated carbon ... 195 

5.3.3 AC morphology and surface chemistry mechanism ....................... 196 

5.3.4 Effect of process parameters and modes of production on AC 

characteristics ......................................................................................... 199 

5.3.5 Overview of the process and resultant challenges in the use of 

microwave ............................................................................................... 202 

5.3.6 The effectiveness of Trona ore ....................................................... 202 

5.4 Conclusion ............................................................................................ 204 

5.5 References ........................................................................................... 205 

6 OIL PALM WASTE THERMAL RESIDUE IMPROVES SOIL FERTILITY 

AND QUALITY OF HABANERO CHILLI PEPPER (Capsicum chinense jacq.) 

PRODUCE IN SOUTHERN NIGERIA ............................................................ 215 

6.1 Introduction ........................................................................................... 215 

6.2 Material and methods ........................................................................... 218 

6.2.1 Experimental sites .......................................................................... 218 

6.2.2 Weather condition .......................................................................... 219 

6.2.3 Preparation of oil palm waste ash .................................................. 219 

6.2.4 Soil laboratory analysis .................................................................. 220 

6.2.5 Nursery Preparation ....................................................................... 221 

6.2.6 Soil experimental design, layout and treatments ............................ 221 

6.2.7 Transplanting and Irrigation ............................................................ 222 

6.2.8 Field plant analysis ......................................................................... 222 

6.2.9 Statistical analyses ......................................................................... 224 

6.3 Results and discussion ......................................................................... 224 

6.3.1 Soil and ash analyses .................................................................... 224 

6.3.2 Weather and optimum planting period............................................ 229 

6.3.3 Nursery development ..................................................................... 230 

6.3.4 Effect of the ash on the soil temperature and on soil fertility .......... 233 

6.3.5 Influence of PWA on crop development and yield .......................... 234 

6.3.6 Comparison of HCP characteristics in site A and B ....................... 241 

6.3.7 Stomata and weather relationship on the development of HCP ..... 242 

6.3.8 Post-harvest soil nutrient depletion and fertility coefficient ............. 242 

6.4 Conclusion ............................................................................................ 244 

6.5 References ........................................................................................... 246 

7 ENERGY AND ECONOMIC ASSESSMENT OF COMBINED PALM 

WASTE THERMAL RESIDUE UTILISATION TO PRODUCE ACTIVATED 

CARBON AND SOIL AMENDMENT .............................................................. 251 



viii 

7.1 Introduction ........................................................................................... 251 

7.5 References ........................................................................................... 276 

8 PROJECT INTEGRATED DISCUSSION .................................................... 283 

8.1 Integrated discussion ............................................................................ 283 

9 CONCLUSIONS AND RECOMMENDATIONS ........................................... 290 

9.1 Conclusions .......................................................................................... 290 

9.2 Recommendations ................................................................................ 294 

APPENDICES ................................................................................................ 297 

Appendix A Preparation and activation of AC from CPW............................ 297 

Appendix B Weather report ......................................................................... 301 

Appendix C Plant analysis .......................................................................... 304 

Appendix D Economic assessment ............................................................ 308 

Appendix E Arsenic adsorption ................................................................... 309 

 

 



ix 

LIST OF FIGURES  

Figure 1-1 World oil and fat production (USDA, 2017; Mundi, 2018) .................. 4 

Figure 1-2 African palm oil producers (USDA, 2017; Mundi, 2018) .................... 5 

Figure 1-3 Mechanical operation of palm oil and Palm kernel oil process .......... 6 

Figure 1-4 Percentage of processing palm oil waste .......................................... 7 

Figure 1-5 (a) OPW generation in processing mill (b) Palm biowaste applications
 .................................................................................................................. 10 

Figure 2-1 Mechanism of biomass ash formation in a thermal system ............. 37 

Figure 2-2 Variation of different feedstock relative to temperature and ash 
production .................................................................................................. 39 

Figure 2-3 Soil-ash chemical interactions for plant growth ............................... 47 

Figure 3-1 A structural model of lignocellulosic components of biomass ......... 81 

Figure 3-2 Activation temperature’s effect on activate carbon’s (AC) pore 
development and morphology A: biomass structure; B: partially developed 
char structure; C: well-defined porous AC structure .................................. 85 

Figure 3-3 Examples of conventional and microwave heating effects .............. 90 

Figure 3-4 The interactions between layers and NaOH .................................... 96 

Figure 3-5 SBET and total pore volume ranges of some activating agents on 
agricultural waste ....................................................................................... 99 

Figure 3-6 Hammer milling process for biomass ............................................ 118 

Figure 4-1. Microwave interaction with water and ionic conduction (Leonelli and 
Mason, 2010) ........................................................................................... 156 

Figure 4-2 ASPEN PLUS flow chat for pyrolysis ............................................ 161 

Figure 4-3 Thermal decomposition profile of combined palm waste ............... 165 

Figure 4-4 (a) Percentage gas, liquid and char yield for conventional process (b) 
Percentage yield for microwave process relative to simulated yield ........ 167 

Figure 4-5 SEM images of AC products from different process parameters and 
reactors .................................................................................................... 170 

Figure 4-6 (A). Bond stretching interaction in microwave; (B). Heat transfer 
direction relative to the biomass sample in the microwave (Salema et al., 
2013) ....................................................................................................... 173 

Figure 4-7. Overall reactor response to microwave power and heating rate .. 175 

Figure 5-1. Microwave experimental setup for AC production ........................ 189 



x 

Figure 5-2 DTA/TGA of OPW and variation of the samples impregnated with 
Trona ore ................................................................................................. 192 

Figure 5-3. (a) Microwave heating time relative to moisture content and 
temperature variation (b) Mass flow relationship relative to the influence of 
temperature change on the composition of syngas ................................. 194 

Figure 5-4. SEM analysis of the AC produced from Trona ............................. 197 

Figure 5-5. FTIR of OPW from different processing methods and activation 
conditions (b) raw feedstock (b) Trona ore activated AC ......................... 198 

Figure 5-6. Mechanism of Trona during activation process ............................ 203 

Figure 6-1 Experimental and analytical processes for palm waste ash application 
for growing chili pepper............................................................................ 218 

Figure 6-2 Nursery development and survival rate ......................................... 231 

Figure 6-3 Average Morphological parameters and Phenological parameters site 
A on first and second seasons ................................................................. 237 

Figure 6-4 Average Morphological parameters and Phenological parameters site 
B on first and second seasons ................................................................. 238 

Figure 6-5 Soil mean characteristics for 8 tonnes/ha plot (THP) from pre-season 
to post harvest ......................................................................................... 243 

Figure 7-1 Mass and energy relativity for the OPW thermal process ............. 256 

Figure 7-2 Thermal combined processes of pyrolysis, gasification and 
combustion .............................................................................................. 258 

Figure 7-3 Mass flow relationship relative to the influence of temperature change 
on the composition of syngas. ................................................................. 262 

Figure 7-4 (a) Operating and (b) Capital cost for combined thermal processes.
 ................................................................................................................ 265 

Figure 7-5 The relationships between flow rate, temperature and syngas 
produced in gasification. .......................................................................... 269 

Figure 7-6 Percentage production cost of HCP in this study .......................... 271 

Figure 8-1 Overall project structure ................................................................ 283 

 

Figure A-1 Yield from CPW relative to temperature ....................................... 297 

Figure A-2 Microwave setup and process equipment for AC production ........ 298 

Figure A-3 FTIR of all the samples ................................................................. 299 

Figure A-4 Proposed design for large scale AC production system ............... 300 



xi 

Figure B-1 Weather report for site A ............................................................... 301 

Figure B-2 Weather report for site B ............................................................... 302 

Figure B-3 Combined weather report relative to planting and transplanting ... 303 

Figure C-1 Treatment and application rate ..................................................... 304 

Figure C-2 Nursery response in two weeks .................................................... 305 

Figure C-3 Nursery survival rate ..................................................................... 306 

Figure C-4 Fruit characteristics ...................................................................... 307 

Figure E-1 Journal paper prepared for publication ......................................... 309 

Figure E-2 FTIR illustration of activated carbon used in adsorption ............... 310 

Figure E-3 Adsorption isotherms simulations for As (V) adsorption by AC at initial 
concentrations of 10–100 mg/L at 25 °C ................................................. 312 

Figure E-4 Adsorbent dosage relationship with adsorption capacity for MTA-5
 ................................................................................................................ 314 

Figure E-5 Removal of arsenic at diverse pH for 25 oC, adsorbent dosage, 10 
mg/L; initial concentration, 20 mg/L ......................................................... 315 

Figure E-6 Final pH after arsenic adsorption at various initial pH ................... 316 



xii 

LIST OF TABLES 

Table 1-1 Palm oil processing unit operations .................................................... 8 

Table 1-2 Recent works on the optimisation process OPW for AC .................. 14 

Table 2-1 Nutrients available in biomass ash and their overall impact on soil and 
plant ........................................................................................................... 43 

Table 3-1 Analytical characterisation and composition of agricultural waste 
biomass ..................................................................................................... 82 

Table 3-2 An overview of the three modes for the chemical activation process 87 

Table 3-3 Comparison of the differences between various processing parameters 
for microwave and conventional activation methods ................................. 90 

Table 3-4 The effects of activating chemical on the precursors...................... 100 

Table 3-5 Adsorption capacities and parameters of chemically-activated 
agricultural wastes based on activating agent ......................................... 110 

Table 3-6 Adsorption isotherm models descriptions and challenges .............. 114 

Table 3-7 Relationship between penetration depth of biomass and various 
microwave frequencies (Oyejobi et al., 2012; Abubakar, Salema and Ani, 
2013; Okahisa et al., 2018) ...................................................................... 123 

Table 4-1. The relative permittivity of Combine Palm Waste AC at different 
frequencies for each reactor .................................................................... 163 

Table 4-2 Pore structure relative to reactor type ............................................ 169 

Table 5-1 Biochemical analysis of individual palm waste biomass ................. 186 

Table 5-2. Elemental analysis of combine palm waste activated carbon based on 
different production processes ................................................................. 196 

Table 5-3. Yield and pore structural parameters ............................................ 199 

Table 6-1 Properties of soil for site A and B; chemical analysis and EDX of palm 
waste ash ................................................................................................ 226 

Table 6-2 The mean Physiological changes in HCP with the application of OPWA.
 ................................................................................................................ 235 

Table 7-1 Chemical and biochemical properties of CPW ............................... 255 

Table 7-2 Cost parameter for a thermal process plant ................................... 263 

Table 7-3 Economic analysis of thermal processes and investment summary
 ................................................................................................................ 264 

Table 7-4 Percentage process input and yield ............................................... 268 



xiii 

 

Table D-1 Process yield ................................................................................. 308 

Table E-1 The characteristics of CPW and the comparison of porosity structure 
of the AC for arsenic adsorption .............................................................. 311 

Table E-2 The characteristics of CPW and the comparison of porosity structure 
of the AC for arsenic adsorption .............................................................. 313 



xiv 

LIST OF EQUATIONS 

(3-1) .................................................................................................................. 78 

(3-2) ................................................................................................................ 108 

( 3-3) ............................................................................................................... 109 

(3-4) ................................................................................................................ 118 

(4-1) ................................................................................................................ 160 

(4-2) ............................................................................................................... 161 

(4-3) ............................................................................................................... 161 

(4-4) ............................................................................................................... 161 

(4-5) ............................................................................................................... 161 

(4-6) ............................................................................................................... 173 

( 5-1) ............................................................................................................... 187 

(5-2) ................................................................................................................ 187 

(5-3) ............................................................................................................... 187 

(5-4) ................................................................................................................ 187 

(5-5) ................................................................................................................ 187 

(5-6) ................................................................................................................ 187 

(5-7) ................................................................................................................ 188 

(5-8) ................................................................................................................ 188 

(5-9) ................................................................................................................ 188 

(5-10) .............................................................................................................. 188 

(5-11) .............................................................................................................. 188 

(5-12) .............................................................................................................. 188 

(5-13) .............................................................................................................. 203 

(5-14) .............................................................................................................. 203 

(5-15) .............................................................................................................. 203 

(5-16) .............................................................................................................. 203 

(6-1) ................................................................................................................ 222 

(6-2) ................................................................................................................ 222 



xv 

(6-3) ................................................................................................................ 223 

(6-4) ................................................................................................................ 223 

(6-5) ................................................................................................................ 223 

(6-6) ................................................................................................................ 223 

(6-7) ................................................................................................................ 223 

(6-8) ................................................................................................................ 240 

(6-9) ................................................................................................................ 240 

(6-10) .............................................................................................................. 240 

(6-11) .............................................................................................................. 240 

(7-1) ................................................................................................................ 256 

(7-2) ................................................................................................................ 256 

(7-3) ................................................................................................................ 256 

(7-4) ................................................................................................................ 257 

(7-5) ................................................................................................................ 257 

(7-6) ................................................................................................................ 257 

(7-7) ................................................................................................................ 259 

(7-8) ................................................................................................................ 259 

(7-9) ................................................................................................................ 259 

(7-10) .............................................................................................................. 259 

(7-11) .............................................................................................................. 259 

(7-12) .............................................................................................................. 259 

(7-13) .............................................................................................................. 260 

(7-14) .............................................................................................................. 260 

(7-15) .............................................................................................................. 260 

(7-16) .............................................................................................................. 260 

 

 



xvi 

LIST OF ABBREVIATIONS 

 AC Activated carbon 

 ANOVA Analysis of variance 

 A-ROI Annualised return on investment 

 ASPEN Advanced system for processing Engineering 

 BG Bagasse 

 BR-B Borosilicate Pyrex glass reactor 

 CEC Cation exchange capacity 

 CFn Annual cash flows 

 CIC Capital investment cost 

 CR Concentration ratio 

 CPW Combine palm waste 

 DAEM Distributed activation energy model 

 DM Dry mass 

 Dp Pore diameter 

 DTA Differential thermal analysis 

 EC Electrical conductivity 

 EFB Empty fruit bunch 

 EFBAC Empty fruit bunch activated carbon 

 FC Fixed carbon 

 FFB Fresh fruit bunch 

 FTIR Fourier transform infrared spectrometry 

 GDP Gross domestic product 

 GM Gross margin 

 GMO Genetic modified organism 

 HCP Habanero chili pepper 

 HHV Higher heating value 

 IR Impregnation ratio 

 LAI Leaf area index 

 LHV Lower heating value 

 LRWC Leaf relative water content 

 MB Methyl blue 



xvii 

 MF Mesocarp fibre 

 MW Microwave 

 NPV Net present value 

 OPPW Oil palm processing waste 

 OPWA Oil palm waste ash 

 PAEK Polyaryletherketone 

 PBA Palm based ash 

 PEEK Polyetheretherketone 

 PFW Plant fresh weight 

 PKS Palm kernel shell 

 PR-C  Porcelain (ceramic) reactor 

 PTFE Polytetrafluoroethylene 

 RCBD Randomised complete block design 

 RGR Relative growth rate 

 SBET Brunner Emma Teller surface area 

 SEM Scanning electron microscope 

 SW Swollen weight 

 TC Total cost 

 TFC Total fixed cost 

 TGA Thermogravimetric analysis 

 THP Tonnes per hectare plot 

 ToAC Trona ore activated carbon 

 TR Total revenue 

 TVC Total variable cost 

 USDA United states department of agriculture 

 V Volume 

 Vmeso Mesopore volume 

 Vmicro Micropore volume 

 Vtotal Total volume 

 W Watt 

 

 





 

1 

1 INTRODUCTION 

1.1 Overview of the research 

This chapter is intended to govern the principal background of this project. It 

illustrates the synopsis of the primary feedstock and the wastes sources. The 

underlined factors such as: palm wastes value, technologies and routes related 

to the utilisation are considered. The current utilisation status conveyed the need 

for appropriate measures and imperative parameters for utilisation. This phase 

also outlined the fundamental challenges relative to the scope of this study with 

focus on oil palm. The aim is spawned from the challenges identified and 

objectives were set based on previous and ongoing studies in biomass 

revaluation and utilisation. They were established to answer scientific, 

technological, social and economic questions. 

1.2 Research background 

1.2.1 Oil palm waste as a renewable carbon source in energy and 

activated carbon: prospects and challenges in Nigeria 

1.2.1.1 Agricultural waste in Nigeria 

Global food predicament, energy demand, environmental pollution and climate 

change are persistent challenges to mankind especially in developing countries; 

therefore, appropriate attention is required for mitigation(Kong et al., 2014). The 

enormous increase in solid waste generation with one of the major sources 

emanating from agriculture, through direct production and processing has 

created global environmental challenges (Bello, Norshafiq and Kabbashi, 2016). 

It is one of the major environmental problems yet to be addressed in developing 

countries (Ojo, 2014; Giwa et al., 2017), which has entreated a mandate for 

control measures owing to the adverse effects (Hoornweg and Bhada-Tata, 

2012).  

Agricultural wastes from parts of fruits which are considered inconsequential are 

generated both during production and processing. The economic value of these 

waste products is assumed to be low and they can pose a threat to food 

production and general agricultural development, especially if mismanaged (Obi, 
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Ugwuishiwu and Nwakaire, 2016). Waste classification are based on its 

characteristics, mode of production and health effect and further classified as 

hazardous and non-hazardous. A study by Vaish (2016) estimated global 

municipal solid waste generation to be at 4 billion tonnes annually and agricultural 

waste have a large share of about 50%. Agricultural wastes include waste from 

livestock, tree shavings, harvested products and waste from several levels of food 

processing.(Idris et al., 2015). About 90 Million tonnes of palm waste are 

produced globally (Ng et al., 2012). Further processing of these wastes can be 

the solution to mitigate pollution and improve reuse (Izah, Ohimain and Angaye, 

2016). Developing countries have a low rating in management of agricultural 

waste from these activities. Hence, this results in littering of the road sides, 

dumping in rivers, drainages and communal dump sites (Akindutire and Alebiosu, 

2014), unlike developed countries where waste management is a lucrative 

venture as the waste could be used in several expedient ways (Izah, Ohimain 

and Angaye, 2016). Recycling technology, renewable energy and soil 

amendment have also benefitted immensely from wastes.  Studies on the 

utilisation of agricultural wastes in developing countries are links to creativity with 

tendencies to also generate employment, promote alternative energy generation, 

and provide solution to certain agricultural and industrial needs.  

Oil palm waste (OPW), these include the palm fronds, trunks and processing 

wastes are considered major contributor to agricultural wastes in developing 

countries where they are produced and Nigeria generates millions of tonnes of 

oil palm processing waste (OPPW) which are mostly underutilised (Izah and 

Ohimain, 2015). Nigeria with a population of approximately 150-200 Million as 

estimated in the year 2010 and an annual growth rate of 2.5% (WIPO, 2012), also 

ranked as one of the most populated of the developing countries; although the 

last official census 0f 2006 stated 140 million. Agricultural land accounts for 

approximately 745,000 sq.km of the total land area of 911,000 sq.km for the 

country with about 40% of the agricultural land arable, 11% forest zone and 3% 

active cropped area. More than 60% of the people are involved in direct and 

indirect agricultural production. About 70% of farmers practice small scale or 

subsistence farming defined as < 0.05 sq.km per person. Nigerian agriculture 



 

3 

contributes about 40% to the non-oil GDP with palm plantation being one of the 

major cash crops in the South of Nigeria (Simonyan and Fasina, 2013; Bank, 

2016).  Nigeria palm oil average demand is 8M_tonnes/year against the supply 

of 4.5M_tonnes/year (Federal Ministry of Agriculture Nigeria, 2016), which will 

continue to increase (Embrandiri, Singh, et al., 2012; Kurnia et al., 2016). 

1.2.1.2 Oil palm 

Oil palm (Elaeis guineensis jacq.), belongs to palmaceae family and to the genus 

Elaeis. It is a perennial monocot flowering plant in the order Arecales, which has 

three major species, E. guineensis which is dominant, E. oleifera (Abdullah et al., 

2012) and  E.odora which is an infrequent specie in Africa (Henson, 2012; 

Godswill et al., 2016). Oil palm is a unique monoecious plant, which seasonally 

produces unisexual male and female flowers in an alternating cycle in cross-

fertilisation mode of reproduction (Godswill et al., 2016).  The fruitlet weight is 

about 10 g, bunch weight 30 kg and 5-8% weight of kernel per fruit (Yusoff, 2015) 

It grows in wild and semi-wild but in the last century, it is cultivated majorly in 

areas with lots of sunshine, adequate rainfall, deep and permeable soil (Sapey 

and Adusei-Fosu, 2012). It produces oil fit for human consumption principally 

derived from oil palm fruits (Pande, Akor and Lai, 2012). Oil palm is native to 

West Africa, many Asian countries adopted the oil palm and developed it into a 

high economic agriculture, it generates high revenues to the local farmers and 

provides raw materials for several domestic and industrial uses (Teoh, 2010). 

Palm oil, has become one of the household products and foremost seed oil 

products in the world (Figure 1-1), used widely in food processing and 

manufacture of cosmetics, industrial chemicals and biodiesel.  
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Figure 1-1 World oil and fat production (USDA, 2017; Mundi, 2018)  

Oil palm in a favourable environmental condition, produces fruit bunches which 

ripen throughout the year. In the production year, there are high and low periods 

which are also comparative to yield (Henson, 2012; Obahiagbon, 2012; Mba, 

Dumont and Ngadi, 2015). Palm oil is the major source of palmitic acid, which is 

nutritional and medically useful as a source of vitamin A. It is abundant in West 

Africa, majorly in Nigeria, Cameroon, Ghana and central Africa, Nigeria is the 

leading producer of palm oil, Figure 1-2 (USDA, 2017; Mundi, 2018). Oil palm is 

a common and most abundant cash crop in the east and south of Nigeria for 

centuries only recently has it been eclipsed by the crude oil boom as the major 

source of income (Soh, 1965; Ofosu-budu, 2013). The palm oil industry generates 

employment (Garcia-Nunez et al., 2016). The increasing demand for palm oil, 

which is the 32% of global fats and oil production, is because, its variety of 

application and low production cost. It is wholly GMO free and have multiple 

usage (Darby, 2014; Mancini et al., 2015)  
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Figure 1-2 African palm oil producers (USDA, 2017; Mundi, 2018)   

Palm wastes are organic, rich in macro minerals and could be useful in both 

energy production and soil improvement. Due to poor recycling and waste 

management facilities in developing countries, palm wastes are littered on dump 

sites and could pollute the rivers, resulting in weed invasion and other direct 

health related issues (Sabiiti, 2011). As the world population increases with 

advancement in industrialisation, the volume of waste generated and the demand 

for food will continue to increase and waste control system will become more 

critical (Terefe, Gashaw and Warkineh, 2015). This therefore, has direct impact 

on the level of waste from palm oil production. The utilisation of OPW could be 

implemented at several stages of production and processing. Sometimes, the 

designated utilisation process is influenced by the waste composition and most 

agricultural wastes could fit in all the processes. Anyaoha et al (2018) suggested 

that co-utilization is appropriate as a robust measure for efficient utilization of 

palm waste. Various potential applications are studied with focus on energy 

production and AC. There are also several researches related to these 

applications; however, the case studies of Nigeria are limited and this study 

addresses two aspects of utilisation. The technologies are at an initial stage in 
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Nigeria. Hence, the necessity to address some of the key challenges affecting 

the utilisation and outline how to overcome them. 

1.2.2 Oil palm processing waste 

In Nigeria, oil palm is struggling to meet the high demand; attracting many 

investors. This is the reason for diversification of palm oil in the production of 

several other products. Palm oil production requires interlinked process to 

produce palm oil and kernel oil. Figure 1-3 outlines the process from receipt of 

fresh fruit bunch (FFB) to storage of palm oil. Each of the processes requires a 

specific equipment to process efficiently. In an industrial large scale, it is designed 

to run as a unit operation with automated processes at some stage. However, 

each of the stages generates waste materials. 

 

Figure 1-3 Mechanical operation of palm oil and Palm kernel oil process  

Most Nigerian palm oil production setup are traditional and non-mechanised 

process. Therefore, development is geared towards building a unit mechanised 

process that requires less human input in the operation, however, both methods 

still produce high volume of waste. Nigeria falls within the developing scale 

therefore; technological advancement and modern agricultural progress are very 

slow but, the multiple application potentials of oil palm require proper attention to 
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uphold and compete with other nations in promoting food security. One of the 

major effects of traditional or low technological methods is oil loss during 

processing and production. In Nigeria and Ghana, 60% of palm oil production is 

done through traditional methods (Mokhtar et al., 2012; Obibuzor, Okogbenin and 

Abigor, 2012). In Nigeria, unregistered farms are mostly unaccounted for and 

many vegetable oils produced do not get to the market, it is estimated that 40% 

of palm oil produced is for domestic consumption. Hence, the high waste 

generation in rural areas. 

 

Figure 1-4 Percentage of processing palm oil waste   

Considering the amount of biomass generated in the processing of palm oil and 

other agricultural waste, it prompts concern of where the waste should go 

(Lorestani and Zinatizadeh, 2006). Palm Kernel Shell (PKS), Palm Kernel Cake 

(PKC), mesocarp fibre (MF) and empty Fruit Bunch (EFB) account for about 44% 

percent dry weight. The production process is highlighted in Table 1-1. The 
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percentage waste in Figure 1-4 indicates high waste production and could be 

ideal and useful in cushioning bioenergy demand (Lorestani and Zinatizadeh, 

2006; Sharma et al., 2017). 

Table 1-1 Palm oil processing unit operations  

Operation Purpose (Poku and Nations, 
2002; Panapanaan et al., 2009) 

Equipment 

Bunch threshing Removal of fruits from the 
spikelets 

Rotating drum, 
with rotary 
beater 

Sterilisation To use wet-heat treatment, 
destroys oil-splitting enzymes, 
solidifies protein, breaks down 
gums and resins, makes 
detachment easy, slow down 
rancidity 

High pressure 
steam steriliser 

 

Fruit digestion Rupture cells Digester/oil 
press 

Mash/Pulp pressing To release palm oil from the 
digested fruit 

Spindle screw 
press 

Hydraulic press 

Oil 
purification/clarification 

Remove water soluble gums and 
resins through heat 

Clarifier 

Oil filter 

Fibre-nut separation To extricate de-oiled fibre from 
nuts 

Nut separator 

Subsequent pressing To recover residual oil 

Compacting the fibre 

Spindle screw 
press 

Hydraulic press 

Nut drying To dry nuts for cracking Drying conveyor 

Nut cracking Separating the kernel from the 
shell 

Palm nut cracker 

1.2.3 Oil palm waste characteristics 

OPW have a defined proportion of H2, 5-6% found in cellulose, hemicelluloses 

and lignin by weight (Hossain, Jewaratnam and Ganesan, 2016; Sukiran, Abnisa, 

Wan Daud, Abu Bakar and Soh Kheang Loh, 2017). Several studies also 

investigated that OPW could also be used to produce cellulosic ethanol 

(Piarpuzán, Quintero and Cardona, 2011; Ofori-Boateng and Lee, 2014). 
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The characteristics of biomass influence the physical and chemical properties of 

the products. Hence, Abnisa et al. (2013) studied bio-oil and biochar produced 

from different residues of OPW, the yield was 16.58-43.50 wt. % while biochar 

yielded average range of 28.63-36.75 wt. %. The energy density differs 

depending on the type of OPW. 

1.2.4 Oil palm waste utilisation potentials 

Oil palm produces 90% waste biomass by weight and several agroindustry are 

advancing in the use these biomass materials. Several aspects of technology 

such as pyrolysis, enzymatic digestion composting, briquetting have improved 

the value of OPW (Prasertsan and Sajjakulnukit, 2006; Chiew and Shimada, 

2013). The processing wastes are more reliable for further thermal conversion 

but residual wastes such as trunk and fronds are not always available and could 

be difficult to transport from the farm to the utilisation destination.  

Palm oil processing waste produces about 0.3M_tonnes of empty fruit bunches, 

0.3M_tonnes of PKS, 0.7M_tonnes of POME, and 0.4M_tonnes of MF in Nigeria 

(Anyanwu et al., 2013), this can generate significant quantities of energy. The 

total production of FFB industrially is estimated to be about 6M_tonnes annually 

of which 10% is oil (Gourichon H., 2013b). Palm wastes could be used in diverse 

ways as outlined in Figure 1-5.
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Figure 1-5 (a) OPW generation in processing mill (b) Palm biowaste applications
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1.2.4.1 Oil palm waste thermal products 

Due to the high energy content and availability, OPW is gaining attention as a 

renewable resource for power generation and could contribute to mitigation of 

greenhouse gases (Ng et al., 2012). OPW has economic impact on energy at low 

or no cost for power generation (Aghamohammadi et al., 2016). It reduces air 

and water pollution thereby reducing health hazards and a good strategy to the 

increasing energy demand. Begum (2013), studies show that 30 tonnes of FFB/hr 

could generate 20-35 MW of power (Nasution, Herawan and Rivani, 2014; Aziz 

and Kurniawan, 2016). OPW gasification and POME digestion are being studied 

to obtain a wider efficiency in utilising palm waste in energy (Aziz et al., 2017). 

Mixture of MF and PKS have been proven effective as fuel for steam production 

in low pressure boilers (Aghamohammadi et al., 2016; Nasrin et al., 2017) and 

can also be used in fast or slow pyrolysis or solvolysis to produce bio-oil. Chang 

(2014) highlighted the difference in production methods and the properties of bio-

oil produced compared to petroleum fuel oil and show that the HHV of bio-oil from 

palm waste is more than half that of petroleum. 

Abnisa et al (2013) compared the use of trunks of oil palm, coconut palm, rubber 

wood and poplar. Yusoff (2006) established that both palm oil and its waste have 

high potential in energy. Therefore, estimated the calorific value at about, 44 

GJ/tonnes for the oil, 20.46 GJ/dry tonnes for MF and 22.88 GJ/dry tonne for 

PKS. EFB has a very high heating value more than frond and trunk which is value 

to be 15.5 GJ/tonne (3702 kcal/ kg) (Anyanwu et al., 2013). In every 1 MT of palm 

waste biomass 80- 200 Gwh of energy can be generated (Ismaiel, Aroua and 

Yusoff, 2013).  

Pre-treatment of palm biomass is one way to increase the usability and storage 

properties, this is because palm biomass, has high moisture content, 

hygroscopic, low calorific value and highly fibrous. For example, torrecfaction at 

a temperature of 200-300 oC in the absence of oxygen with retention time of about 

10-60 minutes, produces a biomass of very low moisture content, high calorific 

value which is easy to pelletize, easy to grind and hydrophobic (Sukiran, Abnisa, 

Wan Daud, Abu Bakar and Soh Kheang Loh, 2017). This process can yield about 
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75% char, 20% gas and up to 5% liquid containing organics and lipids (Sukiran, 

Abnisa, Wan Daud, Abu Bakar and Soh Kheang Loh, 2017). Oil palm frond has 

unique characteristics in terms of biodiesel production and succinic acid 

production (Panapanaan, 2009; Anyanwu et al., 2013). 

1.2.4.2 Activated carbon 

Biomass has been relevant in energy production to mankind since pre-civilization 

era, it has a wide range of application from energy generation, soil treatment and 

production of industrial materials such as AC. The high demand for AC is because 

of its relevance in, waste treatment, pharmaceutical, desalination, gas storage, 

water purification and other domestic and industrial applications (Eltom et al., 

2012; Nabais et al., 2013). Carbon from coal and biomass have been in use for 

many centuries, it is one of the major multi-applicable adsorbents with high 

efficiency, low production cost and less complex production technology (Rashidi 

and Yusup, 2017a). The source of precursor and activation process could be vital 

to the quality of AC produced and environmental and economic concerns favour 

production from wastes (Selvaraju and Bakar, 2017). The abundance of OPW 

and the resultant quality of AC produced from them make it an interesting area 

for further development, particularly the economic advantage, good pore 

structure and effective adsorption capacity (Rashidi and Yusup, 2017a). There 

have been several studies directed towards enhancing the usefulness and 

effectiveness of waste in AC production. The use of OPW in the production of AC 

was considered to promote the green agenda, safer activated carbon and support 

waste management initiative.  

Kong et al (Kong et al., 2014) highlighted the effect of different pyrolysis 

conditions of the palm biomass slow pyrolysis of EFB at temperature of about 

300 oC produces char (Abdullah et al., 2017) while the mixture of PKS, EFB and 

MF in thermogravimetric analyser produces gas at 700 oC and at higher 

temperature gas production increases (Yang et al., 2007; Zhai et al., 2015) at the 

heating rate typically below  -173 oC.  Fast pyrolysis of PKS in a fixed bed 

pyrolyser yields high percent of bio-oil, gas and char at temperature between 500-

900 oC at the heating rate above 725 oC (Razuan et al., 2011; Mabrouki et al., 
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2015). The physical and chemical activation processes have both advantages 

and disadvantages in between them (Hernández-Montoya, García-Servin and 

Bueno-López, 2012). For physical activation, there are some basic advantages 

such as; minimal impurities, less corrosive process, washing may not be 

necessary, cheaper method of activation. However, it has some disadvantages 

such as; high activation temperature and poorly defined porous structure. For 

chemical activation, there are fundamental advantages over physical activation 

such as; AC could be produced in one step, shorter activation time, lower 

temperature, Better control of textural properties, high yield, high surface area of 

the ACs, well-developed pores, narrow micro pore size distributions, reduction of 

mineral content matter. Some disadvantages include; high corrosion to the 

system, inorganic impurities, high energy in washing and overall expensive 

process. 

This experimental research are used relative to the mass balance to validate the 

adsorption efficiency. (Mekonnen, Yitbarek and Soreta, 2015; Mohammad and 

Ahmed, 2017; Puccini et al., 2017). Though AC has a wide application ranging 

from industrial to pharmaceutics, it is identified by González-García (2017) that it 

is mostly used in metallic adsorption. But, recent researches showed that its 

application in capacitors and sensors are gaining global scientific 

acknowledgements. AC percentage uses are 59.95% metals, 8.47% for dyes, 

7.41% for sensors, 6.77% for catalysts, 5.82% for CO2, 1.48% for capacitors and 

the others go for different adsorption and pharmaceuticals (González-García, 

2018). There are two major methods of producing AC in commercial processing 

and key limitations such as activation time, concentration of activation agents, 

impregnation ratio and other parameters identified and listed in Table 1-2.This 

further identifies the methods of heating (Şentorun-Shalaby et al., 2006; Li, Zheng 

and Li, 2010; Abbas and Ahmed, 2016). In chemical mode, converting biomass 

to AC, several other activation agents can be used instead of acid and base which 

can offer safer options.
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Table 1-2 Recent works on the optimisation process OPW for AC  

Mode of 
activation  

Palm 
biomass part 

Method of 
heating 

Major findings, Key gaps and limitations Reference 

Chemical PKS 

 

Microwave 

 

Irradiation time, concentration of chemical 
activators,  

impregnation ratio, Microwave power, 
activation time,  

impregnation ratio, size 

No comparative study with other activating 
agents 

Comparison of the conventional and 
microwave method 

There was no adsorption analysis  

Limited trials with several activating agents 

(Hoseinzadeh Hesas, Arami-
Niya, et al., 2013a; Kundu, 
Gupta, et al., 2015; Kundu, 
Sen Gupta, et al., 2015) 

Physical  PKS, Fibre Furnace Types of raw precursors, particle size, 
temperature,  

heating rate, holding time, gas flow rate 

(Rashidi et al., 2012a) 

EFB Furnace Activation temperature, Time (Kadir, 2014). 

Physio-
chemical 

PKS Furnace Physical activation temperature and time, 
impregnation ratio 

(Arami-Niya et al., 2012) 

Frond Furnace Temperature, activation time, impregnation 
ratio 

(Salman, 2014) 
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1.2.5 Biomass energy overview in Nigeria 

1.2.5.1 Nigeria bioenergy advancement 

Biomass resources in Nigeria has the potential to fulfil and support the energy 

demand in Nigeria through conversion of agricultural waste into biofuel and bio-

oil.  About 80% of Nigerian primary energy is derived from petroleum (Akorede et 

al., 2017) and the huge biomass resource is yet to be harnessed, due to poor 

policy structure and loopholes in generic policy implementation. Therefore, if 

adopted policies are implemented, it can generate about 47.97 MT of oil 

equivalent annually  (Simonyan and Fasina, 2013).  

The vision 20:20 agenda of Nigeria with the target of annual increase of power 

generation by 4.3 GW (Nigeria, 2014), has not yielded the expected result. This 

is attributed to the ineffective use of biomass resources in energy resources. The 

nation with a huge promise to use effective biomass conversion technologies are 

stringing together more formidable policies to meet the target (Diji, 2013). 

According to (Aliyu, Modu and Tan, 2017) Nigeria bio power is expected to grow 

from 40 MW to 400 MW in 2025 if policies and development agenda are strictly 

followed. Low technical skills and poor infrastructure are the reasons for poor 

awareness (Aliyu, Dada and Adam, 2015). Effort to establish biogas as kerosene 

alternative, will decrease CO2 by more than 65,000 tonnes annually. The 

environmental challenge of greenhouse gas effect has triggered a renewed 

approach to ensure a steady growth in biogas production with a long-term target 

(Akinbami et al., 2001). 

There are several bioenergy projects in Nigeria targeted at meeting the present 

challenges and helping to reduce waste and landfill activities. Biomass to gas 

project established to control waste in Lagos, Ekiti biofuel industries operated by 

Global Biofuels, Sugarcane biofuel in many locations in the North of Nigeria, and 

many others in a developing stage (Nwofe, 2014). 

1.2.5.2 The conceptual challenges of bioenergy advancement 

There are several other challenges slowing the pace of Nigeria biofuels 

development. Therefore, these issues should be identified and evaluated before 
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integrating them for power. Several studies revealed that the abundance of fossil 

fuel is the highest income generator in Nigeria. The government greatly depend 

on the wealth of fossil fuel with little attention on renewable resources for power 

generation (Giwa et al., 2017). Adoption of energy crops for bioenergy requires 

huge land resource, however the use of agricultural waste has intervened in the 

cultivation of energy crops or establishing biofuel process plant for biofuels 

production. Due to cultural and traditional customs, the decision for leasing land 

or purchase is ideal. The fertility profile of an area can also influence the scheme. 

The rate of unemployment is one of the social factors that is severe in Nigeria. 

Therefore, the biomass into biofuels would generate employment for the youths.  

Relative to agricultural waste for biofuel production, the location of the process 

plant could be a major concern, due to the difficulty in gathering and transporting 

to the process plant. The technology for biofuel process is expensive in in large 

scale, however, government should initiate a support fund and policies to 

encourage investors and support biofuel production scheme (Akinbami et al., 

2001). Improving business environment, establishing a direct link between the 

economy, agriculture and waste management can reset the utilisation agenda. 

The poor utilisation of OPPW requires an explicit approach to harvest its 

prospects. Agricultural waste revaluation in developing countries with emphasis 

on Nigeria deserve more efficient conditions and approach in the production of 

AC from palm wastes. Wildlife is endangered but in certain areas in Africa where 

there is no orang-utan, it is not considered to be danger to other wildlife. 

Researches on how it affects biodiversity in Africa require further investigation 

(Zuma, 2013). The relevance of ash application on soils in locations with palm 

waste abundance could be a link between chemical and organic fertilizer. 

Although, biomass thermal residue revaluation in agriculture is a long existed 

technology which has undergone several levels of development in controlled and 

field trials using different crops. However, requires further investigation to 

evaluate the actual influence on soil chemical behaviours. Several countries have 

different rating for ash production and utilisation, while some countries do not 

have proper documentation and standard data. The role of biosolids which is a 
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product of pyrolysis and fly ash in soil improvement has been studied and tested 

in several soils (Ahmaruzzaman, 2010). It is considered to also increase soil 

carbon sequestration and crop yield (Lim et al., 2017).  

Ash application improves soil texture, reduces bulk density of soil, improves water 

holding capacity, optimises pH value, increases soil buffering capacity, improves 

soil aeration, percolation and water retention in the treated zone, reduces crust 

formation, provides micro and macro nutrients (Kishor P., Ghosh A. K. and Kumar 

D., 2010; Kumar et al., 2017a). Ashes improve physiochemical properties of soil, 

enhance soil texture, reduce toxicity, stabilise economic and environmental 

burden on chemical fertilizers (Kishor P., Ghosh A. K. and Kumar D., 2010). Due 

to the bioaccumulation of toxic heavy metals and their critical level in plant and 

human health. There is scarcity of field based evidence in developing countries, 

using fly ash and bottom ash in the same experimental field. Exploring new 

amendments in field studies with fly ash co-application with bottom ash for 

growing crops could have a significant impact on the yield. (Kishor P., Ghosh A. 

K. and Kumar D., 2010; Shaheen, Hooda and Tsadilas, 2014a; Mupambwa, Dube 

and Mnkeni, 2015; Yao et al., 2015). 

1.2.6 Research Inference 

Palm oil as the most consumed vegetable oil, is a useful source of oil and fat in 

the world and one of the major economy drivers that encourages technology 

advancement in Nigeria and other developing countries. It contributes greatly to 

national economy and reduces unemployment. Nigeria as the 5th most palm oil 

producing countries therefore generates more than 10 million tonnes of palm 

waste annually.  The poor utilisation of OPW contributes significantly to reduce 

environmental pollution. Several opportunities for efficient utilisation are hindered 

by poor agricultural waste policies, low technology in processing and poor 

awareness of stakeholders. There are various utilisation techniques and routes 

in the production of biofuel, biodiesel, power generation, AC, briquettes and 

organic manure. If optimally utilised, can improve Nigeria bioenergy level, 

promote technology advancement, boost economy and reduce pollution due to 

waste. The products from the waste could also contribute to improving Nigerian 
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energy demand and AC will be useful in water treatment and other chemical 

related activities. 

Palm waste utilisation in Nigeria and other developing countries is poor despite 

high production and consumption, efficient utilisation of its waste can reduce 

water and air pollution. Due to palm waste varieties of application and abundance 

it could help in improving energy production, create jobs and boost the local and 

international economy. The plantation is considered safe when it does not 

threaten wildlife.  

Government agricultural policies in Nigeria should be tailored to boosting every 

aspect of palm production and processing. More than 80% of palm oil are 

produced through traditional process method, therefore modern machinery and 

expertise should be encouraged through investors and government. Agricultural 

waste policies should also be implemented to enable a bridge to the energy gap 

in Nigeria, thereby meeting the renewable energy goal by utilising palm waste in 

several outlined applications. Palm oil and its waste are capable of boosting 

employment thereby reduce crime and poverty rate in Nigeria therefore should 

be integrated in agricultural investment scheme. More efficient and less complex 

process machinery should be produced in smaller units and be made affordable 

to local farmers for biofuels and AC production. There should be a common front 

for stakeholders in governing policy for proper integration of all stakeholders. 

More studies should be directed to considering the environmental impact for 

optimum utilisation route.  

1.3 Research question, aim and objectives 

1.3.1 Research questions, scientific challenges and gaps 

The poor utilisation of waste in the developing countries has resulted health 

challenges and environmental pollution (Efe, 2013; Vaish et al., 2016), there is a 

search for efficient approach. There is no formidable policy, appropriate status of 

utilisation approach and model (Abila, 2014; Malico et al., 2019); therefore, all 

sectors should be integrated. The impact of poor utilisation of waste requires 

immediate attention (Lee and Nikraz, 2015). There are prospects of utilisation of 
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waste in AC and agriculture (Anyanwu et al., 2013; Event and London, 2015) and 

these are also applicable to palm waste. Based on these narratives, there is a 

need for further investigation on how appropriate palm waste can be utilised in 

AC production and agriculture. To satisfy the investigation, critical reviews on the 

area that require attention are highlighted. 

There is a global safety requirement for safety of AC and also an improved 

hydrophilicity (Alaei Shahmirzadi et al., 2018) and this is critically influenced by 

the choice of an activating agent (Olorundare et al., 2014). Trial with trona ore 

(Nnorom, I.C; Ebo O and Igwe, J.C; Nwoko, 2013; Jo, No and An, 2016) is 

necessary due to the chemical behaviour of trona and the safety. Setup for the 

advancement toward industrial scale production and further study on reactor 

behaviour in the microwave (Dąbrowska, Chudoba, Wojnarowicz, et al., 2018). 

Improving a microwave setup that can meet large-scale processing target 

(Nakamura et al., 2010; Zaini and Kamaruddin, 2013). In order to produce an AC 

with well-developed pores through microwave, there are reported basic 

challenges which requires experimental investigations.  

Microwave reactor evaluation for AC production are have been identified in 

several studies as the critical aspect of the research that should be studied  (Yuen 

and Hameed, 2009; Asomaning et al., 2018; Dąbrowska, Chudoba, Wojnarowicz, 

et al., 2018; Falciglia et al., 2018). They are parameters that influence AC 

characteristics. These are linked to the prerequisite study for an efficient 

production of AC. The characterisation of produced AC is a technique to study 

the application efficiency and measuring the efficiency of palm waste-based AC 

for arsenic adsorption (Gallegos-Garcia, Ramírez-Muñiz and Song, 2012) is 

required to evaluate the new process. There should be an underlined basic 

boundary parameter that are favourable for arsenic adsorption (Mekonnen, 

Yitbarek and Soreta, 2015) which is relative to production techniques. This 

prompts the expansion of the characterisation beyond SEM and FTIR but 

application for adsorption of arsenic and other pollutants. 

Oil palm waste ash (OPWA) as a thermal process residue has been applied in 

several projects for soil amelioration, however not in a combined form of three 
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individual wastes. This study is necessary as to know how to utilise it and 

understand the potency of OPWA in growing pepper and evaluating the yield (Shi 

et al., 2017). Soil behaviour and temperature changes due to the application of 

OPWA (Munachiso, 2017) and this is an aspect of the study that is relevant to 

understand the soil interaction. Determination of formative yield pattern of chili  

(Das et al., 2016) when ash is applied, is necessary. Evaluating the influence of 

OPWA on the physiological characteristics of the crop is also a technique to 

acquire a comprehensive representation of the importance (Saletnik et al., 2018). 

The evaluation of AC production and ash application as an alternative to fertilizer 

has not been done in any project. Hence, the need for economic assessment of 

a combined process of OPWA as soil fertilizer and AC  

Investment criteria for and policy requirements in these processes have been 

identified as a precipitate for an advancement in bioenergy (Ladanai and 

Vinterbäck, 2009; Malico et al., 2019). To effectively address the outlined 

challenges, five level connective objectives are set for stage by stage assessment 

of the laboratory and field experiments. 

1.3.2 Aim 

The purpose of this research is to assess and determine the optimum route for 

efficient utilisation of biowaste from thermal conversion process of palm oil 

residues in producing activated carbon and soil amelioration; evaluate the impact 

of the selected utilisation techniques. 

1.3.3 Objectives 

1. Critique wastes generated in palm oil processing, its prospects and utilisation 

challenges in Nigeria. This considers the utilisation opportunities relative to 

government policies on waste. 

2. Evaluate the effectiveness of different approaches in producing AC from OPW 

through safe activation. Determine the various challenges of producing AC from 

OPW through microwave and microwave interactions during activation 

processes. 
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3. Characterise the activated carbon produced from a novel activating agent 

(Trona ore) using Scanning electron microscope, Fourier transform infrared 

spectrometry and adsorption of heavy metals (although, not within the scope of 

the research). 

4. Determine the physiochemical effects of palm waste ash as fertilizer to grow 

pepper in two Nigeria soils. Consider the pre-planting conditions and seasonal 

evaluation of the yield relative to the quantity of palm waste ash. 

5. Assessment of technology and economic valuation of the CPW thermal 

processes in AC production and OPWA application for soil amelioration using 

Aspen plus economy for simulation. 
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2 BIOMASS ASH APPLICATION IN AGRICULTURE: A 

SHORT REVIEW  

2.1 Introduction 

The challenges of global warming caused by fossil fuel combustion has resulted 

in the advancement of bioenergy production and the desire to replace fossil fuel 

will continue to rise, and influence the use of other renewable options for human 

and environmental safety (Elum and Momodu, 2017). Biomass are useful in 

several ways such as energy, composting and construction. The use of biomass 

in energy through thermal processes generate high volume of different classes 

of ash, such as unburnt carbon materials, bottom and fly ashes. 

The large-scale incineration and gasification have provoked some consequences 

and challenges, these problems are the environmental concern of waste 

management and disposal techniques (Vassilev and Vassileva, 2019). The ash 

produced from these processes must be appropriately managed to circumvent 

deleterious impact on the environment (Fernández-Delgado et al., 2019). These 

ashes can be processed into useful energy products such as briquettes for 

electricity and heat (Lohri et al., 2015). Some studies argued that biomass ash is 

safer in the landfill (Brännvall and Kumpiene, 2016). However, the long-time 

effect and cost of handling could be a discouraging factor (James et al., 2012). 

Therefore, Tosti et al. (2019) recommended that due to the differences in ash 

contents, the reuse can be according to need. 

 

Figure 2-1 Mechanism of biomass ash formation in a thermal system 
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Thermal residues vary according to the temperature of the process system, 

configurations and feedstock. Biomass thermal process bottom ash is the heavy 

portion obtained from the base of the combustion chamber while fly ash is light 

residues obtained from flue gas cleaning techniques as described in Figure 2-1. 

All classes of biomass ash consist of macronutrients and micronutrients which 

are useful for growing plant (Z. Chen et al., 2015). These essential nutrients 

decrease soil acidity and nourish agricultural soil for enhanced crop yield (Shi et 

al., 2017). Different parts of plant produce different kinds of wastes that are of 

different physical classes and properties. When used in a thermal process could 

be singly or in a combined form (Ukanwa et al., 2020). These can result in a 

complex biosolids waste. The three major biosolids that could be obtained from 

the thermal process are biochar, bottom ash and fly ashes.  

Techniques and the cost of disposal are the major challenges and currently, most 

ashes go to the landfill (Kronenberger and Groß, 2018). The general difficulty of 

waste disposal had prompted the development of technique for utilisation and 

revaluation of these wastes. Fly ashes from coal are also applicable in agriculture 

and has been reported in several literatures as being useful in plant growth and 

soil amendment. However, the resultant effect differs as coal contains less 

available minerals (Michalik and Wilczynska-Michalik, 2012; Kleinhans et al., 

2018) Coal ash can contaminate the soil (Yao et al., 2015) while biomass ash 

has not been marked for toxic influence in the soil (de Jong et al., 2017).  
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Figure 2-2 Variation of different feedstock relative to temperature and ash 

production 

Variations of biomass ash from different kinds of biomass and their thermal 

behaviour have direct influence on the ash content and mineralisation potency. 

This is illustrated in Figure 2-2, from the data obtained from a study by Wirth et 

al. (2016). Indeed, there are reports on the effectiveness of biomass ash on crops 

(Yu et al., 2019). Although, the non-uniformity of ash could be a challenge in 

terms of the determination of application rate and predicting the mineral content. 

The mineral contents of biomass ash differ from fly ash. Although, coal ash has 

high content of mineral; however it is only available to crops in low quantity 

(Kumar et al., 2017b). However, the potential of biomass ash application is widely 

supported and, these are based on individual biomasses for specific crops. Yu et 

al. (2019) considered this utilisation technique as efficient but argued the extent 

of its sustainability and suggested a wider study into the longer-term benefit, 

instead of immediate yield efficiency. Few literatures tried to compare individual 

biomasses based on the production techniques. Adekayode and Olojugba (2010) 

reviewed the benefits of biomass ash over chemical fertilizers; and more 

importantly in a combined form. The application need of soil is required to 

determine the type of mineral required and the appropriate ash rate (Shaheen, 

Hooda and Tsadilas, 2014b). The use of coal ash can inhibit the respiration of 
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soil microbes and enzyme activities which, can result in deleterious influence on 

the soil conditions (Nayak et al., 2015).  

The use of biomass ash based on waste generation and thermal process of a 

particular area is important as it addresses environmental challenge. It is also a 

recycling technique; although using this technique when it is not appropriate such 

as overdose application, could pose danger to the soil. Therefore, consideration 

for diversification would be an effective approach to achieving a more efficient 

utilisation target. The cost of waste is a factor due to its implication on the prices 

of products. It could be complex to tag a value to ash but, the process could have 

a relative impact on the utilisation chain. Available data show that energy from 

biomass contributes to 59,2 EJ/yr or 10.3% to the global prime energy supply 

(Giwa et al., 2017). Lauri et al. (2014) made this assumption and projected it to 

be 18% by 2050. An electricity output of about 1.5 MWh/ton of biomass, which 

results in 483 TWh of an electric production. Therefore, considering 3-15% ash 

production means that around 10 Million tonnes of ashes can be produced from 

biomass electricity projects (James et al., 2012). The primary goal of biomass 

ash application is the re-introduction of basic nutrients that are lost due to 

harvesting. Although this may have counter influence on the soil chemical 

properties and a sharp increase in nutrient concentration and sudden pH change 

may be unworthy. Fernández-Delgado et al (2019) suggested that care must be 

taken to minimise risk. 

The already existing field trials in agriculture confirmed the availability of vital 

nutrients as the factor for its soil fertility in Thailand, Italy (Carcasci, Mussato and 

Neri, 2017), USA (Headlee and Hall, 2015) and Nigeria (Ajala, Awodun and 

Oladele, 2017).  

The biochemical and physiological influences of the ash; on soil and crops require 

further techniques of study (Karltun et al., 2008). Therefore, Wilczyńska-Michalik 

et al (2018) suggested the use of ash from multiple sources, because of nutrient 

variety make-up. Coal fly as was combined with biomass fly ash for soil 

amelioration and the result showed an improved fertility (Vamvuka and Kakaras, 

2011; Yeboah et al., 2014). In the study by Brod et al (2012), bottom ash was 
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mixed with fly ash and the resultant influence produced an increased crop yield 

of 15%. The possibility of heterogeneous waste ash was tried in some studies 

(Grau et al., 2015; Silva et al., 2017; Tripathi et al., 2019). Basically, they reported 

an improved effect on soil and crop. However, did not discuss the soil mechanism 

interaction. Therefore, the necessity to further evaluate the relative influence of 

ashes from heterogeneous waste. Hence, this study aims is to evaluate the 

potentials, quantification rate of application and the soil response relative to yield. 

Furthermore, the impact of application of ashes from heterogeneous waste 

stream, and this requires comprehensive evaluation to fulfil an optimal integration 

of heterogeneous wastes. 

2.2 Mineral composition of biomass ash relative to the 

influence on soil properties and plant growth 

Several literatures show that biomass ash contain micro and macro nutrients and 

some reported the suitability to the soil. Some studies explored the leaching of 

biomass ash by serial extractions, set leaching tests and percolation tests 

(Supancic et al., 2014; Liu et al., 2020). Fernández-Delgado et al. (2019) 

confirmed the deficiency of C and N which are emitted and eliminated as gaseous 

oxides in the thermal process. The acid neutralising effect of the ash is 

attributable to the presence of carbonates and hydroxides (Fernández-Delgado 

et al., 2019). The ash may contain heavy metals, although they are essential 

nutrients; however, these heavy metals could form insoluble soil organic matter 

(Fernández-Delgado et al., 2019). Biomass ash also contains traces metalloids 

and does not depend on the parent feedstock (Freire, Lopes and Tarelho, 2015; 

Nikravan, Ramezanianpour and Maknoon, 2020).  

The degree of solubility of biomass ash depends on various chemical and 

physical dynamics such as the type of biomass feedstock, particle sizes and 

variation between mineral elements (Quirantes et al., 2016). Oxides and 

hydroxides of potassium dissolves faster than that of calcium and magnesium 

(Emmanuel-Ikpeme, 2014). In acidic soils there is always a phosphorous 

adsorption challenge due to complex formation with Al and Fe (Quirantes et al., 

2016). In this case the increase in microbial activity can influence the 
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mineralisation and plant available N. Table 2-1 outlines nutrients and relative 

influence on soil and plant. It also compares the nutrient availability of fly and 

bottom ashes.
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Table 2-1 Nutrients available in biomass ash and their overall impact on soil and plant 

Nutrients and 
major elements 

Biomass 
bottom ash 
(Füzesi, Heil 
and Kovács, 
2015; Tosti et 
al., 2019) 

Biomass fly ash 
(Fernández-
Delgado et al., 
2019; Tosti et al., 
2019) 

Influence of ash on soil properties and 
plant growth 

Reference 

pH 10.3-12.2 10.3-12.7 Influence on soil bacteria, nutrient 
leaching, nutrient availability and soil 
structure. 
Increase in pH enhances biodegradation, 
nitrification and denitrification. 

(Neina, 2019)  

Electrical 
Conductivity (EC) 
(mS/cm) 

7-12 6.7-19.1  Correlate with particle size and texture of 
the soil 
Increase in EC improves water holding 
capacity 
It can also result in the balance of soil 
porosity and temperature  

(Spekreijse et al., 
2020)  
  

Macronutrients 
(g/kg) 

    

 Al 14-40 3.6-26 Limits plant growth when in excess 
Enhances phosphorous efficiency 

(Rob et al., 2020)  

Ca 79-300 100-280 Maintains chemical balance of the soil 
Lack of calcium results in root diseases 

(White and Broadley, 
2003) 

Cu 0.06-0.2 0.1-1.1 Promotes enzymatic activities in plant 
Vital for seed production 
Cu toxicity is difficult to correct 

(Sonmez et al., 2006) 

Fe 4.6-26 2.8-59 Components of many vital enzymes 
Promotes synthesis of chlorophyll 

(Ribeiro et al., 2017) 
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N 0.2-0.4 1.6-4.9 Increases microbial activities (Moragues-Saitua, 
Arias-González and 
Gartzia-Bengoetxea, 
2017) 

K 35-73 40-160 Maintain water balance 
Increase plant tolerance to disease 
Increase root growth 

(Saraswat and 
Chaudhary, 2015) 

Mg 16-44 19-50 Enhances crop tolerance to stress 
Increase crop yield 
Mg is mobile in the soil 

(Brueck and 
Senbayram, 2009) 
 

P 7.2-22 4.3-22.9 Increases crop yield 
It reacts rapidly in the soil for good 
germination 
It has rapid impact on crop development 

(Ryan et al., 2013) 

S 0.1-2.5 4.2-25 Influences rate of germination 
Essential for Nitrogen-fixing nodules on 
legumes 
Formation of chlorophyll 

(Klikocka et al., 
2020)  

Micronutrients 
(mg/kg) 

    

Mn 3470-19400 1300-30300 A co-factor for number of enzymes 
Improves plant productivity 

(Nayak et al., 2015) 
 

Na 4800-12000 3100-12000 High content decreases crop production 
Reduces water intake 
Imposes osmotic stress 

(Pugliese et al., 
2014) 
 

Si 120000-
250000 

11000-124000 Influence on endogenous phytohormone 
Good for fibre crops 

(Luyckx et al., 2017)  

Zn 65-950 370-40000 Helps to overcome stunted growth 
Chloroplast development 

(Sharma et al., 2013)  
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Heavy metals with 
environmental 
concern (mg/kg) 

    

As 1.4-3.2 1.5-24 Causes disruption of plant metabolism 
Causes low crop productivity 

(Jackson and 
Punshon, 2015)  

Ba 8802-2200 684-4300 Decreases in leaf area 
Results in reduced yield 

(Francisco et al., 
2011)  

Cd 0.1-5.7 0.1-34 Alteration of the minerals uptake  
Reduces the population of soil microbes 

(Mahajan and 
Kaushal, 2018)  

Co 4.2-11 5.8-13 Disturbs soil homeostatic 
Diffuses chlorosis of young leaves 

(Chatterjee and 
Chatterjee, 2003) 

Cr 25-320 26.5-290 Causes alteration in a germination 
process 

(Tosti et al., 2019)  

Hg 0.02-0.1 1.7 Disturbance in cellular structure (Luo and Tu, 2018)  

Mo 1-5.8 1.5-16 Yellowing or browning of plants (Liu et al., 2019)  

Ni 20-200 19-74 It is concentration sensitive 
Reduces seed germination Causes 
chlorosis and necrosis 

(Hassan et al., 2019)  

Pb 4-80 10.7-470 Toxic to living organisms 
Inhibits biological function 
Causes biochemical dysfunction of plants 

(Fahr et al., 2013)  

Se 0.1-16.7 0.24-24 Induces oxidative stress in the soil and 
plants 

(Gupta and Gupta, 
2017)  

Sn 0.3-16 1.2-22 Its oxides resist weathering (Müller et al., 2015)  

Sr 466-710 578-2100 Decreases growth rate in some plants 
and shortens roots system 

(Chu et al., 2015) 
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2.3 Mechanism of soil-ash balance, relationship and chemical 

alteration 

Biomass ash for soil improvement should have some basic qualities and 

minimum suitability for intended application. Ash application is most suitable 

when there is a specific need or deficiency in the soil that the ash possesses. The 

amount of micro and macronutrients are essential determinant. The ecological 

behaviour is an indicator of how responsive and reactive the ash could be to the 

soil, which is also relative to the leaching behaviour. 

As soil response ability differs, these considerations are vital to the application 

and weather is a unique factor that determines soil response to fertilizer 

application. Flooding and rate of run-off can also have a direct impact on how the 

soil interact with the ash, retaining ability and mineral dissolution. Soil physical 

and chemical status such as existing structure, past amendments, history and 

soil basic minerals are primary to application rate evaluation. 

Otunyo and Chukuigwe (2018) examined the use of palm bunch ash for the pH 

balance of poor laterite soil. Anyaoha et al. (2018) did similar investigation for 

cassava but, in acidic soil. Some studies focused on the liming ability of ash; this 

is important as the pH plays vital role in soil nutrient absorption. The reason for 

appropriate application rate is due the ability of ash to rapidly change the soil pH. 

The primary cause of alkalinity due to ash application is CaO, when hydrolysed 

results in Ca(OH)2 (Rousk et al., 2010). The use of these ashes was reported to 

have improved the concentration of ammonifying microorganisms by 15%, the 

total and nitrifying microorganisms reduced (Ozolincius et al., 2018). When 

biomass fly ash was mixed with soil, the hydraulic conductivity was reduced by 

65.4% (Daud et al., 2016). Wójcik et al. (2020) relatively reported a reduction in 

the number of bacteria by 83–89% in a controlled laboratory setup and by 40–

53% on a field scale. 

The soil pH relationship in the biogeochemical process is proportional to the 

principle of biodegradation of organic pollutants and rhizosphere processes; 

these are reliant on the influence of the soil pH relative to external application. 
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Dissolution of organic matter and heavy metals are also contingent on the ions 

and charges of the components of the soil; hence, the nitrification and 

denitrification. The microbial ecophysiological indicators point towards the control 

of soil enzyme activities and ammonia volatilisation (Neina, 2019). 

The effectiveness of biomass ash to transform soil pH has direct effect on 

ecophysiological indicators based on environmental and metabolic quotient. A 

decrease in microbial community at the initial phase of application makes C more 

available to plant. This influences the plant size, yield correction of sulphur and 

boron deficiency in the soil due to ash application is due to the ion exchange and 

the low Nitrogen in the ash (Neina, 2019). 

 

Figure 2-3 Soil-ash chemical interactions for plant growth 

The soil chemical changes are vital in predicting the effect of fertilizer application. 

In studies reported by some literatures, they confirmed nutrient supply as the 

focus of ash addition (Schiemenz and Eichler-Löbermann, 2010; Headlee and 

Hall, 2015). Beyond addition of nutrients are soil chemical behaviour and 

response to applied nutrients as illustrated in the nutrient cycle in Figure 2-3; 

therefore, soil history and previous cropping system could influence the rate of 

reaction with ash  (Maltas et al., 2013). 

The consideration of application rate relative to metalloids toxicity was reported 

by (Nayak et al., 2015; Sharma et al., 2017). These also result in the 
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accumulation of heavy metals due to biomass ash application (Yu et al., 2019). 

The concern for long term effect of ash application to soil was verified based on 

a 5-year investigation which showed that an increase in the number of leaves per 

plant of the leave. Although has not been studied in several plant and soils 

(Karltun et al., 2008). 

Embrandiri et al. (2012) investigated the trend of soil properties with different 

application rate. At 10% application, there was no significant variations in pH and 

C: N ratio. With the subsequent increase in the application rate, electrical 

conductivity was increased by 20% and C: N ratio increased by 50% and stated 

this as the major difference between ash and biochar; the pyrolysis temperature 

which also influences the solubility of the residues. Although, the physiochemical 

properties show that biochar has higher carbon content (Aziz et al., 2015). The 

percentage carbon content of biochar is about 60% greater than ash and Nitrogen 

content is about 65% greater. Biomass ash has higher content of P, K, Mg and 

Ca and the pH range of biochar is within the nuetral line but pH of biomass ash 

is >12. (Zapałowska et al., 2017; Saletnik et al., 2018). A positive impact on 

bacteria could increase N mineralization rates (Vestergård et al., 2018) 

increasing the potential for inorganic N, which would enhance the fertilizer value 

of ash. The evaluation of the concentration range of biomass ash and lime shows 

ash to be higher than lime except for magnesium. However, biomass ash 

contains more heavy metals than lime (Risse, 2013). The Fe, Mg and heavy metal 

content of coal fly ash is higher than biomass fly ash. Al, Ca, K and P of biomass 

fly and bottom ashes are greater than coal fly ash (Shaheen, Hooda and Tsadilas, 

2014b). The solubility and availability of nutrients is low for P but high for 

potassium; therefore, follows the order K > Mg > Ca > P (Mandre, 2006). 

2.4 Ash from heterogeneous waste stream for soil amelioration 

Biomass thermal process can take multiple biomass feedstock, this however has 

several processing and residual impacts on the system. When more than a single 

biomass waste is used, the process plant should be fitted to accommodate the 

variations in process parameters. The demand for fuel and energy has stimulated 

biomass-to-fuel conversion processes and this exploits conservation of energy in 
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the products. (Sorek et al., 2014). Because, biomass ashes are richer than coal 

ashes in minerals, differential thermal analysis and objective overview of 

application techniques should be explored for an optimised process. Some 

studies evaluated the potentials of individual ashes and their effectiveness when 

combined. An ideal assessment from the point of application of heterogeneous 

biomass feedstock for thermal processes is necessary until the final stage of 

utilisation of the ashes for growing crops (Vamvuka and Kakaras, 2011). The 

process effect of heterogeneous waste is relative to the difference in moisture 

content and product characteristics shows that when multiple biomass materials 

are processed, there are changes in the rate different stages and forms of 

combustion (Tarelho et al., 2015). 

The design of power plants for heterogeneous waste process should be to 

accommodate different forms of biomass from feeder to combustion chamber. 

The mixed or multi-fuel design, the trial plants by CleanTech could take about 

twenty-five mixed fuels (Zając et al., 2018). Mixed biomass generates more ashes 

and is well supported for soil amendment due to the rich qualities (Zając et al., 

2018; Liu et al., 2020). The energy requirement for thermal processes could be 

classified based on the moisture content and particle sizes, the higher the energy 

requirements and process duration. The case design must account for the 

properties of the biomass mix and the combustion characteristics. Wattana et al. 

(2017) suggested that heterogeneous biomass could be more efficient both for 

process management and product quality. The co-mixture with coal which is 

considered environmentally friendly although could reduce the calorific value by 

8% if biomass is 30% (Sasongko et al., 2017). Residual target and yield of the 

thermal processes using heterogeneous waste can change the operation 

parameters, thereby influencing the target and resultant yield. This can result in 

the production of ashes with deposits of partially burnt carbon. The importance of 

heterogeneous biomass was emphasized by Zhao et al.(2013); however, 

reported that less temperature is required to get same result. Although this 

retained the mineral content of individual biomasses. There was no property 

change but could be further investigated with varies quantities (Bartlett, Venter 

and Marx, 2018). 
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Additional consideration with ashes and the potentials of nutrient intensity of 

mixed waste for soil application must possess a level of minerals and a minimum 

quantity of heavy metals. The mixture of ashes from different biomass material 

could improve the soil requirements and demands. Using the ash properties such 

as physical, chemical, leaching behaviour and mineralogy, confirm that so many 

properties affect the properties and qualities of ash and focus should be more on 

the impact of economic and environmental benefits of ash utilisation (Nikravan, 

Ramezanianpour and Maknoon, 2020) and the qualities for mixed biomass could 

satisfy soil application (Biedermann and Obernberger, 2005). Ash co-application 

with biochar resulted in increased yield of 8-68% compared to control plot and 

this could be linked to the absorption rate of ash mineral content to the soil 

(Saletnik et al., 2018). Some biomass materials produce ash rich in a particular 

mineral; therefore, the mixture of ashes from different sources or heterogeneous 

waste stream could result in the availability of different classes of nutrients for 

plant and crop use. When nutrients are supplied in adequate measures, there is 

direct influence on the crop yield. The mixture can summarily, influence the soil 

structure thereby being an alternative option to chemical fertilizers. Crop needs 

could also be fulfilled when there are wide range of nutrient availability and 

therefore influence crop growth and harvest yield (International and Journal, 

2016). 

The environmental influence and biomass plant feedstock requirements for mixed 

waste is profitable. Though, agricultural waste is commonly used in thermal 

process and made of different forms, it could be more efficient to utilise in a 

multiple streams to minimise wastage. Li et al. (2016) suggested that the mixed 

waste could also reduce cost, make the entire process energy efficient and 

improve biomass supply systems. There could be perceived challenges, due the 

fact that ashes contain low presence of heavy metals; therefore, the possibilities 

of have unburnt carbon and exposure results in the accumulation.  Zając et al. 

(2018) argued that the quantity of heavy metals is safe enough to be used in soil; 

however, the application rate can play a vital role in controlling the effect on both 

soil and crops. The risk is considered higher in biochar than in ash (Liu et al., 

2020). The actual identified challenges of the heterogeneous biomass technique 
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are the non-uniform characteristics of the ashes and could cause disparity on its 

effect on common field (Mierzwa-Hersztek et al., 2019) and to overcome this, the 

ash could be mixed with water prior to application to obtain a uniform solution 

throughout the field. This would address the differences in particle sizes (Kenney 

et al., 2013). 

2.5 The response coefficient of different ash types to crop yield 

The co-application of coal fly and bottom ashes in the soil preserves soil carbon. 

This influenced the grain yield and individual grain weight (Lim et al., 2017). When 

coal ash is combined with NPK, the growth and yield of wheat was increased 

(Tripathi et al., 2019) and 10 tonnes/ha of coal ash increased paddy yield by 15% 

(Saraswat and Chaudhary, 2015). Assenting to Mittra et al. (2005),10 tonnes/ha 

of FA when combined with other fertilizers results in greater yield more than when 

chemical fertilizers alone. This addition of FA promotes root development due to 

soil textural vicissitudes, better water-holding capacity and more developed pore 

space (Ukwattage, Ranjith and Bouazza, 2013). The use of biomass bottom and 

FA for field experiments were done on an acidic sandy loam using biomass ash 

at the rate of 2.4 kg/plot. The resultant effects show on the growth indices and 

chlorophyll content for maize (Ajala, Awodun and Oladele, 2017). 

When biomass ashes are applied to the soil, the response is more effective on 

acidic soils because carbonates, bicarbonates, sulphates, P, K, B, Ca, Mg, Mn, 

and Zn, increase at a good rate (Vassilev et al., 2013). NPK co-mixed biomass 

ashes also have quick responses. According to an experiment in Omoku and 

Umudike in Nigeria where the effects of PWA was evaluated in comparison with 

NPK, 2.5 tonnes/ha biomass ash resulted in highest mean root yield and tuber 

yield of sweet cassava; higher than single NPK application by 83% (Ojeniyi et al., 

2009). Biochar mixed with FA resulted in 8–68% over the two years of research 

when compared with the control plots, at the application rate of 1.5 tonnes/ha 

(Saletnik et al., 2018). Ashes from heterogeneous waste from the combination of 

fly and bottom ashes in some conventional and non-research applications are 

considered to have a balanced nutrient factor and could possess high soil nutrient 

coefficient (Maresca, Hyks and Astrup, 2017). Variations of heterogeneous 
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biomass ash is indicative on the individual biomass ashes and the individual 

properties summed up (Toscano and Corinaldesi, 2010; Wirth et al., 2016). 

However, during the thermal process, the agglomeration index, ash fusibility 

index and slag viscosity index could impact on the physical properties of the ash, 

thereby influencing the mineral dissolution index (ToxicoWatch et al., 2016). 

Kleinhans et al. (2018) further illustrated how soil properties and fertility are 

improved by ash addition. The presence of oxygen in the soil at a higher 

temperature gradient reacts with the sulphates and carbonates, water molecules 

also causes dissolution of soluble mineral compounds; therefore, causing a 

release of nutrients to the plant, improve soil aeration. Moisture plays significant 

role when ash is applied to the soil. 

2.6 Palm waste thermal residual ash, its potency as fertilizer 

and application rate 

About 4 million tonnes of palm waste ash is generated annually (Ooi et al., 2014). 

Saletnik et al. (2018) observed a 20% increase in germination rate with 15 g per 

200 g of soil and attributed to potassium content. Conversely, there are few 

reports on nursery preparation using fly ash.  Several application rates had been 

reported to have given different yields. Although, these depend on the type of 

soil, crops and the soil response to the application rate range. In some studies, 

the ash was mixed with biochar or other soil fertility enhancer. The yield range of 

8-68% was reported by (Saletnik et al., 2018) at an application rate of 1.5 

tonnes/ha (Ribeiro et al., 2017). Using an application rate as low as 7.5 mg/ha 

and recorded an improvement in soil pH (Ribeiro et al., 2017). High chlorophyll 

and carotenoid content were reported by (Khan and Khan, 1996). When ash was 

applied on tomatoes, with a yield of 60-70% increment. Brod et al (2012) reported 

an improved plant growth due to the application of ash. The study also compared 

the application with lime, higher physiological influence was got from the 

application of biomass ash. The response of different crops to fertilizer application 

differs; tubers requires well loosed loamy and pH of 5-5.5. Legumes requires 

sandy and silty soil and a pH of 6-6.5. Vegetables requires highly organic soil with 

soil pH of 6-7 and well-balanced trace nutrients. Every area has some particular 
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types of crops they produce, their waste centres on those particular crops. This 

also affect the feedstock of the biomass thermal system available in that area. 

Oil palm thermal residues have been used in agriculture and they possess an 

appropriate amount of nutrients capable of influencing the chemical and physical 

behaviour of the soil. A study by Adjei-Nsiah and Obeng (2013) shows that the 

application of palm-based ash (PBA) promotes vegetative growth. In the same 

study, the crop yield of pepper and other vegetables were increased by up to 

83%. These are due to the liming effect and nutrient supplement. The macro 

nutrients were made adequate by 2 tonnes per hectare application.  

In a study with thirteen treatments and three replications, the mixture of PBA and 

poultry manure increased the physical characteristics of mango seedlings by 

27%. The treatment proved to be effective at 8 tonnes/ha (Moyin-Jesu and 

Adeofun, 2008). Ooi et al. (2014) suggested that particle size of the ash is a factor 

to extent of their impact. This was supported by a study in Ishiagu, Nigeria, where 

the impact of PBA was beyond soil fertility but effective in the control of soybean 

Meloidogyne incognita infections with tendency to suppress root-knot nematode 

(Ogwulumba and Ogbuka, 2016). There is a further study which shows that PBA 

improves soil chemical properties and nutrient level from 0.27 - 0.37% N, 0.22 – 

0.37% P and 1.14% K at 2.5 tonnes/ha application rate for growing cassava 

(Ojeniyi et al., 2009). It widely suggested that PBA are most effective in acidic 

soil due to their ability to transform the soil acidity within a short period (Otunyo 

and Chukuigwe, 2018). The effectiveness of PBA although not effectively tried 

with several crops and in many locations; however, could be an alternative to 

chemical fertilizer and also a waste utilisation technique. 

2.7 The challenges of biomass ash application to the soil 

The utilisation of biomass ash looks promising in agriculture. However, the 

potential risk is due to the content of heavy metals (Kalembkiewicz, Galas and 

Sitarz-Palczak, 2018) and worth consideration. Although, it is reported to have 

influenced the mycorrhizal community and the risk quotient is still classified as 

low (Cruz-Paredes et al., 2017). The few negative influences of biomass ash 

application to the soil was reported by (Freire, Lopes and Tarelho, 2015). The 
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study described biomass ash application to the soil as ineffective in the growth of 

certain crops. However, failed to report the application rate. García-Sánchez et 

al (2015) highlighted some of the long-term effect relative to the type of soil the 

project worked on. Other reported effects were based on individual crops. In rice 

produce, heavy metals from the soil have been enlisted as one of the major 

challenges. Therefore, Cruz-Paredes et al (2017) advised on the precautions for 

using biomass ash as a substitute to chemical fertilizers. 

Further studies on the negative impact of ash, could result in investigation into 

the adsorption limits by plants and how dissolution in water before application 

could minimise the concentration of certain heavy metals. This can also provide 

more opportunities for studying the efficiencies in a combined form with other 

organic fertilizers and regulation of ratios of the nutrients that pose threats to 

particular crops. The greatest concern of biomass ash is the incidence of heavy 

metals which are in traces. Cd incorporates into the biological system of plants 

and bio accumulates to create challenges due to its ability to replace Zn in 

metabolic processes and cause DNA damage. Cd in high concentration in the 

soil could also result in apoptosis inhibition (Sharma et al., 2013). The 

accumulation of heavy metals can be exported to the ecosystem with indirect 

effect on human and the ecosystem. 

The economics of biomass waste availability is key to evaluation of how the 

application of ash can improve yield and relatively reduce cost of production. The 

cost of fertilizer and how this impact on the price of goods. Babalola et al.(2012) 

studied the economic impact of fertilizer relative to cost and substituting chemical 

fertilizers with biomass ash would reduce the product cost by more than 10%. 

Locations of availability and relativity of access to fertilizer affects the logistics in 

the supply chain if ash is considered a choice. Gathering, storage and 

transportation in the fertilizer supply chain is most engaging factor; therefore, a 

process model up to the field of application can be modelled using the available 

data from projects and locations. Evaluating location of thermal plants and crop 

processing mills could be measured for each location relative to the type of crop 

grown in that area. It is reported that the insufficiency of biomass ash as a 
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chemical fertilizer substitute (Okmanis, Petaja and Lupik¸is, 2017). Vassilev and 

Vassileva (2019) also expressed concern on how non-steady application and 

interchange with chemical fertilizer can result in unbalance of soil chemical 

relationship. However, did not consider that as a major threat to crop production. 

Potential negative effects on the environment and humans are due to heavy 

metals, of which percentage compositions depend on the type of feedstock, 

process techniques and thermal process temperature. The toxicity to the soil also 

depends on the application rate therefore, appropriate analysis of the ash, crop 

and soil are required to get the right balance for crop growth. The tolerance of 

biomass ash as a fertilizer is not reported yet. The intermittent and continuous 

application could be evaluated to determine the long-term chemical influence on 

the environment. However, most studies argued that the amount of heavy metals 

in the biomass ash is not enough to create soil challenges because, ash reacts 

with water and slows down the solubility of heavy metals (Freire, Lopes and 

Tarelho, 2015). Contamination of feedstock can result in the contamination of ash 

(Johansson and Van Bavel, 2003). Huotari et al. (2015) recounted that the 

upsurge in fungi-bacteria ratio due to ash addition could result in the reduction in 

the activities of fungal feeding pathway. 

The government policy on waste utilisation plays a major role in controlling the 

level of production and utilisation. Policies should be tailored to promote the 

agenda of utilisation of biomass ash in agriculture. One of the major agricultural 

waste generates in high volume of which waste is effective in the production of 

biofuels and biodiesel is palm waste. Palm waste has about 5 different types of 

processing waste. These wastes can be used in individually or in a combined 

form in a thermal process plant. The resultant ashes have been investigated in 

several studies as one of the best biomass ashes for soil amelioration due to its 

low content of heavy metals and sufficient soil nutritional contents (Brod, 

Haraldsen and Breland, 2012). 

Other technical and non-technical challenges of ash application to the soil; non-

uniformity of biomass ashes cause difficulty in mineral determination as different 

portions are not same. The influence of partially burnt carbon materials in the ash 
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is also a major factor in the non-uniformity of ash components (James et al., 

2012). There are different compositions of ash produced by same process and 

this is due to the use of different kinds of biomass in the thermal process (Garba, 

2015). The policies affect the use of organic materials for growing crops in 

different countries. In some countries, biomass ash is classified as biomass, in 

some they are chemical waste while in Africa, there is no policy on disposal and 

reuse. Thermal process companies follow their individual waste policies and 

regulations on biomass ash disposal. Although, these could also be affected by 

the size of production, feedstock and reuse agenda (Burgess et al., 2012). 

Framework on agricultural policies also determine the soil requirement, type of 

crops and the techniques of applications. Local policies on utilisation of chemical 

fertilizers are important in the implementation of ash addition. Insufficient study 

data and low rate of advancement in the application of non-chemical fertilizers 

have affected the use of biomass ash. However, (Rhebergen et al., 2016) 

suggested soil differences as the major reason for inappropriate us of ash. 

Cultural practices and weather influence on soil behaviours could impact on the 

decision to use ash. Furthermore, the uncertainty on long term effect could result 

in fear of the unknown. Location of thermal plants to application sites could cause 

a high operating cost thereby discourage the use in large-scale. The insufficient 

volume of ash in some area could be a discouraging factor. The transport and 

storage of the ash could be complex. The appropriate application techniques 

could discourage non-experienced farmers.  

There are few technical regulations and standards for fly ash used in engineering 

BS EN 450-1: 2012. The regulations for the use of ash as fertilizer are based on 

heavy metals content and does not have a legal undertone. However, some 

countries ensure a standard practice to ensure the biomass feedstock is not 

contaminated. There are limits for maximum load of heavy metal application. Lack 

of supply chains for ash utilization and difficult to trace some origins of ashes and 

this requirement could impact on the cost. The challenge of quality variance 

between different plants and the degradation in quality over time. Also, different 

boilers and process parameters affect the quality of ash produced. There is 
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limitation of knowledge and awareness for the use of ash in agriculture. 

Therefore, there is no global market price and recognition. 

2.8 Conclusion 

The utilisation of biomass ash in agriculture is effective, when applied rightly. This 

has been experimented in several projects. It is yet be adopted as an appropriate 

substitute to chemical fertilizers. The outcome of most field trials show that, it has 

ability to influence the soil nutrient thereby improve yield. Due to a balanced 

concentration of micro and macro minerals, ash has a significant effect on the 

crop development and yield. Although, in most cases, it is co-applied with other 

fertilizers; however, it can be applied independently. The issue of variability of 

heterogeneous feedstock and resultant ashes could improve waste management 

techniques; therefore, contribute to overall process efficiency. Biomass ash has 

the ability to reduce soil acidity and enhance nutrient transport. Right application 

rate, right crop and appropriate season are influential on the effectiveness. To 

avoid altering the chemical balance of the soil, moderate quantity should be 

applied and gradually increased with time. Ash applications to acidic soil can be 

done safely to stimulate microbial activity and nutrient transport. Adequate policy 

framework should be established in line with waste utilisation policies for the 

application of ash in agriculture especially in developing countries.
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3.1 Introduction 

Activated carbon (AC), is a carbonaceous solid derived from coal or biomass via thermal 

or thermochemical processes. ACs are typified by their well-developed pore morphology, 
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remarkably high surface area,  electron-conducting amphoteric tendencies and high 

adsorptive capacity (Pezoti et al., 2016). AC is used widely in various applications beyond 

adsorption to treat various industrial effluents. Currently, the global market for AC is worth 

several billion dollars annually (Arena, Lee and Clift, 2016). 

AC offers one of the best means for dealing with water and air pollution issues, which 

pose major health risks (Lu et al., 2018). Such problems arise from effluent discharges 

from a wide array of industries, including the textile, brewing, chemical and food 

processing ones, and are due to inappropriate disposal of domestic and industrial wastes, 

and thermal processes, such as coal combustion (Rashidi et al., 2012b). Advances in 

water treatment processes are dependent on the removal of impurities, heavy metals in 

particular (Teh et al., 2016). Generally, the use of AC is one of the most acceptable means 

of waste water treatment, because of the wide range of production methods and target 

system applications for adsorbates (Bhatnagar et al., 2013). Most often, the application of 

the adsorbate determines the production method and activating agent (Hadi et al., 2015). 

AC is also useful as a battery component, such as in the production of capacitors (Ling et 

al., 2013). AC can also be useful for treating the inhalation of poisonous gases and in 

cosmetic applications, like teeth whitening (Zhenchao et al., 2015). Finally, ACs are also 

effective for drug overdose, hemoperfusion, removal of endogenous and exogenous 

toxins in uraemia and in the dressing of suppurating wounds to decrease odour (Pavlenko 

et al., 2017).  

AC can be synthesized from feedstock, such as petroleum residue, coal (in particular 

lignite), agricultural residues, wood and a range of biomass materials. Crop residue 

production is ubiquitous where agriculture is practiced and its production is more than 

3107 Mt/a for 17 varieties of cereals and 25 varieties of legumes, and 3758 Mt/a for 27 

food crops at the commercial level (Bentsen, Felby and Thorsen, 2014). Based on data 

from 227 countries, global production of agricultural residues for cereals was estimated to 

be about 3.7x1012 t/a (Bentsen, Felby and Thorsen, 2014). Waste management and 
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disposal costs could be reduced by utilizing such materials in AC production (Nabais et 

al., 2013). The abundance of agricultural waste generated globally remains a significant 

environmental issue (Liu, Zhang and Zhong, 2016) and AC production offers the prospect 

of using it as a renewable carbon source to produce highly porous AC. Another option is 

biochar production from agricultural waste, which is produced at much lower temperatures 

(250–500 °C) and typically has an average Brunauer–Emmett–Teller surface area (SBET) 

of 200 m2/g, while for AC, SBET typically exceeds 700 m2/g. 

According to global AC data, the market was estimated at $2007 million in 2012 and is 

expected to reach $5305 million by 2020. Here, the compound annual growth rate was 

estimated to be about 13.3% from 2014 to 2020 (Research, 2014). The chemical 

characteristics of AC are defined by the surface groups and chemical bonding of 

heteroatoms. The surface functional groups influence characteristics such as polarisation 

intensity, hydrophobicity, acidity and adsorption properties. The optimum activation 

temperature is also subject to various factors, such as physiochemical traits of the 

biomass, oxygen content, electrical and catalytic properties and the pollutant targeted 

(Chand Bansal and Goyal, 2005).  

There are several methods of producing AC. However, the use of microwaves for AC 

production is attracting more research interest due to its numerous advantages compared 

to conventional heating techniques. These advantages include: uniform volumetric 

heating, internal heating, higher, selective heating, good regulation of the process and 

indirect contact with the heat source (Xiao et al., 2012). Microwaves specifically function 

with electromagnetic radiation, within the frequency scope of 300 MHz to 300 GHz (Kim, 

Lee and Lee, 2014). Domestic and industrial microwave units sometimes operate in the 

same frequency range; however, most are designed for 2.45 GHz frequency, which is 

equivalent to 122 mm and 1.02 × 10−5 eV  for wavelength and energy respectively (Kumar 

et al., 2001). The fundamental physics of microwaves’ applications with respect to material 

treatment or AC production are dependent on the compounds adsorbed and the carbon 
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matrix (Menéndes et al., 1999). Maxwell equations derived from appropriate boundary 

conditions can be used to describe the microwave process (Namazi, Allen and Jia, 2015).   

P = [(σ + ωϵ")E2 + ωμ" H2]. (3-1) 
 

The power density available for adsorption P is given in Equation (3-1), and is measured 

in W/m3. Here, E represents the electric field vector; the vector H is the magnetic field; 

and б and µ are: electro conductivity and magnetic permeability, respectively. The 

dielectric factor and angular velocity are denoted with 𝜖" and ω, respectively. Microwave 

processes can control the heating and materials being heated internally and uniformly, 

and rapidly with high efficiency to pyrolyse large particles (Klinger et al., 2018). 

This study reviews agricultural waste as an AC precursor regarding its activation 

conditions and chemical activating agents, with a substantial emphasis on the 

characteristic properties of AC (Lahti et al., 2017) and adsorption application targets 

(Danish and Ahmad, 2018a). While there are reviews on this subject (Martí-Rosselló, Li 

and Leo, 2016; González-García, 2017) none to date have considered the pre-processing 

challenges of parent materials, and only provide limited insight into kinetic and adsorption 

parameters and the important issue of scale-up.  

This review attempts to evaluate multiple activating agent effects and make generic 

comparisons and assessments of multiple agricultural wastes, while outlining current 

process challenges. In particular, this study considers the effectiveness of some of the 

chemical activating agents used for AC production under various production conditions 

and also looks at the effects on the product characteristics, of surface functional groups 

and of overall adsorption efficiency for several applications. Comparative analyses of 

production methods are also examined to suggest more appropriate pathways. Finally, 

this review also concentrates on the behaviour and chemical properties of precursors 

relative to several treatments, production conditions, comparative analyses of modes of 

production and their challenges. 
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3.2 Fuel characterisation for AC production 

Agricultural waste can be thermally and chemically treated to generate a wide range of 

valuable products, such as biofuels, bio-oils, bio-gases and bio-solids (Martí-Rosselló, Li 

and Leo, 2016). It can also be considered an energy storage medium (Aziz et al., 2017). 

For such wastes, it is essential to allow for the wide variation in chemical contents. The 

proximate, ultimate and lignocellulose contents of such materials through biochemical 

analysis are shown in Table 3-1.  The three main structural components: hemicelluloses, 

cellulose and lignin (Ben-Iwo, Manovic and Longhurst, 2016) are produced in varying 

amounts depending on whether they are produced by thermochemical (Uemura et al., 

2011) or biochemical conversion processes, and this affects the properties of the AC.  

Agricultural waste is abundant, renewable and available at low cost (Rashidi and Yusup, 

2017a). Its use is potentially  environmentally friendly (Hidayu and Muda, 2017). However, 

there are some caveats; Abbas and Ahmed (2016) showed that leaves are not good for 

AC, due to their low carbon content, high volume to weight ratio and ash content. 

Research has also shown that in chemical activation, the activating agent digests 

amorphous lignin better than it does the biomass cellulose, so it is important to understand 

the characteristics of any material used (Chen, 2014). 

Lignocellulosic biomass contains 10%–30% lignin, and materials such as coir, have about 

45% lignin. Lignin is a natural insoluble polymer, and contains aldehydic and carbonyl 

groups, which make it highly polarised (Chowdhury et al., 2013). Typically, during 

carbonisation and activation, the initial volatiles removed come from cellulose and 

hemicellulose (Sharma et al., 2017). Several lignocellulosic materials possess special 

characteristics for AC production (Kelechi E Anyaoha et al., 2018) and there are also 

several simple and low-cost methods for obtaining AC from biomass, using acids, bases 

and salts (Shamsuddin, Yusoff and Sulaiman, 2016). The cross-linking between the 

lignocellulosic components determines the suitability of biomass material for AC, and the 

morphology of the cells is also a determinant (Kongsomart, Li and Takarada, 2015). The 
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energy requirement is subject to the characteristic properties of the feedstock. The 

structure of biomass materials, the physiognomies and the chemical behaviour of each 

component affect the reactivity and have potential involvement in processing AC (Chen, 

2014).  

Cellulose and hemicellulose are similar, with the main difference being the number of 

saccharide units, the latter having fewer saccharide units than the former (Danish and 

Ahmad, 2018a). Cellulose has a straight chain structure and is classified as an insoluble 

polysaccharide made up of monomers of beta-1,4-glycosidic bonds between glucose. By 

contrast, hemicellulose is a cross-linked polymer with some sugars which play vital roles 

in AC production, such as glucose, mannose, galacturonic acid, xylose, arabinose, O-

methyl-glucuronic acid and galactose, which are all are soluble in water. 

The thermal decomposition of hemicellulose takes place above 200 °C, after which 

cellulose’s decomposition follows; more specifically, in the temperature range of 250–400 

°C with the release of CO and CO2 from the glycopyranose rings (Danish and Ahmad, 

2018a). Lignin is hydrophobic and inhibits water penetration, unlike polysaccharide 

polymers. The molecular relationship expressed in Figure 1 (Kan, Strezov and Evans, 

2016), are of ether and β-1,4-Glycosidic bonds. Therefore, these linkages must be broken 

thermally or chemically to establish a reactive activated carbon. 
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Figure 3-1 A structural model of lignocellulosic components of biomass 
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Table 3-1 Analytical characterisation and composition of agricultural waste biomass 

Agricultural 
waste 

Proximate analysis (% 
w/w) 

Ultimate analysis (% w/w) Lignocellulosic composition (% 
w/w) 

Reference 

Moisture Ash Volatiles C H N S O Cellulose Hemicellulose Lignin 

Almond 
stone 

11.05 0.76 77.32 48.76 7.52 0.48 0.56 43.68 21.70 27.70 36.10 (Sun et al., 2017) 

Bamboo 15.30 1.76 70.12 34.40 4.61 0.22 0.07 - 26 15 21 (Hirunpraditkoon et 
al., 2011) 

Banana 
peel 

11.56 9.28 88.02 35.65 6.19 1.60 20.75 45.94 - - - (Kabenge et al., 
2018) 

Cassava 
peel 

14 4.50 59.40 59.31 9.78 2.06 0.11 28.74 37.90 23.90 7.50 (Daud et al., 2013) 

Coconut 
shell 

8.21 0.80 77.82 49.62 7.31 0.22 0.10 42.75 14.00 32.00 46.0 (Mohd Iqbaldin et 
al., 2013) 

Cotton 
stalks 

6.00 6.30 70.50 43.60 5.80 0.80 0.00 49.80 80-95 5-20 - (Abdolali et al., 
2015) 

Durian shell 11.27 4.84 - 39.30 5.90 1.00 0.06 53.74 60.45 13.09 15.45 (Rashidi et al., 
2012b) 

Grape stalk 8.86 3.15 96.80 34.40 0.438 1.11 0.087 63.96 - - - (Pangavhane and 
Tare, 2012) 

EFB 15.01 4.48 82.98 43.89 5.33 0.52 0.10 54.32 42.00 18.90 11.70 (Onochie et al., 
2017) 

Oil Palm MF 11.10 7.90 84.03 42.20 5.21 2.21 0.14 42.34 42 22 14 (Onochie et al., 
2017) 
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PKS 7.96 1.10 72.47 50.01 6.90 1.90 0.03 41 20.80 22.70 50.70 (Rashidi et al., 
2012b) 

Olive stone 10.40 1.40 74.40 44.80 6.00 0.10 0.01 49.09 30.80 17.10 32.60 (Plaza et al., 2014) 

Orange peel - 2.15 77.93 40.28 6.12 1.08 0.06 52.46 - - - (Zhou, 2017) 

Peanut shell 7.98 12.80 79.10 41.52 7.43 2.12 0.60 27.96 - - - (Braz and 
Crnkovic, 2014) 

Rice husk 6.34 16.70 67.50 36.52 4.82 0.86 - 41.10 30.42 28.03 36.02 (Huang et al., 
2016) 

Sugarcane 
BG 

8.61 4.05 86.02 47.30 6.20 0.27 - 44.15 42.16 36.00 19.30 (Huang et al., 
2016) 

Walnut shell 8.73 1.27 77.42 49.30 5.82 44.49 0 - 40.10 20.70 18.20 (Plaza et al., 2014) 

Waste tea 5.80 4.29 - 52.72 6.34 2.61 0.18 38.15 17.50 41.30 41.20 (Gurten et al., 
2012) 

C: carbon, H: hydrogen, N: nitrogen, S: sulphur, O: oxygen, EFB: empty fruit bunch, MF: mesocarp fibre, PKS: palm kernel shell, BG: 
bagasse 
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3.3 Modes of activation 

The preparation of AC typically involves two major steps: pyrolysis or 

carbonisation of the precursor, and activation. Carbonisation produces a stable 

structure, with an elementary and partially-developed pore structure (Osman, 

Shamsuddin and Uemura, 2016), which must be enlarged properly by physical 

or chemical activation. The development stages are illustrated in Figure 2. In 

addition, physicochemical activation is also a potential form of activation (Xiao et 

al., 2012). Figure 3-2 illustrates the pore development of empty fruit bunch (EFB) 

AC, represented with A, B and C, following thermal treatment at 350, 500 and 

600 °C, respectively (Claoston et al., 2014). The pore development is better 

defined with increased temperature, and modification and treatment methods for 

raw biomass are discussed by Pathak et al. (2015). 

 

Figure 3-2 Activation temperature’s effect on activate carbon’s (AC) pore 

development and morphology A: biomass structure; B: partially developed char 

structure; C: well-defined porous AC structure 

Physical activation occurs over the dual stages of carbonisation of the precursor 

in a reactor with a steady flow of an inert gas, and then over a successive 

activation process of the char product with CO2. Steam, air or their mixtures or 

other fluid activating agents at 800–1100 °C are also used (Calvo-Muñoz et al., 

2016). However, excessive temperatures of, say, 1200 °C and above, lead to low 

carbon yields, collapse of the pore structures and ash generation (Olorundare et 
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al., 2014), while devolatilising processes encourage pore formation and further 

enlarge any micropores created (Girgis, Soliman and Fathy, 2011). Physical 

activation is environmentally safe, but the speed and the temperature 

requirements are problematic. Appropriate activation temperature and duration 

are important to ensure adequate porous development and the creation of 

functional groups.  

The physicochemical activation process involves both physical and chemical 

methods (Arami-Niya et al., 2012), where the raw precursor or char is permeated 

with an activating agent; then, heated in a chamber with an oxidant flow (Ooi et 

al., 2017). This method is often employed when the activating agent used in 

activation is unable to be effectively removed through washing, and might 

otherwise lead to pore clogging (Chowdhury et al., 2013). This process is 

expensive due to the elevated temperature requirements, and the need for a two-

step process, extended process time and a generally low-percentage AC yield 

(Ooi et al., 2017). There are various modifications and treatments, including 

acidic treatment, basic treatment, impregnation and microwave process 

treatment. Other routes include: ozone, plasma treatments and biological 

modification—which is a developing technology and will not be discussed here 

further (Bhatnagar et al., 2013). Although conventional heating is still an effective 

method of AC production, there are basic challenges that affect the process, such 

as the high cost of the heating, extended heating duration and thermal energy 

flow from the outer layer to the core of a biomass material. Chemical treatment 

of agricultural waste and other biomass materials can also improve the overall 

efficiency of AC and provide opportunities for target applicability due to the 

potential to use several activating agents for the process (Wahi et al., 2017). 

Chemical activation processes are summarised in Table 3-2 with the key 

advantages and disadvantages presented. 

3.3.1 Chemical activation 

A series of pre-activation steps is required to achieve an adequate and quick 

production process. Biomass materials must be free from soil and any other 

impurities by washing with deionized water, and then dried at a temperature 



 

87 

between 65 and105°C (Ooi et al., 2017). The biomass selected often undergoes 

milling to reduce the particle size (Farma et al., 2017), enabling uniform and quick 

carbonisation by lowering the thermal gradient. The biomass physical properties 

influence the milling process. The chemical activation process can be achieved 

in several ways, as outlined below: 

The chemical activation method is accomplished by the infusion, mixing and 

permeation of a solution, usually a dehydrating chemical with the ability to induce 

and accelerate material decomposition by pyrolysis, while inhibiting the creation 

of semi-solid volatile substances before activation. Activating agents, such as  

bases; acids; and salts, such as K2CO3 and ZnCl2 are impregnated into the 

biomass by mixing and stirring (Ahmida et al., 2015). Although this is a single-

step technique, in some cases, the precursor may first be carbonised to produce 

char (Xin-hui et al., 2011; Hoseinzadeh Hesas, Arami-Niya, et al., 2013a) The 

impregnated char is then heated in the presence of nitrogen (Moreno-Castilla, 

2016). The temperature requirement used in chemical activation range of 400–

800 °C, which is lower than the average temperature for the physical activation 

process (Xin-hui et al., 2011) and is applicable to lignocellulosic materials. Here, 

the raw precursor can be mixed and permeated with an activating agent directly 

before carbonisation (Hernández-Montoya, García-Servin and Bueno-López, 

2012). Typically, the biomass material is added to the activating agent at an 

optimised ratio, and mixed, before undergoing thermal treatment. Each activating 

agent performs differently with different precursors, dependent on its structure 

and the activation conditions. It is also possible to use a two-step activation 

process by impregnating biochar with activating agent and then subjecting it to a 

second heat process, under the conditions outlined in Table 3-2 (Hoseinzadeh 

Hesas, Arami-Niya, et al., 2013a). 

Table 3-2 An overview of the three modes for the chemical activation process 

 One-step 
conventional 

Two-step 
conventional 

Microwave 
process 

Temperature or 
power requirements 

400–1200 °C 400–800 °C then 
400–1200 °C 

300–1000 W 

Heating duration 1-3 h 3-6 h 5-30 min 
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Average yield 30-50% 30-40% >40% 

Risk of system 
corrosion 

High High Low 

Product efficiency Low High High 

Flow process Continuous feed 
in and out 

Batch  Batch 

3.3.1.1 Chemical activation 

The one-step process system for AC production requires impregnation before 

heat treatment under a controlled environment, and this is known as direct 

activation. A wide thermal range between the hot exterior and the interior risks 

encourages significant combustion of the biomass. The microwave system can 

be used for this process and will shorten the process time compared to a two-

step process (Liu et al., 2016). 

3.3.1.2 Two-step activation process 

Two-step process systems for AC production involve carbonisation and then 

activation (Bachrun et al., 2016). This process enhances the carbon content and 

forms a char with an initial porosity. It requires an extended time and consumes 

more energy. It can also be used for non-uniform particles so that a milling stage 

is not required in pre-processing. This process is common for microwave 

activation, but in the production of large quantities of AC, the transfer and 

reloading lead to loss of materials and increase production cost. Oginni et. al 

(Oginni et al., 2019) reported that the two-step process does not result in more 

effective AC. 

3.3.1.3 Microwave activation process 

The high energy requirement and time involved in conventional heating can make 

the activation process expensive (Oghbaei and Mirzaee, 2010), making 

microwave heating attractive (Yao et al., 2015). Some biomass types are good 

microwave absorbers, and hence, are interesting for possible use at the 

commercial scale (Gan et al., 2015). Microwave-induced pyrolysis is more 

efficient, especially when a material with higher microwave absorbance is mixed 

with metal oxides (Domínguez et al., 2007). Microwave pyrolysis reduces self-
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gasification during the activation process, unlike conventional pyrolysis, due to 

the high heating levels that are involved in conventional approaches (Fidalgo et 

al., 2014). 

Compared to conventional heating methods, the microwave method of activation 

has additional benefits, including uniform volumetric heating, regulation of the 

heating process, a high heating rate and ensuring that the biomass has indirect 

contact with the heat source. Thus, the microwave AC production technique has 

been suggested as a prospective method to replace the conventional thermal 

process (Xiao et al., 2012). In some cases, the activation process is planned 

according to the availability of resources and the heat source. Activation duration, 

though, depends on the type of precursor but can be affected strongly by the 

particle size and heat distribution mechanism. Carbon yield depends on the 

overall management of the sample, its temperature, its washing and handling 

techniques. 

3.3.2 A comparison of activation by microwave and the conventional 

process 

Microwave-assisted activation produces AC with wider micropores and 

mesopores than the conventional products. The pore size, surface area and 

adsorption efficiency in both conventional and microwave activation processes 

are affected by activation temperature, dwell time, heating rate, type of activating 

agent, activation agent-feedstock ratio, particle size, inert gas flow rate, 

microwave power and weight of sample (Nomanbhay and Ong, 2017). 

Figure 3-3 shows that heat flows from the external regions in conventional heating 

and from the interior for microwave heating (Gadkari, Fidalgo and Gu, 2017). This 

is the distinguishing factor between conventional and microwave heating. 

Direction of heat flow relative to the activation environment influences the 

molecular movement, volatile discharge and heat distribution. Conventional 

heating exhibits an extended temperature gradient, while thermal energy flows 

from the surface to the central portion of the biomass. However, it can be 

minimised by slow heating. An isothermal holding system may also be employed 

(Puziy et al., 2005). A thermal gradient results in the obstruction of the passage 
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for volatiles through the pores, leading to the development of partial or undefined 

pores (Puziy et al., 2005; Braz and Crnkovic, 2014). 

 

Figure 3-3 Examples of conventional and microwave heating effects 

Microwave AC is characterised by wider micropores and mesopores than 

conventional activated AC, but it comes with process challenges (Puziy et al., 

2005). Xin-hui et al. (2011) studied activation approaches for AC production from 

Jatropha hulls with steam as the activation agent,  and showed the carbon yields 

for microwave and conventional methods were 16.6% and 13.3%, respectively. 

With CO2 as an activating agent, the yield for conventional method was 18%, and 

it was 36.6% for the corresponding microwave method. Foo and Hameed (2011d) 

compared EFBAC produced through a conventional furnace and microwave and 

reported SBET and Vtotal  values of 255.77 m2/g and 0.14 cm3/g, and 807.54 m2/g 

and 0.45 cm3/g, respectively. A general overview of the two approaches is shown 

in Table 3-3 (Fidalgo et al., 2014; Kopac, Kırca and Toprak, 2017). 

Table 3-3 Comparison of the differences between various processing parameters 

for microwave and conventional activation methods 

Framework Microwave 
activation 

Conventional 
activation 

Observation 

Treatment time  Shorter 
process time  

Several hours 
and days  

Shorter time reduces 
process risks  
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Heating 
process  

Internal and 
volumetric 
heating  

Surface 
heating  

Non-uniform 
heating  

Thermal gradient is 
eliminated by microwave 
heating  

Mode of heat 
transfer  

Energetic 
coupling  

Coupling at 
molecular 
level  

Conduction 
and convection  

Superficial and 
wall heating  

Uniform heating is easily 
achieved on coupling at 
molecular level  

Gas/Energy 
consumption  

Due to short 
treatment 
time, it is low  

High  Microwave process 
saves energy  

Equipment size  Small  Large  Developing a large size 
microwave is expensive 
and complex  

Preparation 
conditions  

300- 700 W  

5-15 min  

400-1200 °C  

1-3 h  

Same for both except 
when two-step activation 
process is required  

AC 
characteristics  

Higher 
surface area  

High surface 
area  

Choice may depend on 
application and process 
requirements  

Complexity  High  Low Conventional equipment 
is easy to build. 
Equipment repair is 
easier with conventional 
approaches  

3.4 Activating agent effect 

3.4.1 The effects of activating agent on renewable and non-

renewable precursors 

Activating agents play major roles in the activation process, and the various 

compounds used react differently depending on the biomass type and the 

temperatures employed. 

Several non-renewable precursors (petroleum tar pitch and coal) have been used 

for AC production. When coke is impregnated with KOH, the porosity decreases 

as the ratio varies from 4:1 to 2:1, and the results obtained are in the following 

ranges: SBET, 1800–1200 m2/g; Vmicro 0.71–0.48 cm3/g; and mean pore size, 

1.12–0.76 nm (Kopac, Kırca and Toprak, 2017). AC from bituminous coal can be 
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produced by chemical activation with KOH and Borax decahydrate, but the 

resulting AC produced has an irregular pore structure.  

Similarly, paracetamol, phenol and salicylic acid can used for coal-based ACs 

(Kopac, Kırca and Toprak, 2017), while nitric acid is used for the activation of 

pitch, resulting in an AC with a SBET of 1401 m2/g and an adsorption capacity of 

3.51 mol/kg, and is employed for the adsorption of CO2 (Danish et al., 2014). The 

microwave process for coal, produced an AC with a 1048 mg/g adsorption 

capacity for methyl blue (MB) and values of 1770 m2/g and 0.99 cm3/g, for SBET 

and Vtotal, respectively, under production conditions of a 1:3 impregnation ratio for 

12 min at 700 W (Köseoʇlu and Akmil-Başar, 2015).  

Gao et al. (Gao et al., 2016) showed tar residues permeated with H3PO4 were 

activated at 850 °C, resulting in the following: adsorption capacity, Vtotal and Vmicro 

values of 793 mg/g, 0.286 cm3/g and 0.255 cm3/g, respectively. In addition, the 

mixture of coal and carbon monolith for AC production had a SBET of 1044 m2/g 

(Franca et al., 2010).  

The reactivity of chemical activating agents on biomass materials under high 

thermal conditions creates an intermolecular reaction that gives rise to efficient 

AC production. Surface textural analysis shows that the increase in the ratio of 

activating agents is proportional to the efficiency until the optimal range is 

reached, and this creates AC with higher pore volume on activation. There are 

clear morphological differences depending on the activating agent; thus, the 

K2CO3-impregnated sample forms columnar and hexagonal shapes. Köseoʇlu 

and  Akmil-Başa, showed that ZnCl2-impregnated AC forms an asymmetrical and 

irregular surface morphology (Köseoʇlu and Akmil-Başar, 2015), and they found 

that K2CO3 produced AC with a higher SBET and a well-defined porosity; however, 

the implication of such studies is not clear, as results are strongly dependent on 

technical activation conditions and impregnation parameters. 

Microwave treatment has the potential to eliminate some volatiles, starch 

molecules and saturated and acidic oxygen-linking functional groups; therefore, 

making the AC basic; thus, promoting reactivity (Huang et al., 2011). The type of 

bonding on the carbon layer is influenced by type of feedstock, microwave power, 

https://en.wikipedia.org/wiki/Column
https://en.wikipedia.org/wiki/Hexagon
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impregnation ratio and radiation time. Other variables, such as inert gas flow rate, 

can influence AC characteristics. These have a substantial impact on the 

adsorption capacity and other applications of AC (Hoseinzadeh Hesas, Wan 

Daud, et al., 2013). 

The adsorption capacity is attributable to the effectiveness and reactivity of ions 

and ionic exchange in the carbon structure. The increase in charge density is 

proportional to the adsorption capacity (Franca et al., 2010). At certain ranges of 

microwave power, pores can be blocked by deposits formed from volatile 

substances (Foo and Hameed, 2012e). Raw materials, precursor particle size, 

activation process and mode of heat treatment also influence the surface 

chemical and functional groups of ACs (Szymański et al., 2002). Foo and 

Hameed (Foo and Hameed, 2011b) identified the removal of loosely-bound 

atoms and switching with heteroatoms, which are naturally basic, within the 

molecular layers. For the microwave activation process, the power requirement 

is critical due to possible collapse of the pore structure beyond the optimum heat 

requirement (Somorjai and Li, 2011).  

Activating agents possess great capacity in the microwave activation process. 

Biomass materials, due to poor dielectric properties, heat quickly with higher 

thermal penetration when impregnated with chemical agents (Wang, Tan and 

Liang, 2009).  For example, AC prepared from orange peel when all processing 

parameters are constant, showed substantial changes. However, any activation 

effect is insignificant, and minimal adsorption occurs at microwave power below 

200 W. A study by Foo and Hameed (Foo and Hameed, 2012g) showed that 

adsorption capacity increases directly proportionally to the increase in microwave 

power.  

Deng et al. (Deng, Zhang, et al., 2010) explored the influence of microwave power 

on coconut shell-based AC. Therein, K2CO3 and KOH were used for impregnation 

and the resulting adsorption capacity was similar at same microwave power (Foo 

and Hameed, 2013). In some cases, impregnation ratio influences AC properties 

and is used in the optimum range of 0.5–2 wt.% (Foo and Hameed, 2011e). A 

further challenge in AC production is incomplete activation, which results in poor 
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adsorption caused by partial elimination of the acidic functional groups, and the 

dominance of saturated molecule and incomplete removal of volatiles (Huang et 

al., 2011). Fourier-transform infrared spectroscopy (FTIR) evaluation shows the 

presence of individual bonds and clearly defines the difference between 

carbonisation and activation. It can also be used to determine the optimum range 

of activation at different parameters. The peaks are indicative of the reactive sites 

and functional groups responsible for adsorption (Hoseinzadeh Hesas et al., 

2015). 

3.4.2 Acidic treatment of agricultural residues 

The sensitivity of cellulose linkage to acidic hydrolysis is due to the presence of 

glycoside bonds and it varies relative to type of acid, the concentration and the 

reactive temperature within the amorphous region. It is homogenous with strong 

acids and heterogeneous with weak acids. The kinetics of the hydrolysis reaction 

are also governed by decrystallisation of microcrystalline cellulose. 

Hydrolysation, which results in the elimination of xylan, helps in the separation of 

complex structures. Most acids are able to transform crystalline cellulose to 

amorphous, while HCl can remove lignin to enable symmetric pore creation. The 

cell walls of plants, where cellulose and hemicellulose have polymeric bonds, are 

easily broken by acids, and that results in delignification. 

Introducing nitric acid into AC production was successful in improving the physical 

properties of AC. HNO3 successfully removed some contaminants attached to 

the surface of AC, such as Fe, Si, K and Al. The surface of AC pores was clearly 

seen to have unbroken cavities when treated (Allwar, Hartati and Fatimah, 2017) 

and showed an improved hydrophilic character (Bhatnagar et al., 2013) 

Comparing HCl and HNO3 under the same conditions for palm kernel shell (PKS) 

activation produced: SBET values of 164.2 and 325.4 m2/g; Vtotal values 0.10 and 

0.19 cm3/g; and pore diameters 9.50 and 8.00 nm, respectively. H3PO4 is 

corrosive to both metals and tissues, undergoing rapid polymerisation with 

epoxides and polymerisable compounds, but it can separate lignin and cellulose 

from lignocellulose (Qin, Clarke and Li, 2014). H3PO4 breaks down cellulose and 

hemicellulose polymers in biomass to form monomeric sugars. It can also react 
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directly with lignin under any conditions, and cellulose dissolves in it. H3PO4 has 

been used extensively in the activation of AC, whose adsorption isotherm 

indicates multilayer filling, with significant mesopore formation. H3PO4, used for 

AC production from olive stone, has a good SBET of about 1218 m2/g and a good 

pore volume of 0.6 cm3/g (Yakout and Sharaf El-Deen, 2016). Örkün et al.  (2012) 

studied the impact of concentration variations of H3PO4 on some precursors and 

considered it effective for the development of pores and producing a significant 

improvement of the morphology, surface chemistry and size distribution. A 

significant contribution to microporosity and mesoporosity was observed for 

grape seed activation in the 1:1 to 3:1 ratio range, especially in the pore size 

arrangement. 

3.4.3 Base treatment of agricultural residues 

Alkaline can cause the degradation of glucose and cause the branching of 

carbohydrates, such as 4-O-methylglucuronic acid. They are reactive to lignin 

and the solvation of ether linkages and hydroxyl groups. This is useful in AC 

production due to delignification. The dissolution of lignin causes the removal of 

xylan. The use of KOH results in the breakage of longer fibres and exfoliation 

(Lee, An and Kim, 2014). Improved porosity as a result of activation with KOH 

can be attributed to potassium interaction and the stretching of carbon layers. 

KOH is more effective at creating micropores due to the evidence of an interaction 

between layers, while NaOH is extremely active for disordered carbon materials; 

however, both activating agents require temperature above 800 °C. Figure 3-4 

shows how NaOH' interacts with biomass to breakdown the long chains. 
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Figure 3-4 The interactions between layers and NaOH 

The use of KOH, in the temperature range of 230–650 °C, results in a high char 

yield. The oxidation of biomass with KOH creates oxygen-containing surface 

functional groups, which may not develop properly at temperatures below 600 °C 

(Ello et al., 2013). KOH is highly-effective in biomass; sugar cane activated by 

KOH has an SBET of 2300 m2/g with high methyl blue adsorption (Wu and Tseng, 

2008). During the KOH activation process, surface species, such as alkaloids, as 

well as molecular species like K2CO3 and K2O, are formed (Ello et al., 2013). 

NaOH impregnation of corncob resulted in high SBET between 2318 and 2474 

m2/g. When using the optimum ratio of 1:2 to 1:1, the mesopore volumes of the 

AC were increased from 21% to 58% (Tseng, 2006). AC perpared from date palm 

showed competitive characteristics of 1282.49 m2/g, 0.66 cm3/g and 20.73 nm—

SBET, Vtotal and average pore diameter, respectively. The adsorption was 

determined to be lowest at pH 3 (104.88 mg/g), increasing to 106.4 mg/g at pH 

7. AC properties vary indirectly with temperature, and a  maximum of 612.1 mg/g 

at 30 °C for relative adsorption capacity was observed with  the AC from guava 

seed, which showed an effectiveness for amoxicillin adsorption with a SBET of 

2573 m2/g and an average pore diameter of 1.96 nm (Pezoti et al., 2016). 

3.4.4 Salts treatment of agricultural residues 

The hydrolysis of hemicelluloses is strongly affected by temperature and pH; a 

near neutral pH lowers the activation process; however, ethers and carbon-

carbon bonds are relatively stable. Some salts can catalyse the ether linkages in 
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the lignin. At a high temperature, some salts undergo the Leidenfrost effect, 

causing steam explosion; thus, liberating soluble phenolics in the liquid form. The 

hydrophilicity of lignin is increased due the bond breakages at that stage. The 

increase in the reaction time or temperature results in the degradation of 

oligomers and monomers. That could also influence degradation to produce 

glycoaldehyde dimer, D-fructose, 1,3-dihydroxyacetone dimer, anhydroglucose, 

5-HMF and furfural. Salt can also act as a catalyst to influence the gasification 

rate of cellulose at the low temperature of about 400 °C. 

ZnCl2 is commonly used as an activating agent in AC production, especially with 

biomass to obtain a high-reactivity and high-surface-area AC (Liu, Huang and 

Zhao, 2016). ZnCl2 as an activating agent acts as a dehydrating agent when 

impregnated in biomass, resulting in hydrolysis reactions because of 

intermolecular exchange and molecular migration which would cause structural 

alteration due to weight loss and discharge of volatiles. Hydrocarbon and 

oxygenated organic compounds are not affected by ZnCl2, thereby providing the 

AC with a skeleton with developed pores. Şahin  et al. (2015) studied AC 

preparation from Elaeagnus angustifolia seeds using ZnCl2 at 500 °C, a 1:1.5 

impregnation ratio for 48 h and activation for a 1 h duration, resulting in an SBET 

of 1836 m2/g. Potato peel biomass was studied for AC production with H3PO4, 

KOH and ZnCl2. The activation was done at 400 °C, resulting in: SBET 1642 and 

1489 m2/g, and Vtotal 0.96 and 0.93 cm3/g, for KOH and ZnCl2, respectively 

(Arampatzidou and Deliyanni, 2016). K2CO3 has been proven effective for several 

agricultural waste precursors. For sisal, for example, the resultant AC had an SBET 

of 1038 m2/g, Vtotal of 0.49 cm3/g and was confirmed to be effective and 

appropriate for the purification of solutions contaminated by ibuprofen and 

paracetamol from the liquid phase. Studies on bamboo and pinewood showed a 

higher SBET when impregnated with K2CO3 with microwave activation than for any 

other method.  Foo and Hameed (2012e) compared K2CO3 and KOH for 

pineapple peel for 6 minutes in a microwave; the results showed ACs with SBET
 

values of 680 and 1006 m2/g, respectively. Furthermore, comparison using 

grapeseed as the precursor, activated at 800 °C with K2CO3 and KOH, yielded 
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ACs with SBET values of 1238 m2/g and 1222 m2/g, respectively. The average 

pore diameter of both remained the same, at 1.7 nm (Okman et al., 2014). 

FeCl2 and FeCl3 as activating agents can boost the intermolecular interactions 

between activating agent and biomass precursor. There are limited investigations 

on the use of FeCl2 and FeCl3 for biomass AC production (Fu et al., 2017). At the 

temperature range of 400–1000 °C, FeCl3 as an activating agent proved itself 

effective on Tara gum with a resultant SBET of 1680 m2/g and a Vtotal of 1 cm3/g 

(Lee and Ahmad Zaini, 2016). Under the same conditions for Arundo donax Linn 

activation, results were: SBET 760 and 927 m2/g; Vtotal 0.466 and 0.509 cm3/g; and 

average pore diameters (nm) 2.451 and 2.11, for FeCl2 and FeCl3, respectively 

(Fu et al., 2014). Another comparative study with ZnCl2, FeCl3 and MgCl2 for 

waste coffee biomass resulted in SBET values of 123, 977 and 846 m2/g, 

respectively (Rufford et al., 2010b). The comparative study of AC synthesis from 

coffee ground waste with ZnCl2 and FeCl3 resulted in SBET values of 977 and 846 

m2/g, respectively. Further study with the same precursor using MgCl2 gave a 

value of 123 m2/g (Rufford et al., 2010b),  and the same trend was observed for 

the date stone (Ahmed, 2011). MgCl2 also proved to be effective in activation of 

Tara gum with SBET of 1680 m2/g (Bedia et al., 2018). Figure 5 and Table 4 clearly 

show the disparity of different activating agents compared alongside the 

production methods. However, this comparative table shows that most activating 

agents under optimum production conditions have different effects on different 

precursors. 
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Figure 3-5 SBET and total pore volume ranges of some activating agents on 

agricultural waste 

The fact that primary characteristics of AC depend on the pyrolytic conditions and 

activating agents, mean that the hydrogen and oxygen contents decrease with 

increases in carbonisation and activation temperature. The aromaticity of carbon 

and morphology increases as the hydrogen/carbon ratio decreases. The 

relationship between temperature and surface area is not linear due to other 

factors that contribute to the characteristics of AC. The impregnation time and 

activating agent are additional determinants of these characteristics because of 

their direct influence on the pore sizes, and thus, release of volatiles. However, 

an extended impregnation period can result in the gasification of pore walls. 

Therefore, the burn-off as a factor should be adequately considered. Figure 3-5 

and Table 3-4 show that acids, bases and ZnCl2 are more effective for activation 

(Deng et al., 2009; Rufford et al., 2010a; Hoseinzadeh Hesas, Arami-Niya, et al., 

2013b; Fu et al., 2014; Ahmed, 2016).
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Table 3-4 The effects of activating chemical on the precursors 

Precursor Tim
e 
(hr) 

T(°C)/ 

MW(W) 

I.R SBET 

( m2/g) 

Vtotal 

( cm3/g) 

Vmeso 

( cm3/g) 

Vmicro 

( cm3/g) 

Dp (nm) Yield 
(%) 

Reference 

Result of H3PO4 activation of conventional process 

Cotton stalk 2 500 1.5 1720 0.890  0.710   (Nahil and 
Williams, 
2012)  

Peach stones 2 500 0.4 1393 0.689 0.055 0.634 0.99 41.8 (Khedr et al., 
2014) 

Bamboo 1 600 1.5 1335 0.625 0.140 0.485 1.87  (Liu et al., 
2010) 

Maize tassel 1 500 1.4 1263 1.592     (Olorundare 
et al., 2014)  

Palm kernel 
shell 

0.5 425 2 1109 0.903   3.20  (Lim, 
Srinivasakan
nan and 
Balasubrama
nian, 2010)  

Durian shell 0.4 500  1021 0.350  0.210  63 (Jun et al., 
2010) 

Cotton cake 1.5 450 2 584 0.298 0.075 0.223 2.04 29.8 (Ibrahim et 
al., 2014) 
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Rice straw 2 450 1 522 0.550 0.370 0.180 4.21 51.9 (Basta et al., 
2009) 

Result of H3PO4 activation of microwave process 

Palm shell 0.28 800 2 1473      (Kundu, 
Gupta, et al., 
2015) 

Lotus stalk 0.25 700 2 1434 0.307 1.030 1.337   (Huang et 
al., 2011)  

Bamboo 0.5 350 1 1432 0.503 0.193 0.696  48 (Liu et al., 
2010)  

Waste tea 0.5 350 3 1157 0.573 0.256 0.829 35  (Yagmur, 
Ozmak and 
Aktas, 2008)  

Cotton stalk 8 400 0.5 652 0.057 0.419 0.476 2.92  (Girgis et al., 
2009) 

Result of K2CO3 activation of conventional process 

Waste tea  900 1 1722 0.583 0.039 0.554 2.0 22.7 (Gurten et 
al., 2012) 

Rice husk 1.5 1000 1.5 1713 1.785 1.070 0.715 4.16  (Foo and 
Hameed, 
2011e) 

Mangosteen 
shell 

2 900 1 1123 0.560 0.110 0.450 1.98 20.7 (Foo and 
Hameed, 
2012c) 

Result of K2CO3 activation of microwave process 
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Wood saw 
dust 

0.1 600 1.3 1496 0.470 0.394 0.864 2.30 80.0 (Foo and 
Hameed, 
2012d) 

Rice husk 0.11 600 1.3 1165 0.330 0.450 0.780 2.68  (Foo and 
Hameed, 
2011e) 

Orange peel 0.1 600 1.3 1104 0.247 0.368 0.615 2.22 80.9 (Foo and 
Hameed, 
2012g) 

Pineapple peel 0.1 600 0.8 680 0.280 0.170 0.450 2.59  (Foo and 
Hameed, 
2012e) 

Cotton stalk 0.13 660 0.8 621 0.110 0.270 0.380 2.43  (Deng, Li, et 
al., 2010) 

Result of KOH activation of conventional process 

Rice straw 1 800 4 1554 0.930 0.340 0.500 1.14 13.5 (Basta et al., 
2009) 

Bamboo 3 800 2 1533 0.491     (Hirunpraditk
oon et al., 
2011)  

Cocoa pod 
husk 

1 800 1 490 0.240   2 13.5 (Cruz et al., 
2012) 

PKS 0.75 800 1 127 0.120  0.110  43.4 (Abechi et 
al., 2013)  

Result of KOH activation of microwave process 
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Empty FB 0.11 600 1 1372 0.440 0.320 0.760 2.20 73.7 (Foo and 
Hameed, 
2011d) 

Mesocarp 
Fibre 

0.1 600 0.8 1223 0.420 0.300 0.720 2.35 32.0 (Foo and 
Hameed, 
2011a) 

Pineapple peel 0.1 600 0.8 1006 0.280 0.310 0.590 23.44  (Foo and 
Hameed, 
2012e) 

Palm Shell 0.16 600 0.6 895   0.491 2.19  (Abechi et 
al., 2013) 

Rice husk 0.11 600 1.3 752 0.260 0.380 0.640 3.41  (Foo and 
Hameed, 
2011e) 

Coconut husk 0.11 600 1.3 752 0.260 0.380 0.640 3.41  (Foo and 
Hameed, 
2012b) 

Cotton stalk 0.16 680 0.6 729 0.120 0.260 0.380 2.08  (Deng, Li, et 
al., 2010) 

Result of NaOH activation of conventional process 

Coconut shell 1.5 700 3 2825 1.498 0.355 1.143 2.27 18.8 (Cazetta et 
al., 2011) 

Rice husk 0.05 850 2 1958 1.230 0.573 0.550 1.25  (Youssef et 
al., 2015) 

Result of NaOH activation of microwave process 
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Durian shell 0.1 600 1.5 1475 0.467 0.374 0.841 2.28 80.0 (Foo and 
Hameed, 
2012a) 

Langsat bunch 0.1 600 1.3 1293 0.449 0.303 0752 2.32 81.3 (Foo and 
Hameed, 
2012h) 

Jackfruit peel 0.11 600 1.5 1286 0.356 0.408 0.764 2.37 80.8 (Foo and 
Hameed, 
2012f) 

Result of ZnCl2 activation of conventional process  

Tea seed shell 1 500 1 1530 0.783 0.184 0.599 2.05 44.1 (Gao et al., 
2013) 

Oceania palm 2 600 4.5 1483 1.022 0.456 0.494 2.76 40.0 (Dural et al., 
2011) 

Waste apricot 1 500 1 1060 0.790 0.640 0.150 2.98  (Köseoʇlu 
and Akmil-
Başar, 2015) 

Date stone 1.2 500 2 1045 0.641 0.129 0.512 2.45 40.4 (Theydan 
and Ahmed, 
2012) 

Rice husk    927 0.560   0.80  (Boonpoke et 
al., 2013) 

Palm Shell  900  926 0.480  0.470 2.05  (Arami-Niya, 
Daud and 
Mjalli, 2010) 
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Wood apple 
shell 

  2 794 0.470     (Bhadusha 
and 
Ananthabask
aran, 2011) 

Hazelnut shell    647 0.350   34.0  (Özçimen 
and Ersoy-
Meriçboyu, 
2009) 

Result of ZnCl2 activation of microwave process 

Peanut shell 0.3 600 1.4 1634      (He et al., 
2013) 

Rice husk  0.3 600 1.4 1527   2.070 5.99  (He et al., 
2013) 

Cotton stalk  0.15 560 1.6 794 0.083 0.547 0.630 3.20 37.5 (Deng et al., 
2009) 

IR: impregnation ratio, Vtotal: total volume, Vmeso: mesopore volume, Vmicro: micropore volume, Dp: pore diameter, nm: 
nanometre, FB: fruit bunch 
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3.5 Characterisation of AC 

3.5.1 Surface chemistry mechanism and morphology 

AC porosity, pore volume, size, surface area and other structural characteristics 

are relative to adsorption capacity. FTIR analysis identifies the functional groups 

and chemical on the edges and planes of ACs, which are very important in AC 

characterisation and in prediction of adsorption performance. The surface 

chemistry and functional groups of AC are reliant on the precursor, activating 

agent, activation process and conditions. Franca et al., (2010) identified oxygen, 

nitrogen and hydrogen, as important atoms on the surface of AC, because of their 

ability to bond with other elements (Pezoti et al., 2016). 

In surface chemistry analysis, metal ions are bound by electrostatic forces into 

the permeable networks at acidic pH, as most effective adsorptions occur below 

pH 7. This is because of the strong role of the oxygenated acidic surfaces. Some 

adsorption at higher pH is assisted by chelating and complex formation 

(González-García, 2018). Carboxyl groups also contribute to heavy metal 

adsorption by biomass adsorbents while phenolic groups are associated with the 

formation of complexes with heavy metal pollutants (Shafeeyan et al., 2010), and 

these could be direct determinants of the effectiveness of AC. While FTIR 

analysis provides important information, monoatomic species do not possess 

infrared spectra and this makes complex mixtures difficult to analyse (Coates, 

2000). 

A comparison of the FTIR spectra of bamboo feedstock, traditional and 

conventionally activated AC and microwave-assisted activated AC (Liu et al., 

2010) shows the effect of the H3PO4-induced microwave activation of bamboo’s 

spectral pattern and shows that thermal activation with a furnace and microwave 

have distinctive differences. Pathak and Mandavgane examined the FTIR 

frequencies and the resultant effects of activation with citric acid on banana peels, 

showing that there are major differences dependent on the method of activation 

and the activating agent (2015).   
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Huang  et al. (2011) demonstrated that H3PO4 breaks bonds and dissociates 

aliphatic and aromatic molecules, especially in biomasses, encouraging the 

removal of many volatile substrates, and initiating partial aromatisation and 

carbonisation for a defined AC. A study investigating pineapple peel impregnated 

with KOH activation showed FTIR spectra of the AC as major peaks within these 

ranges: 3230, 2360, 2040, 1420, 1050 and 830 cm-1, indicating the location of N–

H and C≡C, which are highly unstable; C=C—moderately unstable; and C–N, C–

O and N–O functionalities, respectively, which indicates AC’s capacity to permit 

attachment (Foo and Hameed, 2012e).  KOH and K2CO3-induced AC were both 

enhanced in relation to its char and developed better when activated by 

microwave irradiation (Foo and Hameed, 2011e). The same activation process 

when used on a cotton stalk as a precursor showed identical absorbance bands. 

However, there was substantial variance in the spectra of ZnCl2-activated AC. 

Sharp bands of 1630 and 1600 cm−1 are distinctive and are absent in KOH and 

K2CO3  ACs (Deng, Li, et al., 2010). The surface chemistry of NaOH-induced AC 

from pomelo skin was observed to have an FTIR spectrum within 3413 and 3247 

cm−1 correlated to the amine groups, and the band at 2980 cm−1 indicated the 

presence of an alkane group (Foo and Hameed, 2011b). For PKS, AC was 

produced through microwave and conventional methods with ZnCl2; the O–H 

stretching vibration receded, validating the effectiveness of the two processes. 

The significant effect and reduction of hydrogen bonding spectral bands show 

that the ZnCl2 typically dehydrates the sample from the point of impregnation.  

3.5.2 Adsorption and kinetic mechanism 

Pyrolysis takes place under inert conditions; this causes the release of volatile 

substances that form tar at elevated temperatures, depending on the type and 

quantity of material. Current kinetic models are inadequate for biomass pyrolysis, 

specifically in terms of the prediction of pyrolysis rate. Molecular modelling can 

potentially identify the pathways for cellulose and lignin to production of biofuels 

and AC. Models presume that kinetic constraints, such as the frequency factor 

and activation energy, are interdependent and contingent on both conversion 

mechanism and the extent of heating. Kinetic models presume a series of 
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decompositions, for nth order reactions.  By contrast, the distributed activation 

energy model (DAEM) describes the pyrolysis reaction itself, and postulates that 

many decomposition, nth order reactions occur simultaneously, with distributed 

activation energies (Dhaundiyal and Singh, 2017). There are also double 

exponential terms which can be used to describe the distributed activation energy 

model for isothermal pyrolysis. In order to find the accurate approximation, an 

asymptotic methodology is implemented (Dhaundiyal and Singh, 2017). The 

amount of tar depends on the temperature and duration of carbonisation. Feed 

rate also affects tar deposition, due to prevention of the escape of volatiles. 

Furthermore, the type of activating agent is also critical in determining the rate of 

tar transformation into gas.  

Adsorption can be classified as physisorption or chemisorption. Physisorption 

uses van der Waals forces, whose effects rapidly decrease with increasing 

temperature (Al-Anber, 2011), while chemisorption results in  the formation of 

chemical bonds between the adsorbate and adsorbent (Kong et al., 2014). 

Several factors and variables influence adsorption processes of pollutants with 

AC. Consequently, AC adsorbs through van der Waals, hydrogen bonding and 

electrostatic charge (Maneerung et al., 2016). The functional groups of the 

adsorbent are primarily relative to the production process. Skouteris et al., (2015) 

showed that, in some types of adsorption processes, such as in liquid-phase, the 

adsorption efficiency and potency of AC are strongly dependent on the physical 

structure of the AC, the pore assemblage and the functional groups with respect 

to the parent materials, and also showed that molecular weight and polarity of 

adsorbent are influential. Other secondary properties of the solutions that are 

potentially important include the adsorption thermodynamics, pH, molecular 

diffusion, concentration of adsorbate and ionic energy (Demiral et al., 2014). 

Adsorption capacity is generally determined by the percentage of the pollutant 

removed, calculated as in Equations (3-2) and ( 3-3) (Mohammad and Ahmed, 

2017): 

𝑞𝑡 = (
𝐶0−𝐶𝑡

𝑚
) 𝑉 , (3-2) 
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𝑅 = (
𝐶0−𝐶𝑡 

𝐶0
) 100% , ( 3-3) 

 

where, qt (mg/g) symbolises the adsorption capacity, C0 represents, initial 

pollutant concentration at start time and Ct (mg/cm3) represents pollutant 

concentration at time (t). V (cm3) denotes the volume of the adsorption medium 

and m (g), the adsorbent weight. 

The adsorption performances of ACs derived from agricultural wastes are shown 

in Table 3-5. Unfortunately, the literature usually provides insufficient information 

on the adsorption parameters. However, AC activated by H3PO4 is very effective 

in the removal of contaminants and adsorption, taking place at 25–30 °C. 

Adsorption occurs mostly in the pH range of 4–7. Salt activators have a wide 

range of pH for adsorption, which also depends on concentration of the solution. 
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Table 3-5 Adsorption capacities and parameters of chemically-activated agricultural wastes based on activating agent 

Adsorbent Activator  Activation 
Temp 
/MW 
power 
(W) 

IR Adsorbate SBET 

m2/g 

Adsorption 
capacity 
(mg/g) 

CR Contact 
time 
(min) 

Contact 
Temp 
°C 

Contact 
pH 

Reference 

Durian 
shell 

H3PO4 500 °C 1:0.30 Toluene 1404 874  2 h 25  (Tham et al., 
2011) 

Waste tea H3PO4   MB 1398 288.34     (Gokce and 
Aktas, 2014) 

Sugarcane 
bagasse 

H3PO4 500 °C 3:1 Pb 320 170.90 6 30 min 25 4 (Huang et 
al., 2014) 

Cotton 
stalk 

H3PO4 500 °C 3:2 Pb(II) 1570 119   25 4.4 (Li, Zheng 
and Li, 
2010) 

Olive 
stone 

H3PO4 600 °C 1:1.5 Cd 1565 24.83    5 (Obregón-
Valencia 
and Sun-
Kou, 2014) 

Coconut 
husk 

KOH 700 °C  MB 1356 418.15     (Foo and 
Hameed, 
2012b) 

Banana 
peel 

KOH 800 °C  MB 2086 385.12   60 6 (Liu et al., 
2014) 
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EFB (char) KOH 360 W 1:0.75 MB 807 344.80 50   4 (Foo and 
Hameed, 
2011d) 

Date stone KOH 600 W 1:1.75 MB 856 316.10     (Foo and 
Hameed, 
2011c) 

Coconut 
shell 

KOH 700 °C  1.5:1 Benzene 478 212.77   30  (Mohammed 
et al., 2015) 

Orange 
peel 

NaOH   Reactive 
Blue 19 

 166.60 100 24 h 30 4 (Ahmed, 
Khalil and 
El-
nabarawy, 
2012) 

Coconut 
shell 

KOH 800 °C 1:2 Pb 1135 151.52 4   5 (Song et al., 
2014) 

Peanut 
shell 

KOH   Cr(VI) 96 16.26 40 7 h 25 4 (AL-
Othman, Ali 
and 
Naushad, 
2012) 

Tea seed 
shell 

ZnCl2 500 °C 1:1 MB 1531 342.70    6.3 (Gao et al., 
2013) 

Pineapple 
waste 

ZnCl2 500 °C 1:1 MB 915 288.34  12 h   (García et 
al., 2017) 
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Corn cob K2CO3 600 W 1:0.75 MB 765 275.32     (Elsayed 
and Zalat, 
2015) 

Cotton 
stalk 

ZnCl2 560 W 1:1.6 MB  193.50 4 2 h  7 (Deng et al., 
2009) 

Pistachio 
nut shell 

ZnCl2   Hg 1492 24.78  100 
min 

25 6 (Aghajani, 
Zand-
Monfraed 
and 
Bahmani-
Androod, 
2014) 

Hazelnut 
shell 

ZnCl2 700 °C  Pb 1067 13.05 200 10 min  5.7 (Imamoglu 
and Tekir, 
2008)  

Olive 
stone 

ZnCl2 650 °C  Cd 790 1.85 50 90 min 25 9 (Kula et al., 
2008) 

IR: impregnation ratio, CR: concentration range, MW: Microwave, W: watt, MB: methyl blue 
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Adsorption isotherms are series of measurements relative to adsorbed and non-

adsorbed amounts in a single process. The gas and solute adsorptions are functions 

of pressure and are dependent on chemical structure. Isotherm models are 

necessary for AC when a batch system for wastewater treatment is designed. This 

evaluates the suitability of the adsorption system, also showing the system to be 

endothermic or exothermic (Oginni et al., 2019). The thermodynamic assumptions 

provide a guide to the adsorption mechanism, adsorbent affinity and the fundamental 

approaches. The models are illustrated in Table 3-6 and consider several 

assumptions and parameters for plotting adsorption isotherms.
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Table 3-6 Adsorption isotherm models descriptions and challenges 

Isotherm 
(Ayawei, 
Ebelegi and 
Wankasi, 
2017) 

Nonlinear form (Ayawei, 
Ebelegi and Wankasi, 
2017) 

Linear form Plot Nomenclature Description/Assumptions 

Langmuir  
𝑞𝑒 =

𝑄0𝑏𝑐𝑒

1 + 𝑏𝑐𝑒
 

𝑞𝑒

𝐶𝑒

= 𝑏𝑄0

− 𝑏𝑞𝑒 

𝑞𝑒

𝐶𝑒
𝑣𝑠 𝑞𝑒 qe=equilibrium 

sorption 
capacity for 
metal 

Ce=equilibrium 
solute 
concentration in 
solution 

b=Langmuir 
constant 

-The simplest isotherm 

-Assumes that adsorption 
is limited to monolayer 

-There is insignificant 
interaction and change in 
the sorption process 

-The model is identical to 
energy being adsorbed  

Freundlich 𝑞𝑒 = 𝐾𝑓 𝐶𝑒
1/𝑛

 𝑙𝑜𝑔𝑞𝑒

= 𝑙𝑜𝑔𝐾𝐹

+
1

𝑛
 𝑙𝑜𝑔𝐶𝑒 

𝑙𝑜𝑔𝑞𝑒 𝑣𝑠 𝑙𝑜𝑔𝐶𝑒 KF= equilibrium 
constant for 
relative 
adsorption 

n =adsorption 
constant 
indicative of 
intensity 

-Relative to multi-layer 
adsorption 

-widely applied in organic 
compounds and highly 
interactive substance 
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Sip’s isotherm 
 𝑞𝑒 =  

𝐾𝑠𝐶𝑒
𝛽

 𝑠

1 + 𝑎𝑠 𝐶𝑒
𝑝 𝑠

 
𝛽𝐼𝑛(𝐶𝑒)

= −𝐼𝑛 (
𝐾𝑠

𝑞𝑒
)

+ 𝐼𝑛(𝑎𝑠) 

𝐼𝑛 (
𝐾𝑠

𝑞𝑒
) 𝑣𝑠 𝐼𝑛(𝐶𝑒) 

β = Sip’s 
constant 

-combination of Langmuir 
and Freundlich 

-It is governed by pH, 
temperature and 
concentration changes 

Temkin 
𝑞𝑒 =

𝑅𝑇

𝑏𝑇
𝐼𝑛𝐴𝑇𝐶𝑒 

𝑞𝑒

=
𝑅𝑇

𝑏𝑇
𝐼𝑛𝐴𝑇

+ (
𝑅𝑇

𝑏𝑇
)𝐼𝑛𝐶𝑒 

𝑞𝑒 𝑣𝑠 𝐼𝑛𝐶𝑒 AT and bT 
=Tempkin 
constants 

-Takes care of adsorbate-
adsorbent interaction 

-Used for predicting the 
gas-phase equilibrium 

 

Khan 
𝑞𝑒 =

𝑞𝑠𝑏𝑘𝐶𝑒

(1 + 𝑏𝑘𝐶𝑒)𝑎𝑘
 

  bk and ak are 
model constant 
and model 
exponent 

-General adsorption 
model for adsorbate from 
pure dilute equation 
solutions 

Redlich-
Peterson 

𝑞𝑒 =
𝐾𝑔𝐶𝑒

1 + 𝑎𝑔𝐶𝑒
𝛽

 𝐼𝑛 (𝐾𝑅

𝐶𝑒

𝑞𝑒

− 1)

= 𝑔𝐼𝑛(𝐶𝑒)
+ 𝐼𝑛(𝑎𝑅) 

𝐼𝑛 (𝐾𝑅

𝐶𝑒

𝑞𝑒
) 𝑣𝑠 𝐼𝑛(𝐶𝑒) 

KR, aR, and β = 
Redlich–
Peterson 
parameters.  

β takes values 
between 0 and 
1.  

For β=1 the 
model can be 
correlated to the 
Langmuir form 

- It is anti-ideal monolayer 
adsorption 

-Has a linear relative 
dependence on 
concentration of solution 
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Radke-
Prausnitz 𝑞𝑒 =

𝑎𝑔𝑝𝑟𝑔𝐶𝑒
𝛽𝑔

𝑎𝑔𝑝 + 𝑟𝑔𝐶𝑒
𝛽𝑒−1

 
  The outlook of 

surface 
diffusion 

Relative role of 
pore volume.  

aR and rR = 
model 
constants 

-Preferred in most 
systems at low adsorbate 
concentration 

Good for wide range of 
adsorbate concentration 

Frenkel-
Halsey-Hill 

𝐼𝑛 (
𝐶𝑒

𝐶𝑠
) = −

𝛼

𝑅𝑇
(

𝑞𝑠

𝑞𝑒
𝑑)𝑟 

  Where d, α and 
r = sign of the 
interlayer 
spacing (m),  

 

Toth 𝑄𝑒

= 𝑄𝑚𝑎𝑥

𝑏𝑇𝐶𝑒

[1 + (𝑏1𝐶𝑒)1 𝜂𝜏⁄ ]𝜂𝜏
 

   bT and nT = 
constants. if 
nT=1, Toth 
isotherm can be 
transformed to 
Langmuir 
isotherm 
equation 

-Reduces error in 
experimental data -
Predicts equilibrium data 

-Applicable in the 
modelling of several 
multilayer and 
heterogeneous 
adsorption systems 

Dubinin-
Radushkevich 

𝑞𝑒 = (𝑞𝑒) exp(−𝑘𝑑휀2) 𝐼𝑛(𝑞𝑒)
= 𝐼𝑛(𝑞𝑠)
− 𝐾𝑎𝑑휀2 

𝐼𝑛(𝑞𝑒)𝑣𝑠 휀2 kd = isotherm 
constant. ε = 
RT ln(1+1/Ce) 

,R, T and Ce = 
gas constant Ce 

Temperature 
(K)  
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3.6 Production process challenges 

3.6.1 Washing and milling 

Some biomass wastes, such as oil palm residue (OPR), have a high percentage 

of tramp material, including soil, while oil palm processing waste (OPW) does not, 

and instead has a high oil content.  Hence, the need for washing can vary 

significantly. A high water requirement raises the production cost and hot water 

may be required to remove the oil attached to the biomass precursor. If the oil is 

not properly removed, it produces copious amounts of smoke during 

carbonisation, and if the temperature is not high enough (say below 400 °C), it 

forms tars within the biomass material, preventing the escape of volatiles, thereby 

resulting in improper development of pore structure, which requires a high inert 

gas flow rate to effectively displace volatile materials.  

OPW is produced mostly in the form of large particles and lumps; therefore, size 

reduction is crucial for utilisation in AC production. This is done by milling figure 

6 (Gil, Luciano and Arauzo, 2015), a high-energy operation (Kelechi E. Anyaoha 

et al., 2018). Particle size is one of the crucial determinants in the thermochemical 

route; physical condition of biomass notwithstanding, the method influences 

activation rate and other production parameters (Gil and Arauzo, 2014). There is 

also difficulty in milling mesocarp fibre (MF) and EFB, rather than palm kernel 

shell (PKS), due to low brittleness. Conventional hammer mills typically have a 

250 mm diameter rotor at a rated power of about 20 kW (Vigneault, C., Rothwell, 

T.M., Bourgeois, 1992), but there may be a need to use swinging hammers 

operating at high velocity (Liu, Wang and Wolcott, 2016). Biomass waste can be 

crushed when dry, sieved and graded into different uniform sizes of less than 2 

mm using a milling machine (Deng, Li, et al., 2010), to achieve uniform 

distribution of heat. The mechanical properties of different parts of OPW vary and 

it is important to minimise dust production. To minimise loss of biomass, a dust 

collector is installed, which aids in throughput flow and overcomes air flow 

resistance (Bitra et al., 2009). Pre-treatments, such as drying and sieving, 

occasionally play a role in determining energy consumption. Establishing 

uniformity of particle sizes is largely contingent on their moisture content and 
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other physical properties. Brittleness, hardness and elasticity also affect the 

energy requirements in milling. Phillip et al. (2017), studied the mechanical and 

physical influence of PKS, and showed that the aggregate crushing value is 5.3% 

and that of the flakiness index is 63.2%, indicating that PKS milling behaviour is 

acceptable. 

 

Figure 3-6 Hammer milling process for biomass 

The efficiency of a hammer milling operation is determined by the nature of the 

biomass, and thus, milling tendencies vary widely. Several physical and 

mechanical properties are important, e.g., material breakage, as the fracture 

reaction is contingent on impact frequency, energy, moisture content and 

biomass properties (Gil, Luciano and Arauzo, 2015). Vogel and Peukert (2003) 

expressed the phenomenon of breakage as in Equation (3-4): 

𝑆 = 1 − 𝑒𝑥𝑝{−𝑓𝑚𝑎𝑡𝑥𝑘(𝑊𝑚,𝑘𝑖𝑛 − 𝑊𝑚,𝑚𝑖𝑛)}. (3-4) 
 

X represents the initial particle size, and k and Wm,ki are the impact frequency and 

specific kinetic energy of the impact, respectively. Wm,min is the threshold energy. 

The material properties in terms of its resistance and minimum specific energy 

are relevant to determine fracture and breakage factor which define the milling 

rate (Vogel and Peukert, 2004). The energy requirement increases with reducing 

particle size (Naimi et al., 2013). However, it should be noted that the physical 

properties influence feeder design, biomass flow rate and reactor performance 
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(Dai, Cui and Grace, 2012). For each batch of AC production, the biomass should 

be of uniform particle size. Higher density also translates to lower tensile strain. 

The energy requirement for the milling process contributes to about 15%–30% of 

the overall energy requirement for AC production (Naimi et al., 2013). 

3.6.2 Microwave power and radiation duration 

The energy requirement is dependent on the type of reactor and the effect of 

power is relative to the duration of the process. The reaction temperature is 

maintained after the heating stage, as power remains constant. Evaluating the 

influence of microwave power on yield, time is a primary factor. Hoseinzadeh 

Hesas  et al. (Hoseinzadeh Hesas et al., 2015) assessed the influence time of 

the microwave radiation relative to the surface consistency of AC, in order to 

optimise power output to achieve the appropriate heating rate and process 

temperature. High radiation power of above 1000 W for an extended time may 

result in total carbonisation with the adverse effect of reducing surface area and 

porosity (Josip et al., 2016). For activation, the power range of 100–200 W is 

inadequate to create complete release of volatile substances, thereby resulting 

in improper development of pores with negligible influence on the adsorption 

capacity. At about 300–1000 W, the adsorption efficiency increases and pore 

development is better defined. However, with a higher thermal radiation there is 

greater loss in weight beyond the optimum range and collapse of the pore 

structures; thus, there needs to be a balance between activation duration and 

microwave power. 

Microwave radiation duration is another important factor and strongly affects the 

resulting characteristics of the activated material.  Thus, using the microwave 

heating method for a period of 5 min, the SBET initially increases to a maximum 

value of 2996 m2/g at 20 min, and then hardly changed with the increase in the 

activation duration for the char of Mesocarbon microbeads (Ji et al., 2007).  

Adsorption can be improved by an increase in radiation time. For example, with 

pineapple as a precursor, a 4 min radiation time difference increased adsorption 

from 206 to 283 mg/g, which then decreased after 6 min as carbon yield 

decreased. Further increase in process time beyond the optimum always leads 
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to the formation of hotspots and collapse of pore structures (Foo and Hameed, 

2012e). A typical duration is 5–20 min for char, but if raw biomass is impregnated 

with activation agent, an appropriate time will be about 15 min. Moisture content 

could also create imbalance in the prediction table for process duration. 

3.6.3 Activation interaction and temperature 

The inter-molecular interaction within the biomass precursor under an 

electromagnetic field involves the release of an enormous amount of energy 

relative to the quantity of material being processed. The process outcome is 

dependent on the dielectric factors of the precursor (Thostenson and Chou, 

1999). Reaction during activation is highly influenced by the type of activating 

agent. Each biomass material reacts differently to different activating agents and 

the products differ. Palm kernel shell (PKS) and other oil palm wastes (OPW) 

were used in biochar production by microwave process, at different radiation 

levels. The biochar yields were 38, 35 and 33 wt.%, for 500, 600, 700 W 

respectively. Typically, more volatiles are released as microwave power is 

increased. In conventional systems, the major carbon losses occur during milling, 

sieving and washing. The losses during carbonisation can be minimised by the 

right choice of carbonisation temperature range. Mushtaq  et al. (2014) have 

explored the effects of sample variability, particle size, moisture content, type of 

activating agent and inert gas flow rate on the pyrolysis and activating process 

and concluded that each type of biomass must be individually characterised.  

The external surface temperature can be measured with infrared pyrometer; 

however, not during the actual processing itself. Another challenge of microwave 

radiation is the generation of hot spots because of the non-vegetative impurities 

in the precursor [79,94]. The thermal energy and temperature value of the sample 

core can be up to 500 °C higher than the external temperature (Hoseinzadeh 

Hesas et al., 2015). Nonetheless, microwave power of 450 W is considered to be 

the lowest possible power required to cause significant changes in the in the 

biomass’s structure for production of an efficient AC; below that, AC cannot be 

effectively produced (Huang et al., 2011). In order to reduce AC process time, a 

novel method of impregnating OPW char with CuO receptors resulted in the rapid 
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increase of sample thermal energy, although its use resulted in the generation of 

widely varying pore structures (Nüchter et al., 2004).  

Unfortunately, due to limited choices of measuring technique, sample 

temperature measurement was often ignored in previous works on microwave-

assisted reactions (Nüchter et al., 2004). There are three options for the 

measurement of temperature in microwaves operation:  shielded thermocouples; 

IR-sensors, which measure infrared radiation as passive sensors; and a fibre 

optics sensor, which measures temperature up to 400 °C using an external 

transducer based on the wavelength modulation principle. Shielded 

thermocouple measurement is a cost-effective option (Ji et al., 2007). However, 

it is inappropriate in the presence of non-polar solvents. In AC production 

occurring above 300 °C, thermocouples are not recommended (Nüchter et al., 

2004). The temperature of the sample during MW treatment can also be 

measured by using an infrared pyrometer (Ji et al., 2007). In general, there is 

difficulty in ensuring good temperature regulation, though the use of a water 

jacket is possible (Waheed Ul Hasan and Ani, 2014). However, such an approach 

will not work for any large-scale process, given the thermal inertia inherent in 

such a system. A built-in-sensor on the reactor and further research on the 

appropriate reactor material could help to overcome such challenges. 

3.6.4 Tar deposition 

The constituents and characteristics of tars depend on the type of fuel and 

thermal process. The formation of tar is common; however, at a high temperature, 

primary tars vapours can be cracked. This situation can be influenced by reactor. 

The primary tars contain substances such as dimethoxy phenol, 

trimethoxybenzene and hydroxy methoxy benzoic acid, and these can be 

transformed into xylene phenol and toluene. There are tertiary tars also contain 

materials such as benzene, naphthalene, acenaphthylene, phenalene and 

pyrene. The presence of tar compounds such as 1-methylnaphthalene, which has 

a boiling point of 244.8 °C, are problematic, as they can emit acrid smoke during 

decomposition.  
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The presence of tar in a thermal process creates complex problems, especially 

in the utilisation downstream. During AC production, AC can re-adsorb it. Tar can 

be removed by decomposition or adsorption by activated carbon. In the process 

of AC production, tar causes reduction in the performance of AC (Phuphuakrat, 

Namioka and Yoshikawa, 2010). Phenol and cresol available in biomass can be 

degraded by microbial agents such as yeast (Alexieva et al., 2008) in tar removal. 

A study by Abu El-Rub et al., (2008) showed that tar can be removed by thermal 

cracking and a catalytic processes. It is necessary to address the influence of 

tars due to their carcinogenic character, ability to form coke and plugging which 

could disrupt the system. However, some catalysts can also affect the 

characteristics of AC. Finally, the use of alkali–metal–base for the removal of tar 

can also result in particle agglomeration at a high temperature. 

3.6.5 Equipment selection and mode 

The laboratory scale microwave typically only produces small quantities of 

material and 10–20 g of AC is typical. Pyrex glass reactors and Teflon reactors 

generally perform well in the laboratory but may not be suitable for scaling up. 

Ceramic/solid sintering materials also seem suitable for microwave processing 

but require further study. Evaluating AC production by means of laboratory-scale 

microwave systems is inexpensive, but cannot provide appropriate 

understanding of the molecular interactions and transformational kinetics in AC 

production at scale (Liew et al., 2017a), and there is an urgent need for results 

from appropriately sized equipment. 

There are advantages related to using a concentrated stream of energy when 

utilising unimode microwave radiation. However, most practical systems will use 

multimode radiation in a thermochemical process (Nüchter et al., 2004). 

Multimode is relatively cheap and can be designed to deal with large sample 

sizes. However, unimode is better in terms of controllability (Leonelli and 

Veronesi, 2015). The energy release of unimode radiation depends on reactor 

material, size, waveguide channel, the properties precursor and other contents 

of the sample. Generally, these devices have magnetrons directed through a 

waveguide and an electromagnetic field (Nüchter et al., 2004). Operation is also 
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influenced by the mixing of biomass and activating agents, the cooling method, 

control heating rate, the seal and microwave leakage rate. To overcome these 

technical challenges and reduce overall process time, a continuous process 

should be used, since it eliminates wastage during transfer and mechanical 

washing, and ensures uniform production, as most operations are automated. 

3.6.6 Dielectric properties 

The dielectric properties of any material are primary factors in the transformation 

of electromagnetic energy into heat for AC production. Most biomass has poor 

microwave absorbing properties (Salema et al., 2013). Abubakar et al. (2013) 

explored the influence of dielectric properties of OPW and several studies have 

explored the dielectric properties of agricultural waste and other biomass 

materials.  

The relative dielectric constant, dielectric loss factor (εr) and tangent loss for OPW 

and corresponding biochar, at varying frequencies (0.2–10 GHz) and at ambient 

conditions (room temperature of about 25 °C) are given in Table 3-7, for a range 

of materials. The dielectric constant for most materials decreases with increasing 

frequency (Salema et al., 2013), while the loss factor varies in the opposite 

direction. Most biomass materials are only weak absorbers. The average loss 

tangent of biomass feedstock is less than 0.1. The addition of activating agents 

improves the microwave absorbability (Chang et al., 2017). In some biomass 

materials, absorbability increases rapidly at elevated temperatures and this can 

result in process challenges due to thermal runaway (Bykov, Rybakov and 

Semenov, 2001). The poor understanding of the relative influence of 

electromagnetic energy on combined and mixed biomass on the microwave 

heating remains a challenge in obtaining homogeneous products (Namazi, Allen 

and Jia, 2015). High moisture content in a material can affect its dielectric 

properties and result in a high microwave treatment efficiency (Chang et al., 

2017). 

Table 3-7 Relationship between penetration depth of biomass and various 

microwave frequencies (Oyejobi et al., 2012; Abubakar, Salema and Ani, 2013; 

Okahisa et al., 2018) 
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Material Frequency 
(GHz) 

Penetration 
depth (cm) 

Permittivity 
(ԑ’r) 

Tangent loss 
(Tanδ) 

PKS 0.9-5.8 5.5-36 2.7 0.13 

MF 2.5-5.8 10.2-24.8 2.0 0.08 

EFB - - 6.4 0.3 

Water 2.54 1-4 - - 

Paper 2.54 20-60 - - 

Wood 2.54 8-350 2.3 0.11 

Natural 
Rubber 

2.54 15-350 2.1 0.003 

During carbonisation and activation, the delivery of products helps to release 

volatiles. When the volatile products are not desired, the issue of how to exhaust 

them arises in the design setup. In most laboratory tests and analyses of 

microwave-induced activation, modified domestic systems are used for the work, 

so are not relevant for industrial applications. There are also a few issues with 

the use of stirrers in microwave systems. Small particles are capable of elutriating 

with any vapour generated, especially at higher stirring speeds, affecting the 

carbon yield; therefore, a stirrer should not be installed close to the volatiles 

delivery line and size should be designed to reduce arcing which is seen as 

flashes or sparks (Salema and Ani, 2012). 

3.7 Scale of microwave for use in preparing AC 

The technique of the microwave method to produce AC depends first and 

foremost on the scale of potential units.  In 2010, Leonelli and Mason published 

an article claiming that microwave and ultrasonic processing have good 

prospects for industry, but the focus was primarily on the food industry (Leonelli 

and Mason, 2010). Progress in the food area seems to have continued, with 

microwaves being used in particular for lower-temperature applications, such as 

drying, although interestingly, even for this type of application, there are issues 

with the formation of hot spots (Guo et al., 2017). Generally, what has been 

offered is still relatively small, with levels of 6 L/h being suggested as adequate 

(Morschhäuser et al., 2012). However, there does seem to be some recent 

progress and a current paper suggested that microwave units were available able 
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to process flow rates of up to 750 kg/h for drying (Petri et al., 2019). There is also 

at least one company offering a microwave reactor with a capacity of 7 m3, which 

seems to be sufficient for this type of application (World, 2013). Interestingly, a 

recent patent for AC preparation from nuts, gave the technology a technological 

readiness level of 5 (Bridge, 2019).  Thus, it is clear that, at least to date, there 

are no full-scale demonstrations of microwave technology producing AC at an 

industrial scale, and it is there that future research is essential if this technology 

is to be meaningfully used to make commercial quantities of AC in the near future 

(Beims, Simonato and Wiggers, 2019). 

3.8 Conclusion 

The choice of activating agent for the thermochemical production of high-grade 

activated carbon (AC) from agricultural residues and wastes, such as feedstock, 

requires innovative methods. Overcoming energy losses, and using the best 

techniques to minimise secondary contamination and improve adsorptivity, are 

critical. Here, we review the importance and influence of activating agents on 

agricultural waste: how they react and compare conventional and microwave 

processes. In particular, adsorbent pore characteristics, surface chemistry 

interactions and production modes were compared with traditional methods. It 

was concluded that there are no best activating agents; rather, each agent reacts 

uniquely with a precursor, and the optimum choice depends on the target 

adsorbent. Natural chemicals can also be as effective as inorganic activating 

agents, and offer the advantages that they are usually safe, and readily available. 

The use of a microwave, as an innovative pyrolysis approach, can enhance the 

activation process within a duration of 1–4 h and temperature of 500–1200 °C, 

after which the yield and efficiency decline rapidly due to molecular breakdown. 

This study also examines the biomass milling process requirements; the 

influence of the dielectric properties, along with the effect of washing; and 

experimental setup challenges. The microwave setup system, biomass feed rate, 

product delivery, inert gas flow rate, reactor design and recovery lines are all 

important factors in the microwave activation process, and contribute to the 
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overall efficiency of AC preparation. However, a major issue is a lack of large-

scale industrial demonstration units for microwave technology. 

The chemical activation approach for AC production is widely applied because of 

its ability to produce AC with a wide range of activating agents under a myriad of 

processing conditions. The choice of activating agent is contingent on the 

adsorption target and precursor. Each activating agent has a unique impact on 

the characteristics and applications of the resultant AC. However, due to the 

challenges of AC production from biomass, there is a need to develop techniques 

to achieve industrial-scale production of AC. Microwave systems accelerate the 

activation process. Bases, acids and ZnCl2 are generally considered to be 

particularly effective. Unfortunately, natural chemicals are rarely used for 

activation despite their potential to reduce secondary contamination which arises 

when materials like ZnCl2 and inorganic acids are used, due to the difficulty of 

effectively removing them by washing. It is clear that microwave treatment is 

potentially better than conventional approaches, especially in terms of energy 

saving and process duration; however, to date there are no commercial 

application of such technology. Despite the existence of larger and larger 

microwave systems, there remains an urgent need to demonstrate this 

technology at a commercial or near-commercial scale
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4.1 Introduction 

The use of microwave in thermal processes has attracted attention due to the 

breakthrough, high yield and quick duration (Leonelli and Mason, 2010). 

Although, there are challenges that affect the development such as the choice of 

reactor, temperature measurement and upgrade to industrial large-scale (K.S. 

Ukanwa et al., 2019). The principle of magnetism and conductivity is an integral 

of microwave relative to the thermal process therefore, material properties are 

important to achieve an efficient thermal conversion process. The application of 

large-scale microwave in incineration, devulcanization and activated carbon (AC) 

regeneration have received adequate technological attention (Xin-hui et al., 

2012). However, not enough to revolutionise the process due to the challenges 

of material-reactor interaction. Therefore, understanding of the reactor behaviour 

during AC processing will encourage the production of highly efficient AC. The 

ability of materials in a microwave to achieve maximum absorption depend on 
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type of reactor material, distance, direction and position of the reactor in the 

microwave system.  

The material-reactor interaction is governed by the type of reactor 

materials(Dąbrowska, Chudoba, Leonelli, et al., 2018). Conductors such as 

metals reflect microwave energy and do not heat up. Insulators are pellucid to 

microwave energy therefore cannot emit heat but allow the passage of 

microwave(Horikoshi et al., 2018). This is useful in the design of reactors for 

microwave thermal process. Dielectric materials are microwave absorptive and 

can be processed thermally (Dąbrowska, Chudoba, Leonelli, et al., 2018). The 

mechanism for absorption is relative to dipole rotation and ionic conduction. 

Internal heat is achieved through liquid structure dissipation, ion flow 

enhancement, 3-dimensional distortion, conformational changes and molecular 

rotation (Leonelli and Mason, 2010); this movement is illustrated in Figure 4-1. 

   

Figure 4-1. Microwave interaction with water and ionic conduction (Leonelli and 

Mason, 2010) 

Microwave heating of solutions is influenced by the principle of dipolar 

polarisation and ionic conduction. Hence, solvents have permanent dipoles that 

rotates with a delay due to electric field and this molecular friction results in 

heating (Zhang, Su and Zhang, 2018). When ions exist, the intermolecular 

conduction promotes rapid temperature rise. Microwave processing of biomass 
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and carbon-based solids have been widely applied in pyrolysis science because 

microwave has the ability to dissipate heat due to frictional damping relative to 

electromagnetic field. They possess a freely rotating dipole, interpreted by 

interfacial polarisation (Zhang, Su and Zhang, 2018). Due to the semiconducting 

characteristics of carbon-based materials the delocalised pi-electrons in the 

graphitic region promotes heating (Kim, Lee and Lee, 2014).  

ACs are usually manufactured by pyrolysis of biomass (Thue et al., 2016) and 

microwave is ideal for the process (Leite et al., 2017). When microwave is used 

for activation process, several factors affect the efficiency of the product (K.S. 

Ukanwa et al., 2019). The interaction of the material within the microwave 

distinguishes it from conventional technique (Namazi, Allen and Jia, 2015). For a 

chemical activation technique, chemical oxidation occurs at the surface to 

increase –OH and –COOH when inorganic acids are used as activating agents. 

This results in the increase in adsorption capacity and hydrophilicity.  When the 

activating agent is alkali, reduction occurs and this improves the non-polarity of 

the AC. The impregnation of metals into the carbon materials results in process 

that is more efficient and produces AC with sensitive chemical surfaces (Zhang, 

Su and Zhang, 2018). This also improves the energy storage by increasing the 

magnetic properties. The direction of heat transfer in a microwave system 

differentiates it from conventional heating (Huang et al., 2011). The typical 

overheating of the polar solvents on homogeneous and heterogeneous 

substances result in the effects observed on the material and reactor. Many 

researchers and industries have studied thermal and non-thermal microwave 

effects (Waheed Ul Hasan and Ani, 2014; Koyama et al., 2018; Barham et al., 

2019). Therefore, the different behaviours of each catalyst, and the formation 

mode of hot spots, temperature irregularity, there are limited evidence of 

microwave effect on reactors for AC production. Priecel and Lopez-Sanchez 

(2019) argued the relationship between the non-thermal effect and enhanced 

diffusion of the substrate. However, could not clearly affirm the level of influence 

and the range at which such occur relative to the type of substrate. The 

parameters affecting the microwave thermal processes are classified based on 

load (feedstock morphology, penetration depth, application position), applicator 
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(microwave mode and set-up accessories), heating mechanisms (electric and 

magnetic field heating), dielectric and magnetic properties (temperature, 

frequency or radiation and the chemical state of the material) (Loharkar, Ingle 

and Jhavar, 2019). 

Few reactor challenges are reported in literatures (Sansaniwal, Rosen and Tyagi, 

2017; Dhyani and Bhaskar, 2018; K.S. Ukanwa et al., 2019). The scale of reactor 

is dependent on the type of process, material and heat capacity relative to 

isobaric thermal capacity. Menéndez et al. (2010) further studied several 

processes and evaluated the energy consumption, although with a sample 

quantity of less than 200 g. The challenges of reactors have discouraged the 

industrialisation of microwave pyrolysis process (Dhyani and Bhaskar, 2018; 

Nagahata and Takeuchi, 2019). Energy losses in the reactor can be minimised, 

the reactor material must be high temperature resistant and incapable of 

absorbing microwave. Resistance to thermal shock and chemical attack is 

important. The available reactors include: polytetrafluoroethylene (PTFE), with 

different commercial names such as Teflon, algoflon, hostaflon, fluon and 

chemloy (Soleimani et al., 2012; Jiang and Bian, 2019; Priecel and Lopez-

Sanchez, 2019). These fluoroplastics resins are resistant to corrosion chemical 

reaction and high temperature. Other reactors commonly used are pure and 

fused quartz glass, which are amorphous and transparent. They have low thermal 

expansion and thermal shock resistance. They do not react to chemicals and can 

withstand temperature of up to 1500 oC. It is fragile and affected by microwave 

especially during arcing. Polyetheretherketone (PEEK) and polyaryletherketone 

(PAEK) are the organic thermoplastic polymer with good chemical resistance 

(Littlefield and Bartolucci, 2018). Resistant to high temperature with good 

mechanical properties of 3.6-4 GPa and a tensile strength of 90–100 MPa. Other 

reactors are borosilicate glass with commercial names as Pyrex (Mandal and 

Sen, 2015). There is also insufficient study on the impact of microwave on several 

types of reactors. Although, the corrodibility of the reactor relative to activating 

agents were assessed by Ravindran and Jaiswal (2016); this however requires 

further investigation relative to other process techniques, product selection and 

material efficiencies (Nagahata and Takeuchi, 2019). Hence, this study focuses 
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to evaluate the relationship between the biomass material and selected reactors. 

This study also assesses the suitability of those reactors for AC production, 

compared the material-reactor efficiencies, thermal response and possible 

application in industrial scale. The outcome of the analysis would help 

recommend suitable reactors for different condition of AC production, illustrate 

range of applicability, minimise the wastages and interpret material behaviour at 

different ranges during microwave thermal process. 

4.2 Materials and methods 

The procedure for verifying the efficiency of reactors is by applying them in the 

thermal process. The following reactors; Teflon (Polytetrafluoroethylene) reactor 

TR-A, Borosilicate Pyrex glass reactor BR-B, Porcelain (ceramic) reactor PR-C 

were provided for this experiment. These involved the reconstruction by 

microwave systems, UK. The system was modified from a domestic microwave 

Panasonic NN-SD27HS. It was fitted with vents and reconstructed to allow an 

efficient pyrolysis process and volatiles delivery. The modified microwave has a 

frequency capacity of 2.45 GHz, a maximum output power of 1000 W and 

approximate wavelength of 12.23 cm. The cooling unit is a condenser and liquid 

collector. All the reactors are assumed to be of the same size and shapes and 

Teflon pipes were used in the delivery of inert gas and volatiles. 

Each of the reactors were used to produce AC from combined palm waste, 

obtained from Nigeria. For the activating agent, Trona ore 

(Na2CO3·NaHCO3·2H2O) was used for chemical impregnation. These were 

impregnated into the sample and pyrolysed at different durations and microwave 

power. The individual ACs produced were tested with scanning electron 

microscope (SEM) to estimate the level of activation and the material chemical 

behaviour. The surface morphology AC is necessary as it contributes to the 

structure and pore network. AC structure was studied using SEM (Phillips 

XL30ESEM) to measure surface morphology. The SBET and material structural 

porosity of the ACs were assessed with a surface area analyser (3P surface DX, 

Germany). The rate of carbonisation relative to each reactor were evaluated. 

There are few basic assumptions made throughout the experiments. All samples 
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are biomass and considered as a homogenous material. The influence of mass 

transfer is ignored, as the heat capacity was not taken into account. The 

temperature field distribution is assumed at intervals relative to time. The 

dielectric constant and conductivity constant were obtained from the literature 

based on known biomass standard (Stachowicz et al., 2014). The physical 

parameters for combined palm waste are; dielectric constant Ɛ’ is 2-6. The 

magnetic permeability Ur is 1. Material conductivity Q (S/m) is 0. Dielectric loss 

factor is 0.1-1.9, Tangent loss is 0.08-0.3 (Salema et al., 2013). Thermal 

conductivity k is 0.68 W/mK, density p is 144-560 kg/m3 and specific heat capacity 

Cp is 1.4-1.98 kJ/kgK (Bevan Nyakuma, Johari and Ahmad, 2013; Fono-Tamo 

and Koya, 2013).  Anyaoha et. al. (2018) reported density of EFB, PKS, MF from 

Nigeria.  

The magnetic permeability is dependent on magnetisation capacity of material, 

which is expressed as; 

M′(t) = yM𝗑H(w) − αM𝗑(M𝗑H(w)) (4-1) 

𝑀 = 𝑋0𝐻, 𝑀 = (µ𝑟 − 1)𝐻 𝑎𝑛𝑑 𝑀 = ∑ 𝑚𝑖; Therefore, mi and M′ are microscopic, 

atomic magnetic moments and precession velocity respectively. H(ω) is the 

microwave magnetic field and gyromagnetic ratio is γ. The damping constant is 

represented by α. Therefore, the increase in frequency results in the high losses. 

Therefore, damped precessions cause loss of microwave energy in the process 

system. The resultant effect is due to the magnetic permeability complex, which 

is frequency dependent. Applying Equation 1 (Salema et al., 2013), vacuum with 

a relative permittivity of 1 and susceptibility of 0 gives 1.2566 µH/m. 

The microwave direct impact on the reactor is governed by the same principle of 

materials and feedstock. However, this is evaluated based on a dual principle of 

microwave-reactor and reactor-material relationships. The wave pattern in a 

cylindrical cavity as and illustrated by the equation. For a transparent material, 

the electromagnetic penetration is infinite and zero in a reflective material. The 

attenuation (α) denoted by; 
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α =
2л

λ
√Ɛe(√1 + tan2 б) − 1

2
 

(4-2) 

The loss tangent (tan δ) is assumed to be less than 1, this implies that  

√1 + tan2б − 1 ≈
tan2 б

2
= tan 𝛿 =  

Ɛ′′

Ɛ′
 

(4-3) 

The loss factor (Ɛ′′) is directly relative to the attenuation. It is inversely to the 

product of wavelength and the square root of the dielectric constant, hence 

Equation 2-4. 

α =
лLf

λ√Ɛ′r

=
л𝗑tanб√Ɛ′r

λ
 

(4-4) 

𝐷𝑝 =
𝜆0√Ɛ′

2лƐ"
                                                                                                        

(4-5) 

Microwave pyrolysis was performed using a modified microwave and different 

reactors drilled on the upper face of the oven to transport the pyrolysis volatiles 

to the condensation system. The experiments were performed at 600 W 

microwave power with a continuous nitrogen flow of 0.5 L/min. The temperature 

changes were obtained at 1 minute intervals. The yields of char were calculated 

by measuring the mass of condensed vapours and the residual mass of the char 

left over in the reaction vessel.  

 

Figure 4-2 ASPEN PLUS flow chat for pyrolysis 
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Advanced System for Process Engineering (ASPEN) is used for computational 

modelling to simulate and optimize the process involved in microwave pyrolysis 

for the pyrolysis part of the thermal process (Figure 4-2).  

4.3 Results and discussion 

4.3.1 Electrodynamic properties of biomass interaction under 

microwave 

The results of the material interaction and its behaviour relative to the types of 

microwave reactor are outlined based on permittivity and dielectric, these are 

related to electric dipole. Damp oscillation is observed at an average frequency 

due to the absorption of microwave; this motion is relative to energy loss. The 

incident microwaves decrease by 63% of absorbed wave in a penetration 

distance Dp. Penetration Depth of Microwaves principle supports that the heating 

efficiency reduces with large particles. To quantify heating efficiency, the 

penetration depth must be estimated which depends on the distance from the 

peripheral to the point where the capacity of the field capacity reduces by half 

relative to value at the surface. This could be measured by wave power density 

and also at a point where it decreases to e−1 (=0.368) of its value at the exterior, 

which is half of field permeation depth. 

Activating agent has significant effect on the ε’ in a temperature-dependent way, 

trona which is ionic causes ionic polarisation which enhances ε’ with increased 

temperature. As the temperature increases permittivity increases in all the 

reactors. However, decreases after attaining maximum ε’ due to strengthened 

disordered thermal fluctuations of molecules.  

The increase and decrease of the ε’ is contingent on the type of parent material, 

activating agent and the reactor interaction. The higher the reactor and material 

microwave absorptivity the decreased the value of tan δ. Increase in temperature 

basically reduces relaxation time due to reduced polarization. Frequency 

increase, the dipole alignment is affected which results in partial polarization that 

slows the relaxation time.  
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The AC produced show decrease in Dp. The porosity and high SBET contribute to 

the low Dp. Dp relates with the effect of loss factor as a higher Dp is favourable 

for effective microwave heating. The moisture trapped in the pores of the AC is 

relative to the Dp. Water has a very low Dp which has insignificant dependence 

on frequency of the microwave. The more porous an AC material, the lower the 

Dp. Therefore, the amount of ion due to the activating agent, moisture content 

and carbon contributes to the dielectric properties and how effective the activation 

process would interact with the microwave system. 

Table 4-1. The relative permittivity of Combine Palm Waste AC at different 

frequencies for each reactor 

Reactor Raw CPW: Ɛ‘=2.06 tan δ=0.010, Dp=36 cm at 2.45 GHz measured 
at 25 oC 

0.915 GHz 2.45 GHz 5.8 GHz 

 Ɛ‘ tan δ Dp 
(cm) 

 Ɛ‘  tan δ Dp 
(cm) 

 Ɛ‘  tan δ Dp 
(cm) 

TR-A 1.97 0.065 51 1.8 0.075 32 1.74 0.045 31 

BR-B 1.68 0.075 46.2 1.62 0.066 24.6 1.64 0.46 13.5 

PR-C 1.58 0.072 48 1.56 0.072 30.5 1.52 0.60 9.2 

Teflon (Polytetrafluoroethylene) reactor, TR-A; Borosilicate Pyrex glass reactor, 
BR-B; Porcelain (ceramic) reactor, PR-C, Dielectric constant (Ɛ‘), loss tangent 
(tan δ), penetration depth Dp (cm) 

This is due to the increase in frequency that subsequently results in the diminution 

of penetration depth. Therefore, low-loss materials experience comparatively 

high penetration depth. Non-polar materials and quartz glass can be transparent 

to microwave and minimal energy loss is experienced. Relatively, the microwave 

penetration depth is small and inhibits uniform heating. When sample dimension 

is equivalent to microwave depth, the efficiency of microwave heating is at 

optimum. There are factors that influence solution heating: Physical 

characteristics such as dielectric, heat capacity, viscosity, temperature and 

polarity. Ionic characteristics such as concentration, mobility, charge and size. 

Wavelength is also very important. Consequently, the microwave interaction is 
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also observed to be influenced by magnetic properties, mass and molecular 

sizes. Other factors such as frequency, angle of incidence, dielectric constant, 

impedance and loss mechanism play enough role in the thermal interactions (Lo 

et al., 2017). 

The temperature of biomass materials with metallic activating agent cannot be 

raised rapidly because it gradually reflects the incident with minimised 

penetration depth of electromagnetic field. The resultant discharge of energy due 

to the eddy current results in arcing. Although, the principle of magnetic loss in 

the process is yet to be defined. The particle size could be a major factor in the 

case of impregnation with metallic substances.  The higher the conductivity, the 

lower the penetration depth for a given frequency with implied influence of 

temperature variation relative to permittivity and dielectric loss factor (Sun, Wang 

and Yue, 2016). The electric field-material interaction is influenced by the material 

capacity to store electric energy and convert the stored energy into heat. Many 

heating mechanisms affect microwave process. The influence of magnetic 

energy and hysteresis loss and when closed current loop are formed due to eddy 

current and heat dissipation. The relationship between temperature and 

activation process for a conventional activation process is different from 

microwave due to the nature and direction of heat dissipation. It is also observed 

that the interaction depends on the heat conduction of the reactor under 

microwave. 

4.3.2 Percentage gas, liquid and char yield for conventional and 

microwave processes 

Biomass and char are defined in Aspen Plus as a nonconventional solid and can 

be evaluated relative to experimental data. In this procedure only carbon, 

hydrogen, and oxygen are considered in the ultimate compositions of biomass.  

 



 

165 

 

Figure 4-3 Thermal decomposition profile of combined palm waste 

Thermal decomposition of palm waste identifies the temperature regions for 

thermal decomposition. Although this does not take into account the influence of 

reactor. Hence, to evaluate kinetic parameters such as activation energy, 

frequency factor and reaction order. The biomass thermal behaviour is required 

(Ukanwa et al., 2020). Based on the decomposition profiles, hemicellulose was 

first to be decomposed at 250-300 °C, trailed by cellulose decomposition at 340-

350 °C.  

The increase in temperature upheld the hydrocarbon endothermic reaction 

yielding increased H2 concentration and a significant decrease in the CH4 

concentration which resulted in the reduction of char yield. At higher temperatures 

the char yield reduces significantly in conventional activation process. 

According to Figure 4-4, there is an increase in the percentage weight of liquid 

relative to the increase in temperature and same for simulated profile. However, 

the liquid produced is lower in simulated consideration. The difference in char 

yield between 400-800 oC is about 20%. For the microwave thermal process, gas 
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yield is higher than liquid. The increase in gas yield is uniform with increase in 

microwave power. Char yield is higher in microwave process than in conventional 

technique. 



 

167 

  

Figure 4-4 (a) Percentage gas, liquid and char yield for conventional process (b) 
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4.3.3  Synthesis variations with different reactors 

The microwave irradiation and its interaction with matter are characterized by 

absorption, transmission, and reflection. The size of the reactor vessel is very 

important for dielectric heating, since the microwave energy is absorbed by the 

specimen volume till a certain (penetration depth). The assumed boundary 

parameters of the synthesis and the microwave device are required in the 

process. 

The reactor material does not take part in the reaction, can they strongly interact 

with the microwave field and cause bursts of burn. The impact of the nature of 

the substrate (homogenous or heterogeneous). The mixability of the feedstock 

before microwave reaction. The pressure build up and potential risk of explosion. 

If reaction cup in batch mode is hermetically closed in a high pressure vessel, it 

is necessary to leave an empty space in the reaction cup (about 20% of volume 

without precursor for thermal expansion), and the reactor must have safety 

valves. 

Based on the temperature variations and products from different reactors. The 

content of the reactors has little or no influence on the behaviour and thermal 

impact effect on the reactor. The electrodynamic influence on the reactor and 

within the cavity is dependent on shape, position in the microwave and field 

power. The electrodynamic power can be evaluated relative to whether the 

reactor is closed or open. The pressure range, which depends on the inert gas 

supply, flow rate and outlet setting, can be evaluated. The challenges of closed 

reactor are the build-up of pressure and difficulty in the control of other 

parameters. The appropriate way to minimise this is to use only small quantity of 

sample of about 0.5 g. For AC production, the reactor is considered a partially 

open cavity due to the passage of inert gas in a controlled condition. 

Figure 4-3 shows the temperature variation with time. This explains the reason 

activation occurs beyond 10 minutes. PR-C has the shortest time to attain a 

temperature required for activation. 
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4.3.4 Effect of activating agents 

Different solvents interact differently during microwave thermal process. This is 

due to the polar and ionic properties. Ethanol and water are few solvents that 

interacts well with microwave. Non-polar solvents such as toluene and hexane 

are not suitable (Rana and Rana, 2014). The type of impregnated activating agent 

influences the absorption efficiency and the moisture content of the sample is a 

factor, which illustrates the conductivity and dipole orientation to the dielectric 

constant. This is because of nonlinear molecular geometry of water and its large 

dipole movement under an electric field. The moisture content of the matter 

causes dipole relaxation, that result in intense energy absorption. The magnetic 

field vector can initiate linear transfer of energy by resonance. The temperature 

range within the matter is reliant on the electromagnetic field distribution, thermal 

conductivity and heat capacity. The physical behaviour and unpredicted 

characteristics could be due to hot spots. However, desirable in AC production 

but not in sintering of ceramics. 

The continuous generation of hotspots influences chemical reaction process and 

the product yield, which is due the molecular interaction at the bond. The 

confirmation of the influence of activating agent in microwave as a good 

microwave absorber indicates that it improves heating efficiency. AC has a large 

dielectric loss and low penetrating power (Sun, Wang and Yue, 2016). The 

quantum absorption of microwave can be predicted based on fundamental 

relationship.  

Table 4-2 Pore structure relative to reactor type 

Reactor SBET 
(m2/g) 

Vtotal 
(cm3/g) 

Vmeso 
(cm3/g) 

Vmicro 
(cm3/g) 

Dp (nm) Yield (%) 

TR-A 645 0.620 0.205 0.244 2.5 40 

BR-B 980 0.865 0.256 0.380 3.3 42 

PR-C 1100 0.742 0.282 0.318 4.6 38 
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Teflon (Polytetrafluoroethylene) reactor, TR-A; Borosilicate Pyrex glass 
reactor, BR-B; Porcelain (ceramic) reactor, PR-C;  SBET, BET surface area; 
Vtotal, total volume; Vmeso, mesopore volume; Vmicro, micropore volume; Dp, 
pore diameter. 

The surface area of AC produced using TR-A is the least while PR-C is the 

highest. However, BR-B has the highest Vtotal and yield as shown in Table 4-2. 

The reason for PR-C low yield is due to heating from microwave energy and 

heating by conduction of the reactor as PR-C was also partly heated by the 

microwave. The yield efficiency of the three reactors could be evaluated based 

on the material interaction and rate of release of volatiles. Figure 4 shows that 

pore formation was well defined with BR-B and PR-C. The rate of activation was 

affected by the type of reactor. The response of the reactors to microwave 

radiation and transmissibility efficiency, which determines the energy efficiency 

on the sample. These influenced the pore development, rate of volatile 

displacement and tar accumulation. Figure 4-5 further illustrates the slower pore 

development in the AC produced with TR-C and the trapped tars at 20 minutes. 

It would take a longer duration to process AC with TR-A. 

  

Reactors TR-A BR-B PR-C 

600 W 

15 minutes 

 

 

 

1000 W 

20 minutes 

  

 

Figure 4-5 SEM images of AC products from different process parameters and 

reactors  
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4.3.5 Non-thermal interaction of different reactors with microwave 

radiation  

Reaction rate varies according to microwave power. Dielectric heating is 

inadequate to define the localised heating effect and observed reaction rate. An 

increased rate of reaction is observed due to a rapid shift of the dipole and 

molecular agitation. The rotation of the dipole in the intermolecular bond under 

electromagnetic radiation is evaluated by the principle of the heating effect.  

Product selectivity of microwave irradiation influences the high yield of products 

while the same reaction conventionally yields less percent of the desired product, 

this is applicable to the reactors in use. The degradation based on mechanical 

strength are not quantified. However, the reactors were examined for cracks and 

pattern of total carbonisation. One of the parameters for assessing microwave 

heating is penetration depth. A material perpendicular to the incident of 

microwave receives higher penetration, therefore the distance at which the 

microwave power is half is the penetration depth and it differs from material to 

material (Sun, Wang and Yue, 2016). 

4.3.5 Microwave energy and reactor efficiency: techniques for 

improvement 

The improvement of energy efficiency of a microwave system for thermal 

processing is still a major issue. To achieve an economic, industrial and 

commercial technology. Focus should be on achieving an appropriate reactor 

dimension with adequate penetration depth and microwave-matter interaction 

mechanism. There should be a defined guide on constructive interference of 

propagating waves. Surducan et al. (2013) tried the use of ceramic crucible and 

thermally insulating casket in order to treat poor wave adsorption material. 

Ceramic crucible can heat material by conduction, convection, and radiation. 

However, this overcome the benefit of microwave-matter interaction and selective 

heating characteristics. 

The electric dipole moment is governed by the distance between the negative 

and positive charges in the molecule. They are related to dielectric constant of 
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liquid water. This implies that dielectric is high for intermolecular processes and 

low for atomic and electronic polarisation. The rate of heating dissipation from an 

electromagnetic field based on the dielectric heating principle. The rate of heat 

dissipation is relative to microwave efficiency and dependent on the heat capacity 

and microwave-material relationship of reactor. The frequency–dependence of 

dielectric permittivity and intensity is determined to plot the variation of heat 

dissipation. The transitional process effect relative to temperature and pressure 

with conjunctive dependence on the dielectric constant. Using water as a case 

study, when temperature increases, the dielectric constant reduces and 

increases with increase in pressure. Microwave does not rely on the temperature 

gradient for heat transfer. The water dipole recurrently repositions in an oscillating 

electric field of electromagnetic radiation. In some cases, the movement is 

contingent on the electron mobility, frequency and viscosity.  

The decrease in strength and hydrogen bonding occur as temperature increases. 

This results in the low static and optical dielectric permittivity. The movement of 

dipole becomes easier as water molecules oscillate thereby reducing friction and 

dielectric loss. Dissolved salt plays a role in the microwave process, because it 

reduces the relative permittivity and the average hydration number of materials. 

Salt is a better microwave absorber. The arrows showing the effect of increasing 

temperature. The above narrative of water is applicable to hydroxyl group and 

polysaccharides, the reason microwave use in biomass pyrolysis is appropriate. 

There is similarity in the behaviour with that of water. 

4.3.6 Potential energy within the bond and bond stretching 

interactions 

The external characteristics of any material is the outcome of changes occurred 

in the bond and molecular structure. To predict dielectric response, molecular 

simulation and interaction are evaluated. Different functions exist to describe the 

potential energy within a bond but the most common approximation is to 

represent the bond stretching potential Ub as a harmonic. Bond stretching, angle 

bending and dihedral torsion. The shape of this potential is shown in Figure 4-6 

in which the lowest energy corresponds to a situation in which the bond has 
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reached its equilibrium length. In many cases it is decided to constrain the bond 

length to a specific value. This is accomplished by applying an algorithm that 

ensures the distance between atoms stays at the desired value (Kochhar and 

Singh, 2011). 

             

Figure 4-6 (A). Bond stretching interaction in microwave; (B). Heat transfer 

direction relative to the biomass sample in the microwave (Salema et al., 2013) 

In a similar manner to the bond stretching potential, angle bending in a molecule 

can be represented using a harmonic potential Ua: 

Ua =
1

2
kθ(θ − θ0)2 

(4-6) 

 k θ is the spring constant of the system and θ is the equilibrium angle. This 

potential has a similar shape to the bond stretching potential as shown in Figure 

4-6. Although it is a less common feature, in some cases it may be interesting to 

constrain the angle to a specific value Dihedral torsion interaction. The last of the 

bonded interactions usually considered is the one corresponding to the internal 

torsion of the molecule. The potential relationship to the dihedral angle between 

four consecutive atoms in a molecule Ud can be described by Ryckaert-

Bellemans function. As it can be seen in Equation (4-6), a more complex function 

is obtained in this case. Several low energy states are observed, corresponding 

to the most probable configurations of the molecule. 
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4.3.7 Hydrodynamic aspects of hotspots and polemic of microwave 

thermal influence 

The heat transfer mechanism, convection is an important factor. Heat is 

transferred in a convectional reactor from the walls of the reactor to the sample 

and vice versa. Therefore, hydrodynamic instability is due to the thermal and 

density gradient due to fluid in motion. Microwave has a control on the spatial 

thermal profile of both the reactor and the material relative to heating rate. This 

is prepotent in the presence of moisture and ethanol at 50 oC and above up to 

200 oC. This improves an intrinsic ability of the process to overcome thermal 

gradient within the reactor between the main feedstock and the evaporating 

materials. The boiling temperature of fluid in microwave is high compared to 

conventional heating conditions, due to the combined effect of molecular vibration 

and pressure difference and acknowledged as nucleation partial boiling 

temperature (Zhang and Hayward, 2006). In AC production, the addition of anti-

bumping granules and stirring can reduce localised heating. 

Moisture content decreases with increase in microwave heating time. The rapid 

initial temperature change between 50-60 oC is due to an increased molecular 

interaction of the material. The first 120 seconds is significant and could be used 

to predict the interaction in the long run. Figure 4-7 indicates that heating rate 

increases with the increase in microwave power.  

Due to inverse heat transfer that makes heat to move from inside to outside, there 

is significant thermal effect and the heating of reactor is common. However, this 

could have a direct effect on the carbonising material. There are few pertinent 

issues, which considers the involvement of reactors in the process, the level of 

explosion relative to pressure and temperature for each reactor. This dynamic 

observation can be monitored by the linear plots illustrated in Figure 4-7.  
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Figure 4-7. Overall reactor response to microwave power and heating rate 

4.4 Conclusion 

The influence of reactor in AC production is a relevant study and the relative 

impact of the microwave on the reactor and materials, promote optimising the 

process parameters. The evaluation involves thermal conductivity of the 

materials and reactors, processing conditions and dielectric properties. These 

encourage the upgrade of developmental processes to industrial scale. The 

emphasis on the design and electromagnetic field; would enable a consistent and 

reliable evaluation. Constitutive relationship principle was applied to assess the 

microwave-material interaction. The optimisation of these parameters improves 

yield and productivity. AC production requires a highly efficient reactor. Mixing 

the material with microwave absorber can be further verified to evaluate the 

influences on the AC and the impact on the production cost. Non-thermal specific 

activation of reactions by microwaves also requires further investigation. To 

overcome temperature measurement uncertainties, microwave with reproducible 

fields should be used for consistent variation. This technique overcomes slow 

heat transfer by thermal diffusivity. The trial with the addition of microwave 

absorber is the best approach to improve efficiency.
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5.1 Introduction 

Environmental safety has become an increasing global concern in the last three 

decades. In developing countries, water pollution due to the presence of these heavy 

metals are threat to both flora and fauna and especially aquatic life (Okoroigwe et al., 

2013), plants (Suresh Kumar Reddy, Al Shoaibi and Srinivasakannan, 2012). Water 

contamination by heavy metals has become an increasing problem due to 
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industrialization (H. Chen et al., 2015). The use of pesticides, fungicides, and 

manufacture of paints, paper and welding activities can contaminate the environment 

due to heavy metals (Hou et al., 2019). These heavy metals can be removed by 

treatment with activated carbon (AC). AC is a carbonaceous adsorbent with enhanced 

porosity and a very high surface area (Köseoʇlu and Akmil-Başar, 2015; Danish and 

Ahmad, 2018b) and can be produced using coal, agricultural residues and other waste 

biomass.  Waste biomass is an important alternative to coal as a rich carbon source 

and the wastes associated with the production of the 76 million metric tonnes (MT) of 

palm oil are of particular importance as they represent about 20% of the total waste 

generated in the process line (Shahbandeh, 2020). With the addition of palm trunks, 

fronds and other residues, the annual global waste generation from oil palm is 

approximately 500 MT.  

The use of residual biomass from the palm oil agro-industry has gained more attention 

in recent years since it can be converted, through technologies like cogeneration, 

composting, pelletizing, briquetting, pressing, pyrolysis and enzymatic digestion into 

value-added products (Chiew and Shimada, 2013). Palm biomass as a feedstock has 

economic contribution to power generation as it reduces operational cost 

(Aghamohammadi et al., 2016); given the low-cost of palm waste. Pellets and 

briquettes from oil palm waste are also potential alternatives to traditional fossil fuels 

in boilers, furnaces and kilns and has a more widescale applicability in; domestic 

cooking, central heating systems, water purification (Unpinit et al., 2015). Moreover, 

the ash derived from palm residue is also a useful supplementary cementitious 

material (Thomas, Kumar and Arel, 2017), as partial replacement for Portland 

cement and clinker waste for concrete (Ahmmad et al., 2017). Nonetheless more high 

value uses are desirable and one of them is AC is because of its wide applicability in 

water treatment, pharmaceutical, desalination, gas storage by the porosity and other 

domestic and industrial uses (Nabais et al., 2013; Rashidi and Yusup, 2017a).  

Low-cost options for AC production, include cassava peel, rice husk, corn pods, 

bamboo, oil palm waste (OPW) (Hoseinzadeh Hesas, Wan Daud, et al., 2013; Abioye 

and Ani, 2015). Others are, cotton residues (Nahil and Williams, 2012), stems of 

tobacco (Chen et al., 2017), bamboo trees (Fujishige et al., 2017), varieties of flower 

stalks (Huang et al., 2011), coconut shell and coir which are also good precursors 

(Hidayu and Muda, 2016). However, OPW is among the lowest-cost feedstock with 
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high carbon content of up to 50% and good characteristic potentials for AC production 

(Liew et al., 2017a; Rashidi and Yusup, 2017b). They are the typical feedstock for 

gasification process, production of ACs, (Sethupathi et al., 2015) and production of 

carbon fibre filaments (Hossain, Jewaratnam and Ganesan, 2016). OPW is currently 

an underutilised wastes in some developing countries, due to the high quantities 

generated in the process (Gourichon H., 2013a), its bulkiness, difficulty in transporting 

them from plantation to processing plants and assumed low value. The utilisation of 

OPW is poor, despite its use for heat generation in boiler unit of palm processing 

plant(Aziz and Kurniawan, 2016). However, it is good precursor for AC production (Ooi 

et al., 2017) and the performance of OPW based AC has been demonstrated in several 

studies for the adsorption of  heavy metals (Omoriyekomwan et al., 2017; Khanday 

and Hameed, 2018), dyes (Foo and Hameed, 2011b), organic and inorganic pollutants 

(Ooi et al., 2017). All of the OPW components typically contain about 5-6% hydrogen 

in the form of cellulose, hemicelluloses and lignin (Hossain, Jewaratnam and 

Ganesan, 2016). Lignin in particular, as an organic cross-linked polyphenolic polymer, 

is highly amorphous and contributes to the internal structure of AC (Loh, 2017).  

Oil palm residues and oil palm processing waste are abundant in Asia and Africa as 

an agricultural waste and have many applications as low-cost adsorbent when 

processed into AC (Karri and Sahu, 2017). They can be processed into AC by 

conventional direct heating or by microwave-assisted pyrolysis method. Microwave 

systems are a recent development compared to conventional route and can create 

excellent pore structural development within a short process time (Foo and Hameed, 

2012g). The non-uniform sizes and shapes of the material in palm oil biomass are the 

major disadvantages for its use over other biomass precursors and contributed to the 

high pre-production cost of AC (Kalu Samuel Ukanwa et al., 2019). Studies are still 

being directed on the optimum and more eco-friendly modes to achieve efficient 

production (Bagheri et al., 2015). OPW research has gained interest in South-East 

Asia and Africa, where it is abundantly available and could be utilised as adsorbent 

AC (Karri and Sahu, 2017). There are numerous ways of producing AC; but the two 

dominate methods are physical and chemical activation (Xiao et al., 2012).  

Unfortunately, chemical activating agents frequently associated with excessive costs 

and in some cases can be associated with secondary contamination. Some studies 

have considered the use of natural and organic chemicals to overcome the challenge 
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(Wang et al., 2018). However, for chemical routes relatively inexpensive materials like 

ZnCl2 are generally considered to be particularly effective but present a major difficulty 

due to the need for their effectively removal by washing (Kalu Samuel Ukanwa et al., 

2019). Bergna et al.(Bergna et al., 2018) identified the difference between one and 

two-step activation. Consequently, in this study there are two kinds of two-step method 

used; conventional-conventional and conventional-microwave. 

Trona ore (Na2CO3·NaHCO3·2H2O) is a crude soda ash commonly deposited on soil 

surfaces, and can be found in some parts of Nigeria, in combination with other 

compounds such as Na2SO4, CaCO3, CaSO4, with high trace of K2CO3 and about 14% 

insoluble substances (Biliaminu and Ibrahim, 2010). Some success with individual 

palm wastes has been recorded in activation through microwave method (Zainal et al., 

2017). This method improves the physiochemical properties of AC and yield (Yang et 

al., 2010), It also reduces the preparation period and activates at uniform temperature 

(Xin-hui et al., 2011). 

Most AC production use inorganic activating agents; however, considering the health 

and environment impact of some of the activating agents (Lee and Ahmad Zaini, 

2016), their cost and availability an alternative is necessary. Most AC produced are of 

a mono-precursor, however, this study investigated the preparation of AC from 

combined waste of palm kernel shell (PKS), mesocarp fibre (MF) and empty fruit 

bunch (EFB) using microwave system with the objective of demonstrating the viability 

of crude Trona ore, and evaluating the effects of irradiation power and impregnation 

ratio (IR).  

The surface chemistry determination enable one to obtain estimate the efficiency for 

any given type of pollutant to be adsorbed. AC targeted for water treatment, should 

demonstrate both thermal stability and have wide pores. The surface area must be 

large for a fast adsorption rate. For gas adsorption, the AC must be explicitly gas 

compatible and have a high reactivity for the target pollutant. When energy storage is 

the primary focus, sufficient wettability and other characteristics mentioned are 

expected. 

In recent years microwave has been suggested by several researchers as a technique 

to reduce time and energy when producing AC from biomass (Ahmed, 2016; 

Nomanbhay and Ong, 2017). This technique has been demonstrated in several 
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studies, but has not reached commercial scale due to various challenges. These 

include design of suitable microwave reactors, and the poor dielectric properties of 

biomass and the poor understanding of the interaction mechanisms when using 

biomass which has hindered the large-scale development (Kalu Samuel Ukanwa et 

al., 2019). Therefore, the use in AC production require appropriate design and material 

selection and optimisation of the parameters. 

Hitherto, the use of Trona ore and combined palm waste for AC production has not 

been reported. Na2CO3 which is a parent compound of trona ore is a poor activating 

agent. However, because trona ore is a mixture of many salts in a balanced form as a 

homogenous compound, that would increase the activating power. The multi-

interactive influence of the individual salt will enhance the elimination of volatiles and 

create and improve tar decomposition. The overall synthesis is based on the 

differential thermal effects, process duration and choice of precursors. This study aims 

to prepare AC using microwave and conventional method from combined palm waste 

at different temperature using Trona ore. It also evaluate the effectiveness of Trona 

ore in the elimination of alcohol, acids and aldehyde, with focus of increasing the 

hydrophilicity of the resultant AC. The optimum parameters and the capacity Trona 

ore as an activating agent which are examined using Fourier transform infrared 

spectrometry (FTIR), thermogravimetric analysis (TGA) and other techniques 

including scanning electron microscope (SEM). SEM is used to determine the ability 

of Trona ore to creating a comb-like morphology, while Brunauer, Emmett and Teller 

surface area (SBET) for nitrogen adsorption and desorption determine the total volume 

and surface area of the resulting AC. 

5.2 Materials and Methods 

5.2.1 Materials 

The feedstock was selected from a processing mill at the palm plantation site of Desai 

Impex Nigeria Ltd in Abia state, Nigeria. It was first ground into a particle sizes of about 

0.5-2 mm using a hammer mill then it washed with warm water 60-80 oC to remove oil 

residues and finally rinsed with de-ionised water. The OPW samples were dried for 

five days and supplementary dried in an electric oven at 70 oC for 4 h, to eliminate 

surface moisture. Trona ore was obtained from Desai Impex Nigeria Ltd where it is 

used for cleaning oily vessels. De-ionised water was used throughout the experiment 
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and chemicals were of analytical grade. For CPW, the individual wastes were 3:2:1 

proportion by weight of EFB, MF and PKS proportion by weight respectively. This 

combination gave a more balanced and uniform blend for this study. 

The analysis for individual palm wastes (Bevan Nyakuma, Johari and Ahmad, 2013; 

Chima and Nwabinye, 2017) are given in Table 5-1. This shows the differences 

between the individual feedstock. The high carbon content of the three individual 

waste qualifies them as appropriate feedstock for AC production. 

Table 5-1 Biochemical analysis of individual palm waste biomass 

 PKS MF EFB 

Proximate analysis (%w/w)  Moisture 12 12.1 14.4 

Ash 1.5 4.8 4.4 

Volatiles 70.6 72.9 73.7 

 Fixed carbon 15.9 10.5 7.5 

Ultimate analysis (%w/w)  C 46 45.8 37.5 

H 5.1 6.3 5.0 

N 0.4 0.9 0.4 

S 0.02 0.2 0.1 

O* 35 29.5 38 

Lignocellulosic 
composition**  

Cellulose 20.8 33.9 38.3 

Hemicellulose 22.7 26.1 35.3 

Lignin 50.7 27.7 22.1 

Thermal and energy 
properties  

Organic content 94.2 92 95.7 

Inorganic content 5.8 8 4.3 

Combustion rate, CR (X 10-8 
kg/s) ** 

4 4.2 3.8 

Specific Heat, c, (J/kgK) ** 3113 3231 2832 

*Oxygen by difference include moisture and ash, ** (Bevan Nyakuma, Johari and 
Ahmad, 2013) 

PKS: palm kernel shell, MF: Mesocarp fibre, EFB: Empty fruit bunch 

 

The thermal processes were done under a controlled condition; the overall carbon 

conversion was evaluated. Carbon conversion efficiency η (%), the volume of volatile 

production is calculated based on equations () and (5-2) respectively.  
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η (%) = (1 −
Carbon in residue [

mol

S
]

Carbon in feedstock/fuel [
mol

S
]
) ∗  100  

( 5-1) 

𝑉𝑔𝑎𝑠(𝑐𝑚3) =
𝑊(0−𝑓)𝑋𝑥𝑐

∑ 𝑥𝑡 (
𝑀𝑊𝑐
𝑉𝑆𝑇𝑃

)∗η
  (5-2) 

Here, the volume of gas collected at the end of the process (m3). The final weight is 

denoted by Wf and the initial weight of CPW sample is W0. The post process weight is 

represented by W(0-f) (kg), 𝜂 is the conversion efficiency of carbon which is the ratio of 

AC produced and biomass available. Xi is the product gas volume. VSTP is the volume 

of 1 mol of ideal gas at STP. xc is the carbon content. MW is microwave radiation 

measured in power. 

Brief descriptions of the scenarios for analysis, procedure were performed by 

simulation. Evaluation for mass, energy balances were outlined. Aspen plus V.10 

under the academic license was used for pyrolysis. Activation process in relation to 

material and energy balances were simulated using the background equation (7-16) . 

Pyrolysis and activation conditions were formulated relative to the gases emissions 

were analysed and the macro thermogravimetric profile during the thermal 

decomposition, was recorded. 

Mass balance of activation process is based on the summary by (Daoud et al., 2019).  

 

𝑀𝑎𝑠𝑠(𝑔) = 𝐶ℎ𝑎𝑟 + 𝑔𝑎𝑠𝑒𝑠 + 𝑊𝑎𝑡𝑒𝑟 + 𝑇𝑎𝑟𝑠 + 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑏𝑙𝑒       (5-3) 

 

For gases: 

𝑚𝑔𝑎𝑠𝑒𝑠 = ∑ 𝑚𝑔𝑎𝑠,𝑖 
(5-4) 

𝑉𝑔𝑎𝑠,𝑖,𝑡 = ∑ 𝑉𝑔𝑎𝑠,𝑖,𝑡

𝑡𝑓

0
 

(5-5) 

% 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 = 𝑌%𝐴𝐶 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =
𝑚𝐴𝐶 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠
∗ 100 

(5-6) 
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Energy input based on solid material which is calculated based on Lower heat value 

dry basis (LHVdry) (kJ/kg or kJ/Nm3).  

For energy input: 

𝐸𝑖,𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (
𝑘𝐽

𝑘𝑔
) ∗ 𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠 

(5-7) 

𝐸𝑖,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 = 𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠(𝑘𝑔) ∗ 𝐶𝑝 𝑤𝑜𝑜𝑑(𝑙𝑜𝑤𝑒𝑟 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑚𝑝−20𝑜𝐶) ∗ ∆𝜃

+ 𝑚𝐴𝐶(𝑘𝑔)

∗ 𝐶𝑝,𝐴𝐶 (ℎ𝑖𝑔ℎ𝑒𝑟 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑚𝑝−𝑙𝑜𝑤𝑒𝑟 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)

∗ ∆𝜃 

(5-8) 

 

The output energy (E output (kJ) is based on the quantification of AC, dried gas, 

condensable and activation gases. These are outline thus: 

E0,AC = LHVAC (
kJ

Nitrogen litre
) ∗ mAC (𝑘𝑔) 

(5-9) 

E0,dried gas = ∑ E
gas,i

 
(5-10) 

Egas,i = LHVgas,i (
kJ

Nitrogen litre
) ∗ Vcummulated gas,i (𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑔𝑎𝑠) 

(5-11) 

E0,activation gases = E0,dried gases + E0,condensable (5-12) 

 

The microwave construction and set-up were done by microwave systems, UK. The 

device is a modified system from a domestic microwave Panasonic NN-SD27HS. It 

was fitted with vents and reconstructed to allow an efficient pyrolysis process. Teflon 

tubes were used as delivery lines in all the processes as illustrated in Figure 5-1. For 

efficient delivery and management of the volatiles, Teflon pipes were constructed to 

support inert gas supply and volatile outlet. The outlet is affix to a condenser and a 

pressure regulator. The safety of the system depends on the management of material 

handling, pressure regulation and establishing a zero-microwave leakage. The 
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production was done at 460, 600, 800 and 1000 W at different microwave time ranging 

from 10-20 minutes. 

 

Figure 5-1. Microwave experimental setup for AC production 

5.2.2 Production of activated carbon 

The OPW ground was introduced into a beaker mixed with Trona ore dissolved in 

water, then stirred to form a solution, 1 g/ml. The samples were subject to an 

impregnation ratio of 0.5:1, 1:1, 1:2 and stored for 18 h in a fume cupboard. There is 

also a control sample without an activating agent. The sample was carbonised in an 

electric furnace at 500, 600, 800 oC for 1 and 2 h. Another set of samples was put in 

the microwave and power was varied between 450 and 1000 W. A 200 cm3/min flow 

rate stream of pure nitrogen gas (99.9%) was used throughout the production process. 

After cooling in a desiccator, the samples were soaked and washed in de-ionised 

water until filtrate is reach a neutral pH. Filtered and dehydrated in the oven at 105 oC 

for 18 h to achieve a constant weight. The carbonised sample was ground with a 15 

horsepower biomass hammer mills to an elemental size of 0-2 mm with standard sieve 

and kept in a desiccator for about 2 h to ensure no adsorption of moisture. The two-

step process involves the production of biochar and further treatment of the biochar 

with activating agent to produce more efficient AC. 
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5.2.3 Characterisation of Trona ore activated carbon (ToAC) 

The thermal properties and behaviour of OPW were evaluated before and after 

impregnation with Trona ore using thermogravimetric analyser (Perkin Elmer Pyris 1). 

The analyser was programmed for 4 h and the analysis of the behaviour was evaluated 

based on weight loss relative to time. ToAC structure was observed individually using 

SEM (Phillips XL30ESEM) magnified between 500-2500 times that of the original size. 

Surface texture relative to activation temperature and mode were studied. The 

resultant images were compared, the pore symmetry and sizes were determined. The 

SBET and material structural porosity of the ToAC were evaluated for micropore, 

mesopore and macropore by N2 adsorption/desorption isotherm using a surface area 

analyser (3P surface DX, Germany). This is based on the principle of relative pressure 

and adsorbed volume.  Fourier transform infrared (FTIR) analysis of the AC was done 

to assess and identify organic, polymeric and inorganic compounds in the material. 

These techniques were also used for the surface chemical comparison, relationship 

using infrared emission and adsorption spectra. It determines the infrared adsorption 

bands, identify the molecular components and structures. These were analysed using 

OPUS software linked device (Bruker, VERTEX 70, Germany) (FTIR) in Cranfield 

University UK. The thermogravimetric analysis is used for macroscopic kinetic 

modelling by evaluating the temperature change relative to mass loss. Therefore, in 

this study all pyrolysis products are categorised as char, tar and gases. 

5.3 Results and discussion 

5.3.1 Thermogravimetric analyses of OPW 

TGA results are shown in Figure 5-2, and shoe that evaporation of moisture occurs 

between 90–150 oC, and that below 150 °C there is only 10% weight loss with no 

significant devolatilization occurring until one reaches temperatures from 200oC to 450 

oC. After which decomposition of the lignocellulosic components in the OPW begins, 

resulting in the formation of condensable hydrocarbons (Lam et al., 2016). At 450–900 

oC char is formed, along with the partial formation of tar.  CO, CO2 or H2, which are 

also produced.  

Normally, every form of activation process starts at a minimum of 400 oC and the 

duration depends on the heating medium, quantity and type of material. The TGA for 

samples impregnated by Trona underwent thermal breakdown at 500 oC.  
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Trona appears to initiate depolymerisation of biomass as lignin interface with the CO2 

produced from the thermal breakdown of the activating agent. The cleavage of the 

numerous intermolecular bonds with hydrogen in cellulose is due to the release of 

water which causes the dissolution of lignin (Kan, Strezov and Evans, 2016). Further 

treatment at temperature beyond 400 oC yields phenolic monomers and materials like 

4-ethylguaiacol. The crystalline structure of cellulose at high temperature retains its 

morphology in the presence of Na2CO3. Moreover, hydrophobic interaction is 

minimised by the concentration of Na2CO3 precipitates. When hemicellulose 

undergoes hydrolysis, the changes observed depend on temperature variation and pH 

(Wang et al., 2017).  

Lignin linkages can be catalysed by salt due to the presence of ether group. This could 

result in the release of CO2-, Cl- and other ions, which react with unstable monomers, 

liberating the soluble phenolic compounds. However, the breakage of the bonds 

results in the increase in the hydrophilicity. At temperature of above 400 oC, there is 

increase in the rate of reaction that promotes degradation of oligomers and monomers. 

The rate of gasification was influenced as salt acts as a catalyst to cause cellulose 

degradation at temperature of about 400 oC. The degradation further produces 

hydroxycarboxylic acids. The formation of glycolic and lactic acids, which are low 

molecular mass fragments, also increases at higher concentration and temperature. 
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Figure 5-2 DTA/TGA of OPW and variation of the samples impregnated with Trona ore 
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The addition of Trona increases the carbon yield from 6% to 50% and reduces the 

temperature of maximum degradation rates as shown in Figure 5-2. This is because 

organic metal salts have an effective catalytic effect on char formation (Fu et al., 2014). 

With only Na2CO3, there would be no devolatilisation at lower temperature but with 

other salts as impurities, devolatilisation can occur at 300 oC. In the DTA curve, the 

peak of the weight loss is significant at 450 oC. The moisture content is increase 

because of salt addition. When Trona is added to lignin, the weight loss behaviour 

slows and the degradation rate is relative to the concentration of Trona. Typically, 

K2CO3 suppresses the formation of char but with Trona, the rate of char formation is 

high.  The temperature at 350 oC, and above causes decomposition of cellulose which 

results in a sharp weight loss.  

The addition of activating agent, basically, increase in temperature relative to duration 

affects pore development, at 400-600 oC, the volatile displacement is low and tar 

formation which resulted to clogging of pores was obvious. The increase in process 

temperature to about 700 oC causes a rapid release of volatiles and widens the pores. 

High temperature for a long time could lead to low yield and pore structural collapse 

as observed in the two-step activation process. There is always a period in the 

process, after the peak of activation, where heat energy is being supplied but there is 

no change in surface chemistry and morphology. However, after this period, the yield 

begins to decrease as increasing amounts of ash are produced. As the heating 

duration increases the pores in the AC gradually begin to collapse. 

The presence of moisture in the precursor is subjective to the dissolution rate of the 

gases emitted in the process. The moisture content is relative to the energy 

requirement for thermal decomposition for the conventional and microwave activation 

processes. Microwave has a control on the spatial thermal profile of both the reactor 

and the material relative to heating rate. This is prepotent in the presence of moisture 

at 50 oC and above at above 400oC, this improves an intrinsic ability of the process to 

overcome thermal gradient within the reactor between the main feedstock and the 

evaporating materials. The boiling temperature of fluid in microwave is high compared 

to conventional heating conditions, due to the combined effect of molecular vibration 

and pressure difference and acknowledged as nucleation partial boiling temperature. 
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Figure 5-3. (a) Microwave heating time relative to moisture content and temperature variation (b) Mass flow relationship relative to the 

influence of temperature change on the composition of syngas 
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Figure 5-3, Moisture content decreases with increase in microwave heating time. The 

rapid temperature change between 50-60 oC is due to an increased molecular 

interaction of the material. The first 120 seconds is significant and could be used to 

predict the interaction in the long run. Figure 5-3, indicates that heating rate increases 

with the increase in microwave power. The energy and material balances quantify the 

process application and the input parameters. The results show the how the heat input 

parameter affects the yield relative to moisture content and gas yield for all the thermal 

processes. This is useful in the design of material requirement for a defined quantity 

of product. 

5.3.2 Elemental analysis of the combine palm waste activated carbon 

The elemental analyses of the CPW and their resultant AC are summarised in Table 

5-2. The increased in temperature produced AC with oxygen containing functional 

group removed from carbon skeletal due to the release of volatiles. During the 

carbonisation and activation processes decarboxylation and aromatisation results in 

the breakage of unstable chemical bonds in the carbon matrix, this causes the release 

of volatiles which results in the high fixed carbon (FC), of which good precursor 

depends on.  

During activation of CPW, FC content increased from 16.25 wt% to 73.56 wt% for 

single step conventional technique and 76.60 wt% for 2-step conventional technique. 

There is only 1.68 wt% difference between single step microwave technique and the 

combine approach of conventional and microwave. Therefore, single microwave 

technique produces almost the same result as a 2-step conventional process. 

Reduced volatile content in two-step conventional and microwave processes is due to 

an increased thermal energy which enabled the displacement of volatiles from the 

carbon matrix. Although conventional activated ACs have lower volatile content, the 

hydrogen-carbon ratio is higher than the conventional AC by 0.1-0.5 across this study. 

This might be due to high purity carbon as a result of microwave irradiation which 

produces uniform structural heating with low thermal gradient between the outer and 

inner parts of the biomass structure.  

Sulphur content was thermally stable in both processes as there was no residual 

sulphur due to the use of trona which is non-acidic. There is an enrichment in carbon 
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content and decline of hydrogen and oxygen after activation due to the removal of 

moisture. However, the presence of moisture in the precursor ensured the 

maintenance of uniform temperature profile during the activation process. 

Table 5-2. Elemental analysis of combine palm waste activated carbon based on 

different production processes 

Sample/ 
Process 
parameters 

Proximate Analysis Ultimate Analysis 

Moisture Volatil
e 

FC Ash C H N O S 

Raw CPW 4.05 74.50 16.25 5.20 44.60 6.35 0.80 48.10 0.15 

CPW 

℗ A: 800 
oC-1 h 

5.25 12.95 73.56 8.24 74.20 2.88 1.10 21.70 0.12 

CPW 

℗ B: 500oC-
1 h + 800 
oC-1 h 

2.46 10.38 76.60 10.56 76.95 2.22 1.38 19.33 0.12 

CPW 

℗ C: 600 W-
20 min 

6.44 14.69 71.22 7.65 73.87 3.10 1.30 21.63 0.10 

CPW 

℗ D: 500 
oC-1 h + 

600 W-10 
min 

4.05 11.20 75.90 8.85 74.63 2.42 1.18 21.67 0.10 

CPW: combine palm waste, ℗: Process 

 

5.3.3 AC morphology and surface chemistry mechanism 

The surface morphology of raw PKS, MF, and EFB are illustrated in Figure 5-4. 

Activation with Trona ore after the evaporation of the volatiles clearly show the creation 

of well-developed pores. The SEM diagram indicates no major difference due to 

activation temperature but show clear variation with activation methods. The structure 

of samples activated by conventional methods look rough and uneven while the 

samples by microwave method appear smoother. The changes in Figure 5-4 show the 

difference in surface porosity prepared with each of the OPW. These cavities were 

created during the thermal process as starch and the organic materials are 
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transformed into volatile and leaving carbon structure behind. The impregnation 

accompanied by thermal treatment resulted in degradation of the microstructure. 

 

Figure 5-4. SEM analysis of the AC produced from Trona 

The surface areas of all the samples were measured, and the attenuated total 

reflectance and absorbance and transmittance were analysed and for better 

representation, transmittance was used for the comparison. The feedstock for each of 

the CPW components were measured and the correspondent ACs. 

For raw feedstock, spectra at 3000-3500 cm-1, O-H stretching showing the presence 

of alcohol, phenol or carboxylic acid indicating a typical biomass formulation, which 

are eliminated by the activation process. At the range of 1700-1750 cm-1, C=O 

stretching. The presence of aldehyde, ketone or carboxylic acid are the factors. Low 

temperature activation shows peak at 2800-3000 cm-1, C-H stretching alkanes, this 

require additional heating and further release of volatiles and biomass tars. High 

temperature range of 800-1200 oC shows the C-O bending, reduced alcohol and ether. 

C-H bending signifies alkane and further eliminated by activating agent and longer 

duration of heating. Further increase in temperature and activation duration show C=O 

stretching representing alkenes and partial aromatic ring.
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Figure 5-5. FTIR of OPW from different processing methods and activation conditions (b) raw feedstock (b) Trona ore activated AC 

a b 
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5.3.4 Effect of process parameters and modes of production on AC 

characteristics 

The results presented in Table 5-3 show that, at 800 oC the SBET are high with 

high pore volume. However, the yield reduces with increase in temperature. Here, 

the result indicates that pore volume is linearly proportional to SBET and inversely 

proportional to pore diameter. 

The effect of microwave power in AC production process is obvious as it 

influences duration of activation and carbon yield. Microwave power increases 

from 360 to 600 W increase the porosity and adsorption efficiency. SBET and other 

parameters increases with increase in microwave power until the optimum range. 

In this analysis, the optimum microwave power range is 600 W. Beyond this range 

energy is wasted without corresponding increase in porosity. The relative 

pressure relationship with the volume adsorbed are considered and the 

relationship between different process methods are highlighted. AC activated 

using microwave had the highest SBET for CPW. However, the pattern of 

adsorption remains the same. 

Table 5-3. Yield and pore structural parameters 

Sample Process 
paramete
r 

SBET 
(m2/g) 

Vtotal 
(cm3/g) 

Vmeso 
(cm3/g) 

Vmicro 
(cm3/g) 

Dp 

(nm) 
Yield 
(%) 

PKS  ℗ A: 
800oC-1 h 

923 0.750 0.122 0.285 3.2 35 

MF  1105 0.882 0.230 0.302 3.4 42 

EFB 845 0.645 0.234 0.285 2.3 30 

CPW  920 0.840 0.356 0.354 2.2 40 

PKS  ℗ B: 
500oC-1 h 
+ 800oC-
1 h 

650 0.745 0.108 0.230 2.8 30 

MF  736 0.646 0.280 0.262 2.4 30 

EFB  820 0.568 0.250 0.145 2.5 24 

CPW  870 0.622 0.286 0.162 2.0 34 

PKS  ℗ C: 
600W-20 
min 

1030 0.825 0.105 0.245 3.3 42 

MF  1220 0.887 0.274 0.465 3.8 45 

EFB  735 0.640 0.222 0.346 3.1 37 
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One-step production are considered to be energy friendly more than the two-step 

process. In terms of yield the latter is lower. The low energy requirement of 

microwave technique is based on the activation duration and fast uniform heating. 

Possible breakdown of the pore structure is more common in the two-step 

process. Relative trapping of the activating agents in the pores are minimal with 

microwave heating. This is because microwave heats from the inside to the outer 

layer, which is opposite for conventional heating. Microwave saves energy and 

time; however, biomass is a poor microwave absorber and requires the right 

activating agent to improve dielectric properties. AC produced by microwave 

assisted process, has a more defined pore structure and this could be due to 

rapid escape of volatile from the inside.  

Considering the surface chemical and stability of product, the analysis shows that 

activating agent effect on the biomass prior to activation is significant on the 

elimination of hydroxyl group, depolymerisation and degradation to simple sugar 

and subsequent reaction at the temperature above 600 oC. From Figure 5-5, 

there are indications of the differences in the production processes. For PKS 

samples, process C, has the highest SBET and the highest yield. The highest 

micropore volume was observed in PKS process A while PKS process B was the 

lowest. For MF, process C has the highest SBET, yield and micropore volume. For 

EFB, process A has the highest SBET and micropore volume, process D has the 

highest total pore volume and process C with the highest yield. CPW sample has 

a different trend from the other individual feedstock. CPW process C has the 

highest SBET and total pore volume. CPW process A has the highest mesopore 

volume while CPW process C and CPW process D has the same micropore 

volume. In relative comparison with other activating agents A study by Hussaro 

CPW  980 0.865 0.256 0.380 3.3 42 

PKS ℗ D: 
500oC-1 h 
+ 

600W-10 
min 

670 0.542 0.089 0.200 3.1 37 

MF 864 0.650 0.182 0.230 2.8 28 

EFB  810 0.712 0.234 0.242 3.0 28 

CPW 900 0.660 0.310 0.380 3.0 38 

PKS: palm kernel shell, MF: Mesocarp fibre, EFB: Empty fruit bunch, CPW: 
combine palm waste, V: Volume, Dp: Pore diameter, ℗: Process 
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(Hussaro, 2014) showed that at 700oC activation temperature, PKS impregnated 

with Na2CO3 yielded an AC with SBET of 725 m2/g and Vtotal of 0.404 cm3/g. The 

same technique with ZnCl2 resulted in 533 m2/g and Vtotal of 0.300 cm3/g. 

The particle size effect on the individual OPW is not a factor except for PKS. The 

process time for MF and EFB does not depend on the particle sizes. This is the 

case for both conventional and microwave methods. The optimum temperature 

for CPW is 800 oC for 1 h, but this depends on the combining ratio of the OPW. 

With the increase in the quantity of PKS the process time increases. For two step 

activation, the optimum range is 500 oC and 800 oC for an hour each. While the 

one-step process at 800 oC requires an hour. This result is based on batch 

process; however, in a continuous process there would likely be some 

differences. SBET increases with production temperature, however, it’s also 

influenced by particle size before and after activation. Initial carbonisation 

temperature has direct influence on the displacement of volatiles and thereby 

affects tar deposition (Yakout and Sharaf El-Deen, 2016). The N2 adsorption–

desorption isotherms at of AC, at 400-800 oC temperature and activation mode 

suggests that the AC contain mostly micro pores, which is also shown by the 

absence of hysteresis.  

Although the activation duration is affected by type of reactor, it also depends on 

other primary factors. In particular, the type of feedstock, affects the time needed 

to initiate carbonisation and ensure adequate release of volatiles which are; 

PKS>CPW>MF>EFB.  For the microwave method, the time difference is 

insignificant rather relative to moisture content and microwave power determines 

the duration of activation (Kalu Samuel Ukanwa et al., 2019). For the conventional 

production technique, temperature has significant impact in the carbonisation and 

activation duration. Particle sizes interestingly affect the duration of activation, 

and the finer the feedstock the shorter the activation duration. Particle size effects 

were clearly present for PKS, but not for MF and EFB. 
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5.3.5 Overview of the process and resultant challenges in the use of 

microwave 

The primary efficiency of AC depends on the type of feedstock and production 

techniques. Tar deposition, which results in pore blockages, is one of the 

challenges of AC efficiency. Tar formation is common for all types of biomass 

pyrolysis but is minimised by the operating at a higher temperature that helps to 

remove primary tar vapours. This situation proves the relevance of activating 

agents which improve tar elimination and widen the AC pores. For OPW and 

related biomass materials, dimethoxy phenol, trimethoxybenzene and hydroxyl 

methoxyl benzoic acid can be eliminated at temperature above 250 oC. However, 

tertiary tars such as naphthalene, acenaphthylene, phenalene and pyrene can 

create a process challenge by being re-adsorbed by the AC (Kalu Samuel 

Ukanwa et al., 2019), thereby lowering the efficiency (Phuphuakrat, Namioka and 

Yoshikawa, 2010). In microwave activation, the dielectric properties of the 

feedstock are critical for transforming electromagnetic energy into heat. One of 

the major challenges with most biomass materials including OPW, is their low 

microwave absorbing properties and they are weak absorbers with average loss 

tangent less than 0.1 (Salema et al., 2013). Activating agent acts as an adjuvant 

to increase the microwave absorbability. Furthermore, the readiness of 

microwave technique is nearing commercial stage. However, the challenges of 

reactors and working out safety measures are expected to be achieved soon.  

This technique is currently being studied in various projects for largescale 

production and the ability to handle heterogeneous materials is being tested. 

5.3.6 The effectiveness of Trona ore 

Due to the release CO2 from Trona due to thermal decomposition above 300 °C, 

contributes to the activation process. As temperature is further increases the CO2 

reacts with the char to produce CO; decreasing the carbon yield as shown below. 

Therefore, prolonged activation time is not necessary when Trona is used as an 

activating agent. Carbonisation temperature is very significant in AC production, 

in this study, only two temperatures were considered at 600 and 800 oC. Trona 

can cause degradation of glucose due to the presence of Na2CO3 and possibly 
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other alkaline substances present. These cause the branching of carbohydrates. 

Trona causes solvation of ether linkages because of delignification, which is a 

factor for pore creation (Ukanwa et al., 2019). This further results in the 

dissolution of xylan, breakage of longer fibres, exfoliation and eventual removal 

of xylan as outlined in Figure 5-6 (Kim, Lee and Lee, 2014). 

𝑁𝑎2𝐶𝑂3 + 𝐶 → −𝐶𝑂𝑂𝑁𝑎 +  −𝐶𝑂𝑁𝑎   (5-13) 

−𝐶𝑂𝑂𝑁𝑎 + 𝐶 →  −𝐶𝑂𝑁𝑎 + 𝐶𝑂    (5-14) 

−𝐶𝑁𝑎 + 𝐶𝑂3  →  −𝐶𝑂𝑁𝑎 + 𝐶𝑂2    (5-15) 

−𝐶𝑂𝑁𝑎 + 𝐶𝑂3  →  −𝐶𝑂𝑂𝑁𝑎 + 𝐶𝑂    (5-16) 

Therefore, the use of Na2CO3 as an activating agent has a significant effect on 

CO formation at temperature above 600 °C during alkali lignin gasification (Guo 

et al., 2012). However, the behaviour is different in the absence of oxygen. The 

catalytic effect of Trona due to the presence of two major compound Na2CO3 and 

K2CO3, is effective in cellulose pyrolysis (Guo et al., 2012). 

 

 Figure 5-6. Mechanism of Trona during activation process 

For conventional method, the effect of impregnation ratio is obvious. At 1:0.5 

impregnation the pores are not well defined; however, this became more 

developed at 1:1. At 1:2, the structural walls appeared to be collapsed. For 

microwave activation method, the walls were intact and well defined for 1:0.5. 

SBET, which is an important factor for adsorption depends on the particle size of 
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the AC. The relativity of Trona ore AC with other activating agents are evaluated 

Figure 5-6. Pore sizes of AC activated by Trona ore in assessment with a physical 

activation process indicate good characteristics. Most AC are used for water 

purification; and should contain no trace of corrosive or toxic chemicals. 

Activation with Trona makes it easy to wash the AC, but still guarantees its safety 

in the case of improper washing.  

For the efficiency of CPW, the individual OPW must be of the same particle sizes. 

For individual OPW, the process is less complex and gives a predictable 

outcome. However, the individual OPW has a few challenges such as poor 

carbon yield for MF and EFB, therefore complementing with PKS could increase 

the yield in a single process. The CPW at uniform particle size and appropriate is 

better than individual OPW, However, thorough mixing and stirring during 

impregnation are important for uniforms result. For CPW, the individual 

components must be properly mixed before impregnation and impregnation 

duration could increase. 

5.4 Conclusion 

Palm waste in a combined form can be an effective feedstock for the production 

of AC with Trona ore. The morphology of the AC produced were honeycomb-like, 

the total volume and surface area of the AC produced by this technique improved 

relative to the conventional approach. The AC yield was improved in this process 

and this confirms that direct activation process enables effective activating agent 

and biomass interaction for the release of volatiles with no obstruction of the 

pores. 

The method of activation influenced the morphology, single-step activation with 

microwave has more unbroken pores while the two-step and conventional 

techniques produce ACs with broken and uneven pore linkages. The microwave 

activation method was better due to energy and time saving due to a reduced 

activation duration. The pore structures were enhanced by the increase in 

microwave power and temperature. The AC produced in this study has the 

potential to be used for heavy metal, dyes and other gases adsorption given their 

high surface area of about 1220 m2/g, well defined pore structures.
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6.1 Introduction 

Improving soil fertility is a critical factor to increasing food production. To achieve this, 

adequate and appropriate soil amendments are required, which are at times expensive. 

Fertilizers are key to enhancing soil fertility, even though the production processes are 

energy intensive. Chemical fertilizers also have huge implications on greenhouse gas 

(GHG) emissions. The impact of global warming due to GHG emission has impelled 

concepts and strategies to implement renewable energy agenda in agriculture 

(Sansaniwal, Rosen and Tyagi, 2017). GHG from agricultural activities are increasing 

due to the use of inorganic fertilizers and other agro-chemicals. There is a need to use 

organic amendments that are sustainable and have low energy demand.  
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Most soils in southern Nigeria are acidic due to heavy rainfall and resultant leaching of 

nutrients (Jemo et al., 2014). Nutrient depletion occurs due to a high weathering of soils 

and leaching; worsen with intercropping. Industrialisation in agriculture and inorganic 

chemical application to improve soil fertility have severe negative effects on the soil and 

crops; as well as on the environment, human and animal health (Savci, 2012). Although, 

commercial fertilizers promote crop yield, they increase the input cost and degrade the 

soil significantly with time. These negative effects can be minimised by organic fertilizer 

application. Compost is known to be effective in amending acidic soils. Generally, organic 

amendments improve soil mineral adsorption, organic carbon and nitrogen content; which 

can ameliorate the soil with long-time impact on yield (van Wesemael et al., 2019). 

Biomass residues are effective for the safety of the environment through enhancement 

of microbial community and improve soil chemical properties. It can also improve the soil 

nutrient dynamic balance and overall nutrient adsorption.  

In this study the focus is on biomass ash as a safe option of soil amendment as in Nigeria 

oil  palm is one of the major crops and results in large generation of waste (Kelechi E 

Anyaoha et al., 2018). Biomass ash is a by-product of thermal processes and in the 

presence of oxygen, undergoes complete combustion process (Kalu Samuel Ukanwa et 

al., 2019). Oil palm residues and their processing wastes could be useful in composting 

and other thermochemical processes. The combination of different parts such as palm 

kernel shell (PKS), palm kernel cake, mesocarp fibre (MF) and empty fruit bunch (EFB), 

account for about 38% percent dry weight of Fresh Fruit Bunch (Lorestani and 

Zinatizadeh, 2006). They can be combined in a single thermal process and the resulting 

residue applied to the soil. Conventionally, biomass gasification process, bottom ashes 

are dense and abrasive due to the high content of minerals and a heterogeneous base. 

These have the capacity as carbon capture mitigation strategy in relation to energy 

sustainability (Moragues-Saitua, Arias-González and Gartzia-Bengoetxea, 2017). The oil 

palm waste ash (OPWA) and other biomass ashes produced in this process can also be 

applied as a fertilizer to support and ameliorate, soil fertility and structure, thereby 

reducing soil acidity especially for crops such as pepper, which do not survive in acidic 

environments. These can encourage carbon sequestration and also improve soil 

characteristics for higher crop yield, as well overcome the negative impacts of inorganic 

fertilizers.  
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There is a great value for chilli pepper due to high demand and market value of $2.13 per 

kg in Nigeria (Alawode and Abegunde, 2016). Commercial chilli pepper farming is not 

common in southern Nigeria, due to low yield. This is attributed to the climatic condition, 

soil status and poor research on the optimum period and condition for pepper growth 

(Ndaeyo et al., 2017). There are varieties of chilli peppers in the Nigerian market, which 

differ from its pungency to sizes. These varieties include the short and spicy pepper, 

bird’s eye pepper (Capsicum frutescens) also known as Atawere, the long and thin 

Cayenne pepper or red pepper (Capsicum annum), also known as Sombo. Tatase 

(Capsicum annum L.), a very mild with bright red colour. The very spicy species locally 

known as Atarodo or Ose Nsukka is Habanero chilli pepper (HCP), (Capsicum chinense 

jacq.) (Ndaeyo et al., 2017), with Scoville heat level of 100000-350000. HCP has several 

colours in one plant, red, orange or yellow at different levels of maturity.  

Nigeria is known for chilli food and high spice intake and growing seasons influence the 

commodity price. However, most of the chilli peppers consumed in southern Nigeria are 

grown in the North and most times, perish in transit unless they are dried (Olayemi et al., 

2011). These have resulted in increase in the market price of fresh pepper in southern 

Nigeria. The increase in domestic demand for chilli pepper has resulted in low export and 

competition from Brazil, Indonesia and India for European, Australia and USA markets. 

Despite the level of production, Nigeria still imports chilli pepper. The incorporation of 

OPWA into the soil could enhance germination. This can improve the soil ability to retain 

and release water, enhance root growth due to proper water infiltration. Improved soil 

fertility and good agronomy practice could encourage production capacity, especially in 

the Southern part of Nigeria. Dada and Ogunsesu (2016) did a field study in the south-

west but, used compost extract and recorded an average yield of 7.8 tonnes/ha.  

The low production is attributed to the low soil fertility, excessive cost of irrigation 

systems, and poor inorganic fertilizer influence on the soil (Ikeh et al., 2012). The 

productivity and yield of HCP, like every other crop, largely depend on factors such as; 

soil nutrients bioavailability, kinetics of nutrient uptake, weather conditions, nitrogen 

fixation, soil structure and characteristics.  
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Figure 6-1 Experimental and analytical processes for palm waste ash application for 

growing chili pepper 

The aim of this study is to utilise OPWA in a low fertile and acidic soils located in two 

different parts of southern Nigeria to evaluate the efficiency of OPWA as a fertiliser from 

organic sources to establish HCP. The field trials on other crops in Nigeria provided 

evidences of positive impact of biomass ash on the soil (Kelechi E. Anyaoha et al., 2018). 

However, there is a knowledge gap on how the planting period affects HCP, the influence 

of OPWA relative to yield and morphological development. Hence, the hypotheses of this 

study is that amendment of soil with OPWA would improve retention of soil water, 

decrease soil acidity and improve macro nutrient availability thereby improving crop yield.  

According to Figure 6-1, the thermal residue of mixed palm waste was applied in two 

different soils. The influence of OPWA was further evaluated by the physiological 

development of HCP, fruit morphology and a combined assessment of first and second 

seasons. This technique will address the challenge of oil palm waste utilisation and add 

value to palm waste thermal residues by incorporation in agriculture. 

6.2 Material and methods  

6.2.1 Experimental sites 

This study was carried out and evaluated across two sites. Site A was located in a 

research site jointly owned by Desai Impex Nigeria Ltd (DINL) and Daksh BHL 
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International Ltd Aba, Abia state, Nigeria. It is located at latitude 5.1554oN and longitude 

7.4571oE. Site B was a demonstration site of Federal University of Technology Owerri 

(FUTO), Imo state Nigeria, which is location at latitude 5.378 N and longitude 6.98675 E 

(Figure 6-1). Both sites (A and B) have 15 nursery beds of 3 m x 2 m each to demonstrate 

week-by-week response of the seedling, their survival rate and actual planting period.  

Fifteen soil samples were collected from each site and analysed in Cranfield University 

soil laboratory, UK to obtain baseline information. The choice of both sites was for 

adequate comparative study based on different soils and weather. The number of trial 

beds were made according to the available size of land for the study and the choice 

amendment was determined based on known characteristics of Southern Nigeria soil. 

6.2.2 Weather condition 

Extreme weather especially temperature is unsuitable for pepper growth, this also has 

direct influence on the development and fruit yield of HCP. The climatic conditions of the 

two sites aren’t the same; however, the weather conditions were obtained from the sites 

using Black Cobblestone Shape, PINGKO Weather Station Digital Temperature Monitor 

Outdoor Wireless Station Monitoring (pk-392, Shenzhen Vivistar Tech, China) and 

complemented by the weather report by Nigerian Meteorological Agency. The 

temperature was measured with Hanna Instruments HI7669/2W Temperature Probe and 

humidity by HSM50 Digital soil moisture meter (Hanna instruments, UK). Weather 

condition is vital in determining germination especially temperature and humidity. This is 

also important shortly after germination; it controls the survival at the tender stage. The 

germination temperature for chilli is within 25 to 35 oC beyond which could hinder 

germination. 

6.2.3 Preparation of oil palm waste ash 

Oil palm waste was collected in a processing mill in Aba, measured in 3:2:1 proportion 

by weight of PKS, MF and EFB. These were burnt completely into ash in the combustion 

unit of the boiler plant. The ash was preserved in an aluminium box and allowed to cool 

for two days. The ash was sieved with a 0.2 mm sieve afterwards to get a fine particle of 

the OPWA. Samples of the OPWA were collected for analysis and the chemical 

compositions were determined. The ash analyses were done with Scanning Electron 

Microscope (SEM) and Energy-Dispersive X-Ray Spectroscopy (Phillips XL30ESEM). 
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Further analysis of the chemical properties of the ashes were also performed with OPUS 

software controlled (Bruker, VERTEX 70, Germany), Fourier Transform Infrared 

Spectrometry (FTIR) in Cranfield University UK, other mineral determinations of OPWA 

were analysed in DINL laboratory. The Energy Dispersive X-Ray confirmed the available 

minerals in the ash with the potentials to release them to both the soil and directly to the 

plant. Each sample was allowed to cool in a desiccator. The residue later dissolved in 0.5 

ml to 1.0 ml of water and add, while mixing, 21 ml of hydrochloric acid followed by 7 ml 

of nitric acid, Aqua regia technique was adopted. Flame emission capability double beam 

Atomic Absorption Spectrophotometer (AAS) (GBC Sens) was used for the determination 

of the major elements. The variation in the ash samples were due to some of them 

containing fine particles of unburnt carbon and because of this, 5 samples were analysed 

and the mean and standard deviation recorded. 

The sites were cleared with cutlass, soil was collected using a W-shape sampling method 

(Peters and Laboski, 2013) and 15 samples were collected in each site, in February 2018 

(dry season). Steel soil auger was used at the depth of 25-30 cm, air dried for about 2 

days, crushed and sieved with 2 mm sieve. The 30 samples from the two sites were 

analysed in Cranfield University, UK. The choice of sampling method was directed to 

capture the actual representation of the entire fields of study. This is to determine the 

baseline initial fertility level. 

6.2.4 Soil laboratory analysis 

The soil particle size distribution was determined and classed into particle grades. This 

procedure applied to determine the particle size distribution in mineral soil material using 

scientific standard method for sieving and sedimentation (ISO, 2020).  

Soil sample weighing 500 g was sieved through a set of sieves openings with four 

aggregate size classes (ASCs) are obtained. The results were calculated based on the 

percentage passage through the sieves. Soil organic matter of the pulverized dry soil was 

evaluated by loss on ignition method according to the standard procedure. Soil pH was 

measured in water with a pH probe. The ability of the soil to hold exchangeable cations 

was measured, using specification for topsoil at pH 7, which is applied and illustrated as 

soil cation exchange capacity (CEC). Inductively coupled plasma optical emission 

spectrometry (ICP-OES) was applied through quantitative analysis of ammonium acetate 

extracts of soil using concentrated HCl (37%) and HNO3 (65%) analytical reagent grade 
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acids. Electrical conductivity (EC) was measured in this study with Groline equipment 

(HI-98331, Hanna Instruments, UK). 

6.2.5 Nursery Preparation 

It is necessary to have a rich and fertile soil for nursery. However, for this study, the beds 

were prepared to study the nursery performance under natural conditions. Each nursery 

bed was about 4 m x 5 m, one bed per week. The seeds were obtained from the National 

Root Crops Research Institute Umudike, Nigeria. For both site A and B, it started from 

May week one to August week three in 2018. There was occasional shade over the 

nursery bed, although this is to allow natural atmospheric influence on the survival rate. 

This system was adopted to estimate the optimum nursery period for the soil when 

irrigation is not involved. Thinning was done 10 days after emergence and transplanting 

after 7 weeks at nursery. 

6.2.6 Soil experimental design, layout and treatments 

Randomized Complete Block Design (RCBD) were laid for the two sites that comprised 

of four treatments, one control and three replications. Each plot measured 3 x 2 m each, 

giving 15 plots for each site. The land was manually cleared and tilled with shovels and 

hoes. Various rates of the OPWA formed the treatments levels. The treatments were 

integrated into the soil twelve days prior to sowing as one full dose application (Mbah et 

al., 2010). For the three weeks the beds were monitored and protected with thin plywood 

to avoid sweeping the ash out by wind or rain. 

There are several application techniques, but the suitability is contingent on the state of 

the beds, type of plant, quantity of ash and experimental parameters. Ash was measured 

and applied, two weeks before transplanting, at the rate of 2 tonnes/ha, 4 tonnes/ha, 6 

tonnes/ha and 8 tonnes/ha with no OPWA application on the control plot. This application 

was done evenly on the surface of the beds and covered thinly with soil from same bed. 

Date of ash application-Site B: 29 August 2018 and Site A, 6 October 2018. The beds 

were monitored for weeds, only few appeared before transplanting and were uprooted 

manually with minimum disturbance to the soil. Raised beds are very easy to maintain, 

free from encroaching weeds, which made pest control manageable. There was no 

rainfall on the day of ash application. 
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6.2.7 Transplanting and Irrigation 

Seven weeks into the nursery and fourteen days after the ash was applied, the plants 

were ready for transplanting. The healthy plants were selected based on the physical 

features such as healthy leaves and deep roots. Trowel was used for the transplanting. 

Planting was done using inter-row spacing and intra row spacing of 30 cm respectively. 

Transplanting distance was 30 cm by 30 cm, number of plants per bed was 65-66 and 

the total number was 990. Date of transplanting for site A and B were 17 October 2018 

and 9 September 2018 respectively. Inorganic chemicals were strictly avoided in this 

research to avoid interference with OPWA and also to minimise cost of production. The 

grasses were manually uprooted at the later stage, hoe was used for weeding. Hence, 

no pesticide was also applied. There was no irrigation, the nursery and the plant beds 

were rain fed. Rodents and birds were kept off by net fence and electronic scarecrow. 

The sites were established on flat ground to avoid bed erosion due to slope. 

6.2.8 Field plant analysis 

6.2.8.1 Morphological parameters and stomata measurement 

The morphological analysis of plant parts may represent an efficient tool for the 

characterisation and description of their development. 

 𝐋𝐞𝐚𝐟 𝐚𝐫𝐞𝐚 𝐈𝐧𝐝𝐞𝐱 (𝐋𝐀𝐈) =
𝐋𝐞𝐚𝐟 𝐚𝐫𝐞𝐚

𝐆𝐫𝐨𝐮𝐧𝐝 𝐚𝐫𝐞𝐚
 (6-1) 

Leaf Area is the product of mean length, breadth and a leaf size constant k, where k is 

0.75 (Ajala, Awodun and Oladele, 2017) Leaf area  measurement was determined with a 

surface area meter. It is also necessary to evaluate leaf relative water content (LRWC) 

and other leaf-related analysis. 

𝐋𝐑𝐖𝐂 (%) = [
(𝐏𝐅𝐖−𝐃𝐖𝐋)

(𝐒𝐖−𝐃𝐖𝐋)
] 𝟏𝟎𝟎  (6-2) 

PFW = Plant fresh weight of the plant, DWL = Dry weight of HCP leaf, SW = swollen 

weight of HCP leaf.  The growth analyses were calculated based on these parameters, 

leaf area ratio. These are used to evaluate HCP relative growth rate (RGR).  

The Equation 1 and 2 would enable the determination of physical variance and changes 

in growth. The physiological traits of habanero chilli pepper are factors of the indicative 

influence of yield and potential ability for yield. Dry mass (DM) and the relative growth 
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rate (RGR) are the physical techniques of growth determination. The leaf physical 

features and characteristics can also be used to evaluate and determine the plant 

performance. The leaf parameters were measured according to Hunt et al. (2002). In 

each harvest 5 HCP plant were randomly picked for measurements. There are 

parameters defined and their relationship expressed by (Ballina-Gómez et al., 2013). 

Relative growth rate =
Change in height(DM2 − DM1)

Change in time(t2 − t1)
 

(6-3) 

LAR = SLA ∗ LWR =
LA

DML
∗

DML

DM
  (6-4) 

NAR =
RGR

LAR
  (6-5) 

SLA is the specific leaf area of an average HCP leaf in plant, while LWR is the weight 

ratio of leaf and LAR represents the area ratio of leaf. DM is the dry mass of an average 

HCP plant in a plot, t is the period from germination, LA is the total leaf area per plant 

and DML is total leaf dry mass per plant. These are analysed according to Equation 3-5. 

Stomatal density was measured at the early stage of fruiting. The leaf is cut in two and 

immerse in MES/KOH buffer, preserved in a dark room for 2 hrs. One part of the peel is 

immersed in 4% formaldehyde solution. After 2-10 minutes of immersion, it is returned. 

This is later transferred to MES/KOH buffer. The remaining part of the peel is immersed 

in a solution without formaldehyde. The leaf peels were observed using epi-fluorescence 

microscope and returned to the preservation dishware. The dishware previously 

preserved in an illuminated room were transferred into a dark box in a dark room, whereas 

those from the dark box were transferred into an illuminated room for 60 minutes, were 

again analysed under microscope and evaluated according the Equation 6 and 7. The 

stomata number was evaluated for each of the plants and average were recorded. 

Average count =  
N1+N2……N10 

10
= Mc  (6-6) 

The density of stomata over 1mm2 = Mc ∗
1

Fv
 stomata number per mm2  (6-7) 

Fv is the field of view, Mc is the mean count and N number of counts per field view. 
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6.2.8.2 Capsaicin determination 

HCP were wholly dried at 40 oC until all moisture is driven out. The water content was 

determined and recorded. High-performance liquid chromatography was used in 

analytical chemistry for its capacity to disperse and separate a mixture of chemical 

compounds. This enables the identification and quantification of the components of HCP 

mixture. This principle in capsaicin determination of HCP require extraction before the 

liquid chromatography analysis. All extractions were performed using ethanol and put on 

the sonicator for 45 minutes followed by more than 2 h of maceration. Determined by 

Column Ascentis Express RP-Amide with parameters expressed for capsaicin content 

determination of pepper as determined by calibration and calculated using Scoville 

organoleptic technique. This is expressed as, capsaicin per gram of HCP (Okunlola et 

al., 2017). 

6.2.9 Statistical analyses 

The statistical analysis was performed using SPSS statistics and Microsoft Excel. 

Experimental and field data for this study were analysed using analysis variance 

(ANOVA). The ANOVA technique was used for statistical difference evaluation. Microsoft 

Excel was used for the graphical representation of the dataset. A combined design was 

used to test the influence of OPWA treatments relative to other outcomes, all factors of 

plant growth are necessary therefore were evaluated as single factors before equating 

them in the actual growth factor analysis. Regression methods were adopted to evaluate 

the variation that defines the trend in response and relationship between factors. 

6.3 Results and discussion 

6.3.1 Soil and ash analyses 

The survival and optimum yield of pepper depends on several soil characteristics and 

should be within the optimum pH range of 5.6-6.8 (Starke Ayares, 2014). The average 

pH of all the samples in the two different sites were taken, the maximum and minimum 

values were also plotted. The results were represented in Table 6-1. This parameter is 

very important because the pH condition of the soil plays a role in activities of soil 

microorganisms and survival of plant.  

Soil pH has direct influence on soil bacteria, nutrient leaching, and nutrient availability. 

Biodegradation, nitrification and denitrification are also affected. Due to the high acidity 
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of soils of the two sites, low calcium had caused a decreased chemical balance which, 

could cause root diseases. The low potassium could cause a decreased water 

balance and plant tolerance to disease. The abundance of these minerals in the OPWA 

could results in improved crop germination and availability of potassium has influence on 

direct crop development. The high alkalinity of the ash and richness in minerals deficient 

in the soil can create a nutrient balance in the soil. The rate of OPWA dissolution in water 

improves the absorbability of the mineral by plant. The primary and secondary minerals 

in ash form simpler compounds at higher temperature and rainfall. The charges in in 

these oxides and hydroxides are influenced by the pH, the hydroxyl bond becomes 

weaker and this can influence the retention of cations, such as Mg, K and Ca and these 

are known as electrostatic cationic macronutrients (Fontes and Alleoni, 2006). 
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Table 6-1 Properties of soil for site A and B; chemical analysis and EDX of palm waste ash 

 Soil Chemical analyses of Palm 
waste ash analysis 

Palm waste ash SEM/EDX 
(%) 

Variables SITE A Mean ± 
SD 

SITE B Mean ± SD Parameters Mean ± SD Parameters Mean ± SD 

Total Phosphorus 
(mg/kg) 

14.5±1.5 11.8±3 pH 11.85±0.26 Si 18.46±1.23 

Available Phosphorus 
(mg/kg) 

2.6±0.8 1.8±0.2 Organic 
Carbon 

1.7±0.21 Al 1.3±0.33 

Exchangeable Calcium 
(mg/kg) 

1.8±1.2 1.5±0.2 Available 
Phosphorus 
(%) 

0.194±0.07 K 20.42±2.18 

Exchangeable 
Potassium (mg/kg) 

0.12±0.5 0.1±0.3 Total P 0.28±0.02 Ca 13.44±1.63 

Exchangeable Sodium 
(mg/kg) 

0.09±0.02 0.12±0.4 Total N (%) 0.22±0.05 Na 0.072±0.049 

Exchangeable 
Magnesium (mg/kg) 

0.95±0.6 1.0±0.2 Total 
Potassium 

25.6±3 Cl 0.42±0.29 

Electrical Conductivity 
(dS/m) 

0.25±0.15 0.18±1.4 Total Calcium 20.2±1.94 S 0.456±0.28 

CEC (cmol/kg) 16.6±3 13.2±5 Total 
Magnesium 

3.34±0.37 P 3.67±0.91 

Base saturation (%) 80±2 72.6±4 Conductivity 
dS/m  

18.8±1.2 Mg 2.05±0.63 

C:N ratio 22.4±0.02: 
1.4±0.01 

16.6±0.003: 2.14±0.006 Ca2+ (mg/kg) 9.6±1.25 Fe 1.73±1.77 

pH in H2O 4.8±1.1 4.4±0.8 Mg2+ (mg/kg) 1.51±0.086   

Soil organic matter % 2.54±1.2 1.41±0.4 Na+ (mg/kg) 0.56±0.066   

Bulk density (g/cm3) 1.55±0.8 1.68±1.2 Total dissolved 
solid (mg/kg) 

2239±146   

% coarse sand (0.6mm-
2mm) 

22.15±3 17±1 SiO2, Silica 
Dioxide, % 

34.6±4.079   
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% medium sand 
(0.212mm-0.6mm) 

60.8±3.4 63.5±2.8 Al2O3, 
Aluminium 
trioxide, % 

10.7±0.75   

% fine sand (0.063mm-
0.212mm) 

14.52±2.5 15.94±4.3 Fe2O3, Iron 
Trioxide, % 

1.4±0.49   

% Silt+Clay ≤ 
(0.002mm-0.063) 

2.49±0.5 3.56±0.8 CaO, Calcium 
Oxide, % 

6±0.30   

   MgO, 
Magnesium 
Oxide, % 

3.62±0.27   

   SO3, Sulphur 
Trioxide, % 

0.55±0.2   

   P2O5, 
Phosphate 
Pentoxide, % 

5.42±0.59   

   Mn3O4 
Manganese 
oxide, % 

0.41±0.16   

   Na2O, Sodium 
Oxide, % 

0.71±0.19   

   K2O, 
Potassium 
Oxide, % 

40±1.38   
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6.3.2 Weather and optimum planting period 

Weather condition is influential in the germination, growth and fruiting. The timing was 

based on known factors existing on the performance of chilli pepper. Pepper growth 

requires good soil moisture and moderate atmospheric condition. Both the planting and 

transplanting were targeted based on the peak of rainfall and low soil temperature. The 

purpose was to obtain the optimum period that does not require irrigation and where 

survival rate and yield could be high. This optimum period also with respect to the soil 

response to ash application. The atmospheric temperature and rainfall had a substantial 

impact on germination rate, survival of the nursery, growth and general development. 

This reflected on the decision of planting period which was based on those agronomic 

parameters. Figure 6-2 describes the week-by-week performance of the nursery, 

although the transplanting period for two sites were selected based on nursery survival 

rate and overall health of the nursery.  

The optimum period for site A was August 2018 and site B July 2018. The transplant had 

a seven-day shock, struggled to adapt to the soils new condition. This first week of 

transplanting witnessed adequate rainfall and moderate temperature which aided 

survival. Germination was observed to be directly influenced by weather and soil moisture 

content. Germination rate and percentage germinated seeds were greatly enhanced by 

shading on a warmth day. At constant temperature below 21°C germination will be slow, 

therefore extreme temperatures are unhealthy for efficient germination. Therefore, 

February, March and July are the months for sowing the nursery and can have up to 38 

°C. The days to flowering after transplant was shortened relative to the increase in 

OPWA. This was observed in both study sites. The shortest period was 46±4 and 47±7 

days for site A and B respectively, as illustrated in Table 6-2. Plant survival was observed 

throughout the seasons. For the control plots, out of 65 plants transplanted, an average 

of 25 and 23 survived in control site A and B respectively. This shows the impact of OPWA 

in balancing nutrient efficiency of the soil. The application of OPWA also had a significant 

impact on the plant height. The maximum precipitation was in September 2018 at 400 

mm and minimum was in December 2018 with temperature up to 32 oC. 
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6.3.3 Nursery development 

Site A and B nursery planting happened on 24 August 2018 and 14 July 2018 

respectively. Both nurseries were selected based on the result plotted in Figure 6-2. The 

major factors for the selection were the survival rate based on different planting weeks, 

the root depth, plant height and overall plant health. 

Germination in the week of May was less than 20%, week 3 of June recorded about 70% 

against week 4 of June. First week of July which had about 260 mm rainfall and the lowest 

mean temperature of the year resulted in the highest germination rate of 90% in both 

sites. Evaluating the germination rate relative to the outlined characteristics in Figure 6-2, 

nursery plant height and number of leaves were highest in nurseries planted in July.
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Figure 6-2 Nursery development and survival rate
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6.3.4 Effect of the ash on the soil temperature and on soil fertility 

Absorption of nutrients is affected by temperature as it influences diffusion and osmosis. 

However, an increase in temperature of the weather is relative to the absorption of soil 

mineral salts up to a certain peak range and beyond a certain temperature adsorption is 

impossible due to denaturation of proteins responsible for mineral adsorptions. The 

temperature of soil layer under different treatment of experimental plots were monitored 

and recorded in real-time, and the difference of soil temperature under different 

treatments was analysed. Soil temperature is of great significance in crop growth, 

development, water and salt movement in soil, soil carbon balance and so on. In this 

study, OPWA use resulted in the increase of the surface temperature of the soil. The 

increase in temperature lasted for the first few days which could be due to the increase 

in microbial activities, adsorptive capacity, soil nutrient transport and water retention. 

Soils with high negative charges are assumed to be more fertile because of high cation 

retention (McKenzie et al. 2004). CEC influences nutrient sustainability and provides a 

cushion against soil acidification. Soils with a low clay fraction tend to have a lower CEC, 

which is indicative in this study. Soil leaching could be slowed by the addition of OPWA. 

As the soils were highly sandy, CEC was low signifying a poor water holding capacity 

and greater nitrogen and potassium leaching. The growth range as described in Figure 

6-4 indicates that in site A, there is little or no noticeable change between 6 tonnes and 

8 tonnes application while in site B, the influence on crop yield is linear from the minimum 

to the maximum application. The application of OPWA resulted to improved water holding 

capacity and increases relative to the quantity of OPWA applied. The evidence of 

improved fertility of the soil is more evident through the yield analysis. For an efficiency 

of any soil, adsorption, desorption, dissolution precipitation immobilisation and 

mineralisation must take place. Aeration primarily affects the availability of nutrients and 

the release of oxygen. The efficient air movement maintains aerobic respiration of soil 

microbes. Sandy soils generally have high hydraulic conductivity and low nutrient 

retaining ability, therefore the amendment with OPWA has the potential to improve that 

and are factorial indicators for assessing soil physical value and key to the storage and 

drive of water, air, and nutrients (Cullotta et al., 2016). PWA application reduced the soil 

bulk density by 2.5% at 8 tonnes OPWA treatment rate.  
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Comparing biochar and OPWA using a field trial by Chen et al. (2018) shows that the 

finer the residue the more effective in the soil. Soil water content was relative to the 

increase in OPWA application rate and this results in the reduction of evaporation rate. 

The integration of OPWA increased the diffusion within the soil pores and creates room 

for water movement (Chen et al., 2018). Soil water retention capacity is an important 

property as it is vital in the growth and yield of pepper. Relative to other fertilizers, which 

could boost saturated contents up to 15% more than control OPWA could hold beyond 

that, and up to 25% as illustrated in Table 6-2 the hydrophilic functional group of the 

OPWA and the pores helps to retain water. There are signs of stimulation of microflora 

due to OPWA application. OPWA also has the ability to adsorb and trap gases and 

nutrients and promotes the survival of bacteria and fungi. The interaction of OPWA with 

soil microorganisms could be complex; however, indicated positive interaction. OPWA 

application results in reduction for fertilizer need, and greenhouse gas emissions from 

fertilizer production. Converting agricultural waste by thermal process could also reduce 

the level of methane instigated by the regular decomposition of waste. 

6.3.5 Influence of PWA on crop development and yield 

Crop yield which represents the harvested production per unit of harvested area of 

pepper fruits was calculated per bed and treatments. The unit by which the yield of a crop 

is measured is tonnes per hectare. Each bed has an estimate of what its yield will be, 

called a potential yield. Different doses have ranges of impact. The yield in this study was 

compared with Habanero chilli pepper yield in other studies. In Yucatan project in Mexico, 

HCP was recorded to about 20 ton/ha (DeWitt, 2008). Arcos et al. (2012) studied different 

plots which was treated with different organic materials and compared with a control plot. 

The results show that HCP yielded 17.6 ton/ha on a plot treated with vermicomposting, 

16 tonnes/ha on organic manure and 6 ton/ha for control plot. The physiological variation 

relative to OPWA application were illustrated in Table 6-2. This shows the variation in 

stomatal density, dry mass proportion and other growth features. During the harvest, the 

fruit features were measured and the variation in sizes and features were illustrated in 

Figure 6-4.

https://en.wikipedia.org/wiki/Kilogram
https://en.wikipedia.org/wiki/Hectare
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Table 6-2 The mean Physiological changes in HCP with the application of OPWA. 
 

Control 2 THP 4 THP 6 THP 8 THP 

  A B A B A B A B A B 

Density of 
stomata  

(number 
mm-2) 

200±18 207±6 225±4 215±22 230±10 230±6 240±8 234±16 238±6 244±14 

Days to 
flowering 
after 
transplanting  

60±12 52±2 45±7 48±10 45±4 42±5 40±2 40±6 46±4 47±7 

LWR (g/g)  0.34±0.2 0.32±0.1 0.45±0.08 0.4±0.1 0.47±0.2 0.47±0.2 0.44±0.1 0.48±0.2 0.5±0.2 0.48±0.2 

LAR at 
fruiting 
(cm2/g) 

160±6 150±10 200±24 186±10 210±18 215±13 220±9 210±12 218±10 215±8 

Specific leaf 
area (cm2/g) 

458±40 365±70 480±50 471±20 483±60 475±80 500±50 495±60 505±50 500±30 

Leaf Area 
(cm2)  

1200±80 1100±100 1800±120 1400±80 1850±100 1600±150 1900±140 1600±100 1900±80 1850±40 

Average root 
DMP (%) 

10±2 12±2 6±1 8±2 10±2 9±3 6±1 6±2 6±2 7±2 

Average 
stem DMP 
(%) 

67±3 68±5 65±2 66±2 52±3 54±1 52±2 53±7 50±4 54±2 
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Average leaf 
DMP (%) 

13±2 12±1 14±1 14±2 20±3 20±4 17±2 18±4 14±1 13±2 

Average fruit 
DMP (%) 

10±4 8±2 15±3 12±4 18±2 17±2 25±2 23±4 30±3 26±6 

Number of 
surviving 
plants 

25 13 35 20 60 45 65 52 65 55 

Average 
plant height 
(cm) 

72±15 78±8 120±18 105±12 125±10 100±20 125±8 125±16 135±5 125±12 

Average 
plant canopy 
(cm) 

55±8 50±10 60±6 50±12 75±7 68±4 78±8 68±12 94±8 70±6 

LWR: Leaf Weight ratio, LAR: leaf area ratio, DMP: dry mass proportion, C: control, THP: tonnes/ha plot 
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Figure 6-3 Average Morphological parameters and Phenological parameters site A on first and second seasons 
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Figure 6-4 Average Morphological parameters and Phenological parameters site B on first and second seasons 
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Two seasons were expressed in Figure 6-4, relative to plant morphology and capsaicin 

value that were analysed on fresh and dry basis, presented the summary of yield for each 

season, the seasonal variations relative to OPWA application with reference to the 

control.  

The result of elemental analysis show that the organic carbon of both sites are 0.20-0.27 

wt.%, which indicates that the organic content of the soil is poor, therefore require 

amendment. The particle size distribution shows that both soils are very sandy, leading 

to inability to hold moisture and nutrients. The recommendation of ash for the amendment 

is for the three major effects of OPWA. The alkalinity of ash, the mineral content and the 

binding ability (Zalewska, Nogalska and Wierzbowska, 2018). The ash was expected to 

reduce the acidity of the soil at least to the optimum range, improve the structure of the 

soil and retain appropriate amount of water with the addition of exchangeable minerals 

to the soil. 

The response of OPWA was evident through plant growth and crop yield. Figure 6-2 

shows the variation in growth after two weeks of transplanting. The impact of the OPWA 

was not significantly felt on the plant growth difference during the first 14 days after 

transplantation. The application of OPWA was relative to the fruit yield. The bed with the 

highest OPWA had the highest yield. There was a response time of about three weeks 

because the first three weeks of transplantation in the control plot showed a higher growth 

rate that the other beds. Though the yield was influenced by ash application, it has no 

influence on the weight of the fruit and the size. The loss of leaves after transplant was 

high on the control plot and was minimum on the plot with highest ash application.  

There was about 100% survival after transplant on the beds with ash and about 50% on 

control. After 20 days of transplanting, most plants under control treatment turned yellow 

and withered. The application of ash resulted to development of several branches, which 

in turn resulted to more fruits per plant. For site A at the time of first harvest, there was 

no fruit in the control plots. Both sites have few things in common. However, they 

responded differently to weather but in OPWA application, the responses were relative 

Comparing the overall yield with the study where inorganic fertilizer was applied at rate 

0-38 ton/ha (Li et al., 2017). It is assumed that, for efficient yield, the fertility of soil 

requires improvement. The comparative analysis also indicates that the application of 

OPWA resulted in increased yield. OPWA addition and crop productivity are relative; 
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however not uniform. Figure 6-4 shows the effect of OPWA on the agronomic properties 

of crop.  

Relative to controls, OPWA increased the fruit yield of HCP by 70% due to more efficient 

mineral uptake and increase in soil enzymatic activities. Generic influences of OPWA on 

crop physiological response and yield are credited to the release and adsorption of 

essential soil from OPWA. The liming effect of OPWA contributes to its impact on the 

yield of HCP. The improvement of soil CEC high surface area of OPWA and advanced 

porosity increases the water holding capacity.  

There are also physical evidences of microbial function, which contributes to the yield of 

Habanero pepper. According to Figure 6-4 the comparative study of the seasons between 

the control plot and the plot with the highest OPWA indicates the variation factor. There 

are significant changes in the physical parameters. The control plot depleted in the 

second season. 

The relative growth difference in first season between control and 8 tonnes/ha, plot is: Gr 

Gr =
Relative growth of Control

∑ Plotsmax
min

∗ 100%    
(6-8) 

Relative growth in first season for control is 25% and plot with 8 tonnes/ha, OPWA is 

75%. For second season, control is 15.78% and plot with 8 tonnes/ha, OPWA is 84.22%. 

The comparison of control Gr for the first and second seasons were 57.14 and 42.86% 

respectively results in 14.28% negative difference. For the 8 tonnes/ha plot, Gr for the 

first and second seasons were 42.85 and 57.15% respectively results in 14.30% positive 

difference. Therefore, the agronomic efficiency is Aeff, evaluated as; 

%Yieldcontrol =
yieldcontrol

yieldcontrol+yieldx
∗ 100     (6-9) 

 

%Yieldx =
yieldx

yieldcontrol+yieldx
∗ 100  (6-10) 

Aeff =
(%yieldx−%yieldcontrol)Gr

(yieldx)δ
  (6-11) 

Gr is 0.14 and the growth impact factor which depends on the type of fertilizer relative to 

plant and response to changes evaluated from the growth difference, δ is estimated at 

0.2. Therefore, the Aeff is 0.66-0.69 for both season one and two; also, for site A and B. 
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The relative yield analysis between site A and B, using Equation 8 above. Site A has 

0.79, 1.04, 66.02 and 78.55 tonnes/ha for first season control, second season control, 

first season and second season 8 tonnes/ha respectively. Site B has 0.44, 1.62, 33 and 

65.04 tonnes/ha for first season control, second season control, first season and second 

season 8 tonnes/ha respectively. The percentage difference between site A and B in the 

first season is 34.7% and 9.4% in season two. The combined yield difference shows that 

site A is higher than site B by 19.68% yield. 

6.3.6 Comparison of HCP characteristics in site A and B 

The active absorption and metabolic response of both sites are evaluated through the 

influence of the OPWA on the yield factors of the plant. Dry soil with low moisture content 

would cause shallow root, which may result to shed of leaves and flowers. This also 

affects the rate of fruit development in terms of quality and sizes. However, over irrigation 

multiplies Phytophthora and other root-rotting organisms, flower abortion, lack of oxygen 

and prevalent root diseases (Starke Ayares, 2014). The comparative of the two sites 

show that both controls have low survival rate, but site B had an overall better survival 

rate. The fruiting rate per plant was higher for site A, but higher per bed in site B. 

Comparing the beds with the highest ash application, the yield is higher for site B. The 

dry season encroached on site A and fruiting was delayed. However, required irrigation 

to survive the fruiting period. Bacterial spot is the most common and often the most 

serious disease affecting peppers in site A. Bacterial spot lesions can be observed on 

leaves and stems but not on fruits and occurs on all stages of plant growth. Site A had a 

better response to OPWA than site B, which could be as a result of planting period and 

being more fertile. Site A control and highest OPWA treatment yielded 0.79 and 66.2 

tonnes/ha while site B had 1.62 and 32 tonnes/ha respectively.  

The fruiting stage in site A, was not resilient to the dry weather and low soil moisture, 

therefore requires irrigation to survive the fruiting period. Site B does not require further 

irrigation for the initiation of second stage of fruiting. 

Figure 6-4 shows the difference in the average length and diameter of the HCP fruits 

were insignificant. The changes were obvious in the weight of fruit, which is relative to 

plant sizes. The average girth of the fruits was proportional to the sizes of fruits. The 

average number of fruits per plant is influenced by the quantity of OPWA. The plot with 

highest number of fruits had the highest quantity of OPWA. 
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6.3.7 Stomata and weather relationship on the development of HCP 

Stomata density and morphology play key roles in regulating water-use efficiency. HCP 

with high water requirement both through the root and the leaves depend on water 

availability for growth and fruiting. HCP in this study had poor development especially at 

nursery when rainfall was below 125 mm. This could impact on the crop throughout its 

lifetime. Therefore, stomata development is relative to drought tolerance (Bertolino, Caine 

and Gray, 2019). The application of OPWA does not have a direct impact on functions of 

stomata however; it promotes the density and cell multiplication. Stomatal distribution 

was observed to be an important trait of HCP for an improved yield (Sarwar, Karim and 

Rana, 2014). The important morphological features have direct influence on the yield due 

to the importance of cell density. The ribulose-1,5-bisphosphate carboxylase and 

oxygenase influences photosynthesis, cell expansion and tissue differentiation. Leaf 

characteristics are reliant on factors such as cell split, enlargement, development and the 

differential arrangement of tissues. Leaf venation and vascular pattern of HCP is useful 

in the distribution of nutrients and mobilizes photo-assimilated carbon to other parts. 

Flowering time is important in HCP growth; it is the transition from vegetative to 

reproductive growth. This period has influence on the optimal yield. HCP at some 

seasons has continuous flowering period and not all fruit develops at the same time. The 

transcription factors, phytohormone, enzymes and weather, influence the outcome of 

fruiting frequency and sizes. 

6.3.8 Post-harvest soil nutrient depletion and fertility coefficient 

Crops absorb nutrients from the soil as they grow. Nutrient depletion is not instant and 

the available could sustain the growing crops for a period of time. In the post-harvest 

evaluation, the soil nutrients were analysed at three stages before the end of the second 

season. At the end of the final harvest when the plant resilience dropped to zero, the soils 

were also analysed. The quantification of the soil-nutrient status were used to predict the 

application frequency and other related factors necessary to plan continual growing of 

HCP on the same plots. Soil fertility deterioration ensues when the amounts of nutrients 

absorbed by the crops exceed the quantities of nutrients being applied or available in the 

soil. In this state, the nutrient necessities of the crop are fulfilled from soil reserves until 

these reserves cannot satisfy crop needs. The consequences is observed in a reduction 

of plant development and yield.
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Figure 6-5 Soil mean characteristics for 8 tonnes/ha plot (THP) from pre-season to post harves
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Soil as such lose fertility by growing crops and also due to depletion of vital 

inorganic salts from the soil by improper irrigation and acid rain water (quantity 

and quality of water). These nutrients are commonly removed by the crops but 

additional elements such as leaching and soil erosion can contribute to the 

diminishing of fertilities. The long term benefit can only be obtained if there is 

regular application; at least every season. Denitrification also losses nitrogen in 

gaseous form. The availability of water and harvest residues could impact on the 

soil post-harvest status. The gradual variation of soil characteristics were 

observed over 2-year period. According to  

 

Figure 6-5, SOM was influenced by the application of OPWA and EC declined in 

the second season. This is due to top soil being washed by rain. The pH in both 

sites increased relative to OPWA application and was maintained across the 

season until post-harvest period. Bulk density was minimally affected throughout 

the season. 

This study is the first time OPWA is used in a combined form for growing HCP 

pepper showing the relative influence on soil properties and plant growth as 

indicative of its potency as a fertilizer which further justified by the application in 

two different sites. 

6.4 Conclusion 

The optimum planting seasonal range of Habanero chilli pepper in southern 

Nigeria for nursery should be June to August or late February. Weather and 

planting period have a significant effect on the survival rate of both the nursery 

and the main plant and fruit yield having a combined yield for both sites as 1.26, 

3.53, 11.02, 24.24, and 49.01 tonnes/ha/season relative to the order of 

treatments. Transplanting should be done at the peak of rainy season, which falls 

on mid-September. The minimum recommended application rate of OPWA for 

growing habanero pepper is 6 tonnes/ha. There was a linear increase in yield 

comparative to the rate of ash application and 25% relative growth. Capsaicin 

content difference was not significantly affected, as the variation was less than 
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4% between control and 8 THP. For the 8 tonnes/ha plot, Gr for the first and 

second seasons were 42.85 and 57.15% respectively results in 14.30% positive 

difference. The control plots showed lowest yield and the maximum yield was 

obtained from 8 THP.  

This study has shown an innovation in the application of mixed palm waste ash 

to the soil and the resultant impact through the interaction with soil, by increasing 

agronomic efficiency of Habanero chilli pepper by 66-69% and Scoville value by 

3.52%. For efficient output of pepper production in southeast Nigeria, soil acidity 

should be lowered. The planting period should not rely solely on the performance 

of the nursery. The variation between Control and OPWA treatments, witnessed 

significant growth rate, yield, morphological changes and the change in yield, 

which are relative to treatment rates. To reduce cost of production, irrigation can 

be avoided by planting and transplanting at the estimated periods. 
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7.1 Introduction 

The enormous increase in solid waste generation with one of the major sources 

emanating from agriculture, through direct production and processing have created 

global environmental challenges (Bello, Norshafiq and Kabbashi, 2016). This is one of 

the major environmental problems yet to be addressed in developing countries (Giwa 

et al., 2017a); although, adequate awareness has resulted in measures to mitigate the 

adverse effects (Hoornweg and Bhada-Tata, 2012). Oil Palm waste (OPW) is one of 

the solid wastes with major disposal challenges and can cause environmental pollution 

(Abdullah and Sulaim, 2013). Dumpsites are inappropriate for them due to greenhouse 

gas effect. The importance of environment and human health relative to waste 

management in the agricultural sector have stimulated waste utilisation attention in 

developing countries (Prusty, Patro and Basarkar, 2016).  

Based on waste revaluation principles, OPW can be applied in several ways. Empty 

fruit bunch (EFB) is useful for the following; mulching, cooking fuel and soap 

production. Mesocarp fibre (MF) is widely used for heating, mulching and soil 
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fertilisation. Palm oil mill effluent are used for pig alimentation and soil fertilisation. 

Palm kernel shell (PKS) is widely applied in energy, activated carbon and locally for 

heating (Kalu Samuel Ukanwa et al., 2019). Gasification and pyrolysis are promising 

thermal technologies for converting OPW into energy and other valuable products for 

economic and environmental benefits (Liew et al., 2017b). Typically, biomass 

gasification occurs in four stages namely; drying, pyrolysis, char gasification and 

combustion. The three major processes to generate either char or ash are combustion 

and gasification which are exothermic and pyrolysis which is endothermic. These 

processes are related; however, pyrolysis is the initial stage of both gasification and 

combustion and an independent thermal system and characterised by zero supply of 

oxygen or other oxidizing gases (Jahirul et al., 2012). 

The thermal conversion of carbonaceous feedstock into other useful products with a 

useable heating value is a good option (Kalu Samuel Ukanwa et al., 2019). Therefore, 

thermal and thermochemical utilization of biomass is an environmentally friendly route 

to produce clean and sustainable products (Sukiran, Abnisa, Wan Daud, Abu Bakar 

and Soh Kheang. Loh, 2017). The gasification of biomass is very efficient, resulting in 

20-97% conversion of feedstock into syngas (Hunpinyo et al., 2013). This process can 

generate biosolids residues that are further processed into activated carbon (AC) or 

fertilizers. The production of AC for water purification as a safe and low-cost process; 

hence, the production and market values which are dependent on the direct and 

indirect factors that influence production. The use of fly and bottom ash from thermal 

conversion of the waste could be a substitute for chemical fertilizers for soil with high 

acidity and low fertility (Kumar et al., 2017b). Although the primary benefits of NPK 

fertilizers are crop quality improvement and improved plant growth through soil 

enrichment. However, the potency and soil resilience begin to decline with time due to 

the application of these chemical nutrients (Manna et al., 2007). 

The heavy use of NPK and other chemical fertilizers has been reported for negative 

impact on the soil and the ecosystem (Savci, 2012). These adverse effects are 

observed in soil and crop health. In some cases, they are severe and could cause 

imbalance in the ecosystem. It is safe and eco-friendly to achieve sustainable farming 

with soil fertility balance using cost-effective and renewable resources readily 

available. For every metric tonne of chemical fertilizer, Nigeria spends above $500 of 

what organic fertilizer would cost (Babalola, Ilori and Adegbite, 2012). The use of 
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biomass gasification bye-products could bridge the gap for quality, locally produced 

and environmentally friendly option. Nigeria fertilizer production and utilization status 

are low relative to population. Fertilizer importation status in Nigeria are: NPK 64%, 

NP compounds 19%, ammonium sulphate 5%, phosphate fertilizers 4%, urea 4% and 

other fertilizers 4% (Hellums, 2016). Though, there are several factors affecting the 

efficient production and distribution, which is the reason Nigeria consumes about 12-

15 kg of nutrient per hectare against the global average usage of 100 kg/hectare 

(FEPSAN, 2014).  

Due to the challenges of chemical fertilizer, farmers have shifted their focus to organic 

fertilizers. Chemical fertilizers are good; however, they pose some challenges and can 

also cause volatilisation of ammonia which results in relative acidification of land and 

water. Therefore, biomass ash as a fertilizer, is considered a sustainable option with 

minimal or no negative impact and no apparent unwanted effect to the soil and crop. 

It is a strategy to maintain the available Phosphorous (Cruz-Paredes et al., 2017). 

The analysis of oil palm waste ash (OPWA) showed that it contains 0.18%, 27.10-

28.30%, 6.59-8.10%, 3.10-3.33% of available P, Total P, K, Ca and Mg 0.19%, 

respectively (Anyaoha et al., 2018). The influence of PWA on soil structure is also 

necessary in ultisol soils (Ikeh et al., 2012). OPWA application rate could be flexible 

and application beyond average range has not been verified to have negative impact. 

OPW ash effect on the soil are improvement of water holding capacity, reduction of 

soil acidity, and increase in microbial activities of the soil. Effect on crop yield, has 

been proved in several researches, for the growing of cassava (Kelechi E. Anyaoha 

et al., 2018) and pepper (Ikeh et al., 2012). 

OPW is also proven to be one of the raw materials for the production of highly 

adsorptive AC with well-defined pore structures and good surface area (Ooi et al., 

2017).  Several OPW could be used individually for the AC production. These are 

effective in the adsorption of methyl blue, heavy metals and in the purification of fluid 

(García et al., 2017). The availability of raw materials is a primary factor in the use of 

biomass for AC production. AC market and supply chain in Nigeria and Africa are 

growing at 7.5% annually, about 80% of AC used in Nigeria are imported while 70% 

used in Africa are imported (Research, 2014).  
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Environment and economics of OPW are required for fulfilment of zero-waste 

economy target in the palm industry (Khatun et al., 2017). Due to the environmental 

need for OPW utilisation and the resultant benefits of the products, economic analysis 

is recommended to guide investment  (Bevan Nyakuma, Johari and Ahmad, 2013). 

Some utilisation techniques are environmentally dangerous and economically poor  

(Vaish et al., 2016) therefore, a combined approach to meet the biofuel target is 

considered a vital approach (Duku, Gu and Hagan, 2011). Further call for 

demonstrative projects in order to strengthen investment focus and develop a tool for 

waste utilisation policies in Africa (Aliyu, Dada and Adam, 2015); This is a primary 

drive for this study. Hence, this study further aims to economically, quantify the two 

utilisation approaches relative to, production, availability, need and market value. For 

the overall impact, commercialisation and the viability check of the process are 

necessary. The objectives of this study are to understand the economic relationship 

and value impact of OPW utilisation. This work leverages on the experimental data of 

a pilot plant and assumptions based on existing facilities. 

In this study, the various setup mode for conversion of OPW into value-added products 

are used in evaluating thermal processes and economic resource conversion. The 

residues are quantified relative to syngas production and overall market value of the 

products. Hence, the economics of OPW for effective utilisation, which enables 

adequate estimation of production cost and optimisation of application route. The 

comparative study of the economic processes for PWA relative to soil amelioration 

and char for AC production were accessed. The choice of combined OPW for AC 

production and soil amendment require a technical and economic framework; for ideal 

development and optimum revaluation. A comprehensive sensitivity analysis was 

performed. The vital factors influential to the feasibility of the process systems were 

used to propose for cost-reduction techniques. 

7.2 Materials and methods 

The methodology of this study was modelled, simulated and outlined with a concept 

for determining the economic boundaries and optimised range of CPW utilisation. The 

scenarios for the analysis are dependent on the procedures applied for the simulation. 

The estimation for mass, energy and economic balances were outlined using Aspen 

plus V.10 (under the academic license) for pyrolysis, gasification and combustion. 
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Activation process; economic evaluation in relation to material and energy balances 

were simulated with Aspen Economy. Table 7-1 describes the combustion parameters 

and biochemical properties of OPW ( Anyaoha et al., 2018; Bevan et al., 2013; Kong 

et al., 2014). The simulation and general analysis were performed with PKS, MF and 

EFB as an unconventional material; in a single and combined stream. Pyrolysis, 

gasification and combustion experiments were performed; focusing on AC production 

through pyrolysis, and fly ash production through combustion. The mass and energy 

balances are evaluated based on target and boundary conditions for each process. 

Table 7-1 Chemical and biochemical properties of CPW  

Proximate analysis (%w/w)  Moisture 4.05 

Ash 5.20 

Volatiles 74.50 

FC 16.25 

Ultimate analysis (%w/w)  C 44.60 

H 6.35 

N 0.80 

S 0.15 

O 48.10 

Lignocellulosic composition Cellulose 30.8 

Hemicellulose 23.5 

Lignin 40.2 

Thermal and energy 

properties  

Organic content 91.8 

Inorganic content 8.2 

Combustion rate, CR ( 10-8 

kg/s)** 

3.8-4.2 

Specific Heat, c, (J/kgK)** 2832-3231 

*Oxygen by difference include moisture and ash, ** (Bevan Nyakuma, Johari 

and Ahmad, 2013), PKS: Palm kernel shell, Mesocarp fibre, EFB: Empty fruit 

bunch 
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7.2.1 Mass and energy balance 

In energy systems, material quantification is necessary and governed by mass 

conservation, which is relevant in the industries for control of yields and overall 

process. This is important in thermal conversion due to the energy and mass relations 

in determining the product and how temperature variation influences the process 

outcome; this is a cost-benefit determinant. The calculations contribute to the 

development of economic predictions. It estimates the mass and energy requirements 

for different variables. Formulating the mass of the feedstock equates with the sum of 

gaseous and solid products, waste products, stored products and losses. In Equation 

1-3, M represents mass, E stands for energy, S represents store, P for product and L 

means losses (Jahirul et al., 2012). R is the quantity received in the process, and mw 

is the mass of waste generated from a single process. 

Mstore = Mout − Min     (7-1) 

∑ mR = ∑ mP + ∑ mw + ∑ ms  (7-2) 

∑ ER = ∑ EP + ∑ EL + ∑ Es  (7-3) 

Figure 7-1 shows the mass-energy relativity and resultant products. This also outlines 

the procedure for designing the thermal process model for biomass conversion. Figure 

1b, a process flow illustrating the stages of OPW conversion. It shows the process 

stages defining the parameters for individual routes. 

 

Figure 7-1 Mass and energy relativity for the OPW thermal process  
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This process described by (Jahirul et al., 2012) considers heat energy based on the 

temperature and other energy inputs. 

∆Q = Qout − Qin   (7-4) 

The heat calculation is based on enthalpy operation heat and heat loss. Using the 

pyrolytic assumptions; 

Ethermal process = Edrying + Etarget + Ereaction  (7-5) 

The energy efficiency, which measures the performance of the system, is calculated 

thus: 

ƞenergy =
Eproduct

Efeedstock+Epyrolysis
   (7-6) 

Equation 4-6, is used to evaluate the energy requirement and predict dependent 

temperature requirement for each stream relative to proposed process target. In 

Equation 5, pre-process energy was considered. Hence, milling and drying consume 

energy and equated in the economic valuation in both simulation and conventional 

estimation. 

7.2.2 Process modelling and simulation procedure for AC production 

Numeric classification analyses derived from ten palm oil mills relative to mill capacity 

and quantity of waste generated in southern Nigeria with boundary consideration of 

EFB, MF and PKS. These companies produced yearly at average 800, 480, 250 

tonnes respectively. A tonne of oil palm fresh fruit bunch yields, an average of 720 kg 

of fruits, 255 kg of EFB, and 50 kg of palm kernel cake, 60 kg for PKC, 115 kg of MF, 

230 Litres of POME and 150 Litres of crude palm oil. An overview of the process line 

for AC and PWA are outlined in Figure 7-1. Some studies were carried out to determine 

the estimated pre-processing expenses. However, depends on GDP, location, access 

and the terrain for transportation of the residues. 

Process simulation was used relative to flowsheet synthesis, which is application to all 

scenarios to generate energy and mass balance. The raw material properties, 

combining ratio was calculated and the design specification done in metric units. The 

three modes of simulation were combustion, combined state for gasification and 

pyrolysis and activation process. The sensitivity analysis was based on temperature, 
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flow rate and several other factors and their variation effect on the output (Hunpinyo 

et al., 2013).  

Aspen plus (Figure 7-2) was adopted for the simulation and sensitivity analysis while 

Microsoft excel and SPSS were used for mathematical calculations. The 

thermodynamic models selected defined the appropriate liquid and vapour phases and 

prediction by Peng-Robinson model was used. This process was structured based on 

the municipal solid waste pyrolysis and gasification study by Deng et al. (2019). 

 

 

Figure 7-2 Thermal combined processes of pyrolysis, gasification and 

combustion 

7.2.3 Thermal conversion and OPWA relative to chemical fertilizer 

The economic analysis was executed using mathematical tools, combined with Aspen 

Economic Analyser. All financial estimation was in US dollar ($), modelled for a 20-

year period at an annual interest rate of 10%- and 2.3%-income tax. The basic 

principles of biomass conversion technology are based on capacity and production 

context. The application of economic analysis of the process corresponds with the 

price/kg of chemical fertilizer in Nigeria N200-500 and £1-5 in international market. 

There are several ways of evaluating the cost and profit of agricultural crops, shown 

as Equation 7-9. 
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GM = TR − TVC   (7-7) 

NR = TR − TC   (7-8) 

TC = TVC + TFC   (7-9) 

Where: TR is the total revenue, GM is gross margin, and TVC is the total variable cost, 

which includes cost of labour, and raw material is represented by TVC. Net Returns 

that is based on total investment cost is denoted by NR. Total Fixed Cost which part 

of total cost (TC) is represented by TFC. TC is the Total Cost. 

7.2.4 Economic assessment and sensitivity analysis 

The tools for financial modelling are applicable to mass and energy. The conveyance 

within the system boundary using the process simulation tool are relevant and can be 

tested for several variables. For economic analysis relative to mass and energy 

relationship are the principal derivatives of economic assessment. The investment 

cost is relative to fixed capital investment on equipment and process cost. Other 

operating costs and annual cost are considered (Trippe et al., 2011). These include 

the cost of equipment as described by (Jahirul et al., 2012).  

The calculation for obtaining Present Value (PV) and discount rate factor can be 

calculated using Equations (10) and (11), respectively. 

PV = ∑
FV

(1+R)t  
(7-10) 

FR =
1

(1+R)t  
(7-11) 

These evaluations are based on discount rate, R=10% and the rate of cash outflows 

corresponds to the value of inflows for break-even discount rate. The percentage 

interest yield from the investment is the internal rate of return. 

The cost evaluations are further outlined in Equation 12-16. 

Total investment cost  

𝐶 = 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡  (7-12) 

Net present value 



 

260 

𝑁𝑃𝑉 =  ∑
𝐶𝐹𝑛

(1+𝑛)𝑛
𝑇
𝑛=1 − 𝐼0   (7-13) 

CFn is the annual cash flows, I0 is the initial total capital investment, T is the project 

life; i is discount rate. 

Annualised Return on investment (A-ROI) 

The challenges of the traditional return on investment metric is that it does not consider 

time periods. Hence, to overcome this issue an annualized ROI formula is used. 

 

Where: No of years = (Ending date – Starting Date) / 365  (7-14) 

Payback Period 

Periodic cash flow is relative to a payback period of an investment  

Payback Period =
Initial investment

Net cash flow per period
  (7-15) 

To find exactly when this occurs, the following formula can be used: 

Payback Period =
Initial investment−Opening cummulative cash flow

Closing cummulative cash flow−Opening cummulative cash flow
  (7-16) 

 

The economic constraints and theories are based on parameters in literatures and 

known factors (Trippe et al., 2011). They are formulated based on assumptions that 

reactions occur isothermally and at constant volume throughout the process. The 

pyrolysis and gasification process are performed in a stationary state. OPW are 

assumed spherical and uniform particle sizes. Tar formation is negligible and heat 

losses neglected. Equilibrium is established in all reaction and char is considered 

100% carbon. The sensitivity analysis was hinged on three factors, temperature 

ranges as input variable, mass flow rate of the input gases and feedstock and output 

streams of syngas and biosolids. The relativities were equated to plot the optimum 

temperature and conditions for expected output. 

7.3 Results and discussion 

7.3.1 Mass, energy balance and thermal processes 
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During thermal process, the relationship between energy requirement and mass are 

determined based on the type of process plant, feedstock and target output. Mass and 

energy balances relative to input and output depend on the thermal decomposition in 

all the phases of conversion (Jaroenkhasemmeesuk and Tippayawong, 2015). Before 

and after thermochemical conversion, it is ideal to quantify and predict the yield using 

models of known parameters. These also help in evaluating biomass behaviour in the 

process. Based on parameters, such as temperature, a new system could be designed 

to process feedstock relative to the characteristics. Mass balance shows a dependable 

theoretical foundation for decision-making on investments and cost reduction. The 

temperature and waste relationship were illustrated by a thermogravimetric analysis 

(TGA) test. 

Based on the design, the process capacity of 500 kg/hr could produce about 75 kg/hr 

of AC. The thermogravimetric analysis (TGA) is implemented to define the variations 

in the weight of a sample relative to temperature through the pyrolysis of PKS, MF and 

EFB. The DTG illustration shows that, mainly two and dominant peaks appearing at 

280-300 °C for PKS and 340-360 °C for MF. EFB has a unique three peaks, however 

the combination of these three samples have little deviation from the individual 

components. The first peak indicates the thermal decomposition of hemicellulose and 

the second peak shows the cellulose decomposition which occurs at the same 

temperature despite the type of biomass. The curve due to the temperature above 400 

°C designates the lignin decomposition section as validated by (Liew, Muda and Loh, 

2016). This thermal behaviour emphasizes the heat requirement for the type of 

process for CPW and the reaction zones are defined and differentiated by the DTG. 

Pyrolysis and gasification simulation with aspen plus are helpful in determining the 

fraction of syngas components and their relationship at different temperature phases. 

Gibbs reactor is based on the principle of controlling chemical and thermodynamic 

equilibrium of the processes. Sensitivity analysis for the product gas composition have 

been performed with respect to flow rate and reaction temperature. CO and CH4 

decreases whereas the concentration of CO2 and H2 increases with increasing steam 

flow rate.  
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Figure 7-3 Mass flow relationship relative to the influence of temperature change 

on the composition of syngas.  

The sensitivity analysis at difference temperature ranges as illustrated in Figure 7-3 

shows the effect on syngas compositions and the variations in mass flow rate. The 

increase in gasification temperature increases mass flow rate of the output except for 

CH4. At 800 oC and 120 kg/hr mass flow rate of feedstock, every product is at optimum. 

For AC production, only pyrolysis is used due to absence of oxygen in the system and 

high biosolids generation. 

7.3.2 Economic analysis 

Adopting a model developed by Porcu et al. (Porcu et al., 2019), the economic and 

financial assumptions are based on cost and itemised indicators of production. The 

profit and investment output are predicted relative to the global market and gross 

domestic product of the location. These processes are the outline for AC production 

and the factors are determined based on proposed contracts and valuation by 

consulting company for Energy and construction firm. 

Time period and economic assumptions, operating hours per year (7500), length of 

Start-up period (4 months), duration of construction phase (15 weeks), interest rate 

(10%), plant depreciation period (10 years) and project life (20 years). The four 
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streams established in the simulation, show the variations at different thermal 

conditions. These variations have direct impact on the price of the output. The 

economic outcome of each process is directly influenced by capital, operational and 

product prices. 

Table 7-2 Cost parameter for a thermal process plant 

Parameter Value ($) 

Capital investment cost (CIC) 280, 400, 000 

Annual labour cost 18, 500, 000 

Annual repair and maintenance 5, 500, 000 

Total cost of biomass per year 4, 800, 000 

Depreciation 52, 080, 000 (20% of CIC) 

Interest rate 2, 804, 000 (10% CIC) 

Discount rate 2, 804, 000 (10% CIC) 

Salvage value 2, 804, 000 (10% CIC) 

Insurance and taxes 2, 804, 000 (10% CIC) 

Total cost  372, 496, 000 
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Table 7-3 Economic analysis of thermal processes and investment summary 

 S1 S2 S3 S4 

Annual production sale of bio-products ($) 125, 000, 000 128, 450, 000 110, 300, 000 130,110, 000 

Net present value of profit ($) 1, 062, 500, 

000 

1, 091, 825, 

000 

937, 550, 000 1, 105, 935, 

000 

Net present value of operation and maintenance cost 

($) 

297, 238, 489 297, 238, 489 297, 238, 489 297, 238, 489 

Accumulated Net present value of all cost ($) 669, 734, 489 669, 734, 489 669, 734, 489 669, 734, 489 

Net present value of the project ($) 1, 010, 420, 

000 

1, 039, 745, 

000 

885, 470, 000 1, 053, 855, 

000 

Benefit cost ratio 1.34 1.42 1.25 1.45 

Payback period (years) 8.5  8.2 9.8 8 

Internal rate of return (%) 16 17 14 17.2 

S1: Pyrolysis, char production favoured, S2: Gasification, syngas production favoured, S3: Combustion, production of ash 

favoured, S4: Combined process  
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Using expressive statistics and quantitative analytical techniques, the application of 

system models relative to the economic analyses with 2.5% income tax rate and 10% 

interest rate. The direct and indirect capital costs, were measured relative to estimated 

variables for maintenance cost, and other operational cost (Davis et al., 2016).  

 

  

Figure 7-4 (a) Operating and (b) Capital cost for combined thermal processes. 
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The demand for energy in developing countries is increasing and the greenhouse gas 

emission is greatly influencing the utilisation of biomass. The biomass utilisation is 

more economical than coal. Economic investment on biomass gasification is lower 

than coal gasification system (Mirfendereski, 2008). Biomass energy can also 

contribute economically and generate wealth through different processing levels. 

Under same operational condition the economic performance of biofuel production and 

pyrolysis varies relative to energy requirements and equipment setup. 

In pyrolysis the biomass only decomposes thermally, the resultant char is not further 

reacted with CO2 and H2O. This saves energy in the process and reduces process 

duration. While, gasification as a slow endothermic reaction which requires 

continuously thermal energy supply. Exothermic oxidation reaction is the technique for 

combustion process where there is complete decomposition of the biomass and could 

occur under atmospheric condition. Economic analysis was expressed to resolve and 

define the economic viability and optimised range for production of AC and application 

of PWA. An independent economic analysis was conducted for the selling price, and 

the influence of the price on economic status of the feedstock. The global activated 

carbon demand is expected to rise to 3,800 Kilo tonnes in 2021 at the economic value 

of $8 billion (Research, 2014). 

The bio-oil production cost is dependent on the capacity of the processing plant and it 

is represented by the product sales with a relative payback period of 6.2 years. And 

for the pyrolysis process with primary target of generating biochar for AC production 

considers the price of AC by mass. The annual operating hour considered to be about 

7500 could affect the profit if raised. The cost of biomass is based on the logistics and 

transport of the materials to the plant location. The handling capacity of the design is 

1500 kg/hour and considered in the simulation. For the pyrolytic products about 10-

120 kg/hour of biochar were produced. The capital cost has equipment as the highest 

percentage expenditure. Labour is the highest for operating cost and cost of input 

based on the process. The project payback period and profitability index are 

determined based on the product sales and overall cost of the process. 

The total project capital cost includes all the equipment and engineering cost relative 

to the size of the project. Pre-processing facilities were units in the cost analysis. 

Transportation is a variable option as feedstock could be gotten from different 
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locations, therefore could change in real-time analysis. Plant operating cost was 

calculated based on the factors influencing rate of production and continuous 

expenditure. Some key factors could have effect on this such as the country of plant 

location and the gross domestic products per capita of the country. The product sale 

could be realistic if the market is ready in such country. The profitability index is based 

on the sales relative to fixed and operating cost.  

Using OPW for bio-oil and syngas production yield great economic results in the first 

few years likewise the use of biosolids for AC production. The use as a fertilizer 

alternative has lower economic impact. However, the environmental benefit and long-

term influence is encouraging. The two processes have a relative balance in 

application despite the target output. This was analysed based on variable subsets 

and environmental and product benefit analysis setup. The factors are dependent on 

the economic analysis of this study and assumptive factors relative to energy projects. 

Relative to the basic assumption there are factors responsible for how these utilisation 

techniques could affect the economic and environmental projections. The natural and 

climatic conditions, governmental policies and regulations and restrictions, energy 

content of the feedstock, OPW generation and quantification techniques were 

accounted for in the theoretical potential. Geographic potential is relative to land use 

and constraints of area availability which impact on the quantity of waste projected to 

generate. Sustainable potential is important factor due to the environment and 

dependence on recovery factor. Technical, economic and market potentials are valued 

for system sizing and performance, technology cost, energy demand, competition and 

investment capacity. 

7.3.3 Sensitivity analysis for AC production 

Sensitivity analysis operates on a principle of correlation, regression and subjective 

analysis. In order to perform the What-if analysis with the obtained data, the enlisted 

output parameters must be evaluated as illustrated in Table 7-4. This technique is 

based on analytical assumptions of the variation of dependent values and the resultant 

impact relative to independent variables. This quantifies single or multiple variables 

within the specific boundaries. However, changes could impact on the production cost 

and energy usage.  The what-if principle helps in the conditional adjustment and 

optimisation of the process. In this study, the biochar yield is considered as AC yield. 
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Table 7-4 Percentage process input and yield  

 % output/yield 

Temperature (oC) Gas Tar Moisture Biochar 

Pyrolysis      

Scenario A1 400 60 9 8 23 

Scenario A2 500 65 5 10 20 

Scenario A3 600 70 5 10 15 

Scenario A4 700 72 3 15 10 

Scenario A5 800 75 1 16 8 

Gasification      

Scenario B1 500 70 0 15 15 

Scenario B2 600 75 0 12 13 

Scenario B3 700 80 0 10 10 

Scenario B4 800 88 0 7 5 

Scenario B5 900 90 0 8 2 

Temperature, pressure, biomass flow rate, N2/steam flow rate and O2 flow rate are 

input factors. These were compared with literatures and experimental studies to 

validate the output. The syngas composition obtained through pyrolysis and 

gasification Figure 7-5 is varied at different temperatures and flow rates. The current 

prediction by Aspen plus was compared with experimental analyses in this study. Only 

four components are considered in the syngas stream, other possible gases were 

accounted for in the general analyses as being negligible.
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Figure 7-5 The relationships between flow rate, temperature and syngas produced in gasification. 
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7.3.4 Palm waste ash production cost and crop yield relative to profit 

PWA as organic fertilizer is tested in several projects (Anyaoha et al., 2018) and 

there is a prominent indication of about 10% increase in yield in relation to mineral 

fertilizers (Dada and Ogunsesu, 2016). However, there are nutrient imbalance 

challenges with organic fertilizers (Alawode and Abegunde, 2016). The cost of 

fertilizer is one of the highest factors in production cost in agriculture, the total 

production cost is also affected hugely by pesticides and other chemicals. 

However, it is possible to grow crops without those. In practice, the cost of input 

of fertilizer affects the general yield of Habanero chili pepper (HCP) yield 

(Kletnikoski et al., 2013). Relative to production cost, a field study by Mohammed 

et al. (2016) was compared with this study and the result of the production costs 

are outlined in Figure 7-6. 

 

Figure 7-6 Percentage production cost of HCP in this study 

 

0

10

20

30

40

50

60

70

%

Production cost comparison of Habanero chili pepper 

Mohammed et al. 2016 (% contribution) This study (% contribution)



 

272 

 

7.3.5 Logistics, prospects of biomass utilisation and non-economic   

OPW is free; however, the cost of gathering, transport and logistics could 

contribute to the overall cost of revaluation and utilisation project. This factor can 

be input in the cost analysis calculation and process quantification. The cost 

analysis of the two process show that energy equivalence is interrelated and 

depend on the size of the equipment, production capacity and output price range. 

Using Aspen economy analysis, non-economic valuations were non-inclusive in 

the analysis. Biomass energy complements other renewable energy systems, 

technological improvement in biomass setup helps improve agricultural and 

industrial revolutions. The focal points of biomass utilisation are low economic 

value, environmental impact and multiple application capabilities. This would 

create jobs for skilled and non-skilled workers (Simonyan and Fasina, 2013). The 

challenges of collections, pre-processing and drying varies and could be key 

factors in the overall analysis.  

OPW is mostly in large particle sizes and lump form, therefore size reduction is 

crucial to utilize in AC production. This is done by milling, which requires high 

energy for operation. Particle size is one of the key factors in thermochemical 

process, physical conditions of OPW biomass notwithstanding the method 

influences activation rate and other production parameters (Gil and Arauzo, 

2014). There is difficulty in milling MF and EFB rather than PKS due to low 

brittleness. OPW could be crushed when dry, sieved and graded into different 

uniform sizes of less than 2.0 mm using a milling machine (Deng, Li, et al., 2010), 

to ensure uniform distribution of heat. The mechanical properties of different parts 

of OPW vary. This process requires energy and could result in material wastage 

in the form of dust and so minimise loss of biomass, a dust collector is installed, 

which aids in throughput flow and overcome air flow resistance (Bitra et al., 2009). 

Pre-treatment such as drying and sieving also occasionally play a role in 

determining energy consumption. Establishing uniformity of particle sizes largely 

depends on the physical properties of biomass. Brittleness, hardness and 

elasticity; affects the energy requirement in milling. Phillip et al. (2017), studied 
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the mechanical and physical influence of PKS, and showed that aggregate 

crushing value is 5.3% and flakiness index 63.2%, indicating that PKS has a good 

milling effect. The efficiency of hammer mill operation is factorised by the nature 

of the biomass. Due to the several types of OPW with varied sizes and shapes, 

their milling tendencies varies widely. There are several physical and mechanical 

properties. Material breakage as the fracture reaction is contingent on impact 

frequency, energy, moisture content and biomass properties (Gil, Luciano and 

Arauzo, 2015). The material properties in terms of its resistance and minimum 

specific energy are relevant to determine fracture and breakage factor which 

would defines the milling rate. The energy requirement increases with reducing 

particle size; however, it is also observed that physical properties influence feeder 

design, biomass flow rate and reactor performance (Dai, Cui and Grace, 2012). 

7.3.6 Environmental analysis and process assessment 

The reutilisation of PWA in soil amendment can be a good option for phosphorous 

and other key mineral input other than from finite sources; however, dumping of 

ashes in river can upset the balance of ecosystem and landfilling may result to 

environmental pollution due to its particle in the air. In the experimental study the 

yield due to PWA application equates the inorganic option of fertilizer. There are 

limited utilisation approaches for agricultural waste for many reasons. They are 

not economically exploited despite the large quantity produced. Managing these 

wastes for pollution and environmental health safety has being the principal goal. 

The use of biosolids has range of benefits which include carbon sequestration 

(Rodriguez et al., 2017). 

The use of biomass thermal by-products could reduce loss of nutrients through 

leaching improve soil characteristics, reduce non-CO2 greenhouse gas emission 

and remediate contaminated soils. The feasibility of breakeven cost of biochar 

production depends on location, biomass availability and technology ( Arbestain 

et al., 2014). 

Assessing the two-utilisation route of AC and PWA, few environmental factors 

are necessary for consideration. The impact can’t be directly quantified, however, 
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impact in substituting chemical fertilizer and impact in avoiding pollution is 

trackable. 

The increased soil carbon due to PWA addition to the soil contributes to the 

reduction of atmospheric carbon intensities. These play major role in minimising 

erosion and runoffs by binding the soil structure. The nitrate leaching experienced 

in sandy soil is greatly reduced by the application of PWA. The high natural gas-

intensive due to Nitrogen fertilizer production is reduced. The application of 

fertilizer from organic sources reduces the application of pesticides and other 

agro-chemicals which could impact on the environment. 

About 60% of the fertilizer are imported and Nigeria requires varieties of fertilizers 

to meet the growing demand. However, still a major importer of fertilizer. Crop 

yield has massive influence on the revenue and economy of every society. 

Agriculture contributes meaningfully to rural occupation and provides substantial 

non-oil foreign exchange incomes. Organic fertilizer comparative study with 

chemical fertilizer shows that it enhances soil structure, increase nutrient and 

water retention, increased the microbial activities of the soil. Excess application 

does not have harmful effect on crops and it prevents erosion. However, chemical 

fertilizers are harmful to crops and human, excess application destroys soil 

structure, leads to soil acidity and harmful to plants. State it. Organic fertilizer is 

40% cheaper than other potassium fertilizer, 100% organic and eco-friendly, 

recommended for all kinds of plants, very effective for neutralising acidic soils. 

7.4 Conclusion 

The energy and economic analyses for the utilisation of OPW show that, AC 

production has higher technical and cost requirement than PWA utilisation. 

However, the application of PWA has relatively high environmental benefits 

because it can substitute chemical fertilizer. PWA is alternative to chemical 

fertilizer especially for the treatment of ultisol and acidic soils, this is most useful 

where the fertilizer market is not easily accessible. There is an estimated capital 

expenditure of $280, 400, 000 for biomass thermal processing plant and payback 

period was evaluated at 8.2-9.8 years. Therefore, AC market is a viable business; 

although, it has a high initial capital investment. The general efficiency of the two 
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processes depends on requirements and demand. Advancing researches on 

multiple utility and compound wastes will further boost the annualised return on 

investment. Biomass thermal plant should be established in an area with good 

road network, available electricity and should be designed to take multiple 

processes simultaneously. 
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8 PROJECT INTEGRATED DISCUSSION 

8.1 Integrated discussion  

This PhD project incorporates the utilisation of mixed oil palm waste (OPW) in its 

raw form, from milling to various forms due to different thermal processes. This 

is applied in the production of activated carbon (AC) and characterisation using 

scanning electron microscope (SEM) and Fourier transform infrared spectrometry 

(FTIR). This study also evaluates the application of residues to the soil. The 

research is structured to assess and determine the requisite functions using 

optimum route for efficient utilisation of residues from thermal conversion process 

of OPW. The two logical utilisation routes were implemented in the production of 

AC and ash use for soil amelioration. The project procedures were organised 

based on literature review, and existing scientific trials. Laboratory and field 

experiments as highlighted throughout the thesis and structured in chapters as 

illustrated in Figure 8-1.  

 

Figure 8-1 Overall project structure 

All the biomass raw materials were obtained from the same source in Nigeria, the 

chemicals were of analytical grades and field and laboratory experiments 

followed Cranfield University, UK approved standard operating procedures. The 
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basic raw material consists of palm kernel shell, mesocarp fibre and empty fruit 

bunch, from oil palm.  

The exploring of palm waste opportunities and utilisation route were 

satisfied through the objective of reviewing and evaluation of the studies 

already undertaken in this field. 

The review of the palm waste challenges and potential applications offered an 

insight on the economic, technological and environmental importance. 

Comparison of activating agents show that different activating agents behaves 

differently and the conventional route challenges could be overcome by the use 

of microwave system. Process routes were compared and the individual pros and 

cons show that microwave saves time and energy. 

Due to the scientific fissure in the production of AC and the stage of AC 

production using microwave, the evaluation of different approaches and 

their effectiveness became necessary.  

A flexible microwave system was designed and fabricated for pyrolysis to handle 

different kinds of biomass materials. The AC production techniques were 

considered based on the need for eliminating tar and create well-developed 

pores; minimise secondary contamination by the use of environmental friendly 

activating agent.  

The parameter evaluation of AC production was done by microwave system 

designed in this study. This entails a good delivery system and process control 

for an activation process. The microwave technique saves energy, cost and time 

in comparison to traditional systems. Trona ore was selected with anticipation of 

being effective in the elimination of alcohol from biomass and this can contribute 

to its effectiveness as a catalyst for biofuel production. The effect of Trona ore in 

hydrophilicity indicates the effectiveness for a heterogeneous waste stream AC 

and more effective than individual feedstock. This study suggests that microwave 

process reactor has a great influence on the thermal process rate, tar deposition 

and conversion. 
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The use of trona ore in AC production as an activating agent has been 

assessed therefore evaluating different approaches by characterisation is 

justified. 

The morphology and surface chemicals of the AC relative to activation 

temperature and modes were examined. The resultant images were compared, 

the pore symmetry and sizes were determined. The SBET and material structural 

porosity of the trona ore AC were evaluated for micropore, mesopore and 

macropore by N2 adsorption/desorption isotherm. This is centred on the principle 

of relative pressure and adsorbed volume. FTIR analyses of the AC were done 

to define the active ions and forms of bonding which is relevant to the adsorption 

efficiency of the AC. These techniques were also used for the surface chemical 

comparison, relationship using infrared emission and adsorption spectra. It 

determines the infrared adsorption bands, identifies the molecular components 

and structures.  

Another important hypothesis of this study is application of the ash 

produced from the mixed feedstock combustion process to the soil as an 

alternative to chemical fertilizer were evaluated as an utilisation technique.  

The site locations were selected based on literature reports of low fertility of the 

sites and the readiness for commercial agriculture. Soil and OPWA were 

analysed to assess the mineral potency of the OPWA and the fertility index of the 

sites for growing Habanero chili pepper (HCP). The determination of physical 

variance and changes in growth; the physiological traits of HCP are factors of the 

indicative influence of yield and potential ability for yield. The relative growth rate 

are the physical techniques evaluated for growth determination of HCP. The leaf 

physical features and other characteristics were used to evaluate and determine 

the plant performance.  

Heterogeneous waste ash for soil amelioration with an average of 8 

tonnes/hectare for growing pepper and the capacity to improve the resultant 

economic gain by 25%. Biomass ash used for soil improvement regulated the soil 

temperature, influenced the microbial activities and enhanced the structural state 

of the soil. The soil pH was hugely influenced by the addition and was raised from 
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pH 4 to above neutral mark. Crop yield and soil chemical variation relative to 

application were affected.  

The application of OPWA consequently improves yield. Results showed that the 

interaction between OPWA and soil improved agronomic efficiency by 66-69%. 

Crop yield in relation to the control indicated that OPWA is effective for soil 

improvement, nutrient delivery and exchange for improved pepper production by 

more than 20%, which led to the conclusion that OPWA is effective for growing 

pepper and improves soil fertility, but effect on soil aggregation is yet to be 

verified.  

In order to fulfil the obligation for the assessment of economic profile of the 

processes and justify the energy and economic requirements, the pyrolysis 

and combustion processes which produced AC and OPWA respectively 

were evaluated based on energy and material balances featured for 

technology and economic assessment of the project; modelled with Aspen 

plus economy.  

The sensitivity analysis of the processes were based on temperature, flow rate 

and their variation effects on the respective output.   The thermodynamic models 

selected defined the appropriate liquid and vapour phases. 

Based on the outcome of different systematic process analyses, comparative 

studies and validations, research inference were determined. Output 

determination and predictive formulations were outlined. Waste utilisation 

regulations should include secondary waste and utilisation techniques should 

implement multidimensional techniques. Composite and heterogeneous waste 

stream are effective in AC production and efficient utilisation in thermal 

processing could support waste management approaches. Composite feedstock 

for AC production are understood from this research to be a technique to integrate 

multiple waste streams in a single stream thermal process. Producing char for 

AC, OPWA and syngas are relative in the economic evaluation. The general 

efficiency of the two processes depends on requirements and demand. There is 

a high capital cost of establishing a thermal process plant and the equation of 

waste impact on the environment and utilisation was valued to be about 20% 
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better on the investment scale of the two processes. Waste management needs 

could be achieved through adequate and efficient utilisation of available 

resources. 

Overview of project contribution to knowledge, technological and 

economic impact 

The principle of agricultural waste utilisation is an integrated aspect of global 

environmental pollution regulations, enshrined in the control of greenhouse gas 

effect. The high waste generation and inadequate utilisation of the waste have 

reawaken innovations, which expanded the horizon of waste integration. The 

secondary waste (residues from waste thermal processes) integration was 

applied in this project and that could stretch the limit of waste utilisation. The 

scientific breakthrough in this project are grouped based on relative applications 

and assumptions relative to the objectives, answer research questions and fulfil 

the project aim. 

 Waste utilisation technologies could influence pollution control. The setup 

techniques in this study would promote the design of an efficient waste 

revaluation in energy.  

 The utilisation challenges of oil palm waste were addressed in this 

research, possible routes suggested. 

 Multiple utilisation strategy was identified as means of integrating both the 

primary and secondary wastes from oil palm. 

 The use of OPW secondary waste as a chemical fertiliser alternative is 

proven on pepper production and capable of boosting pepper production 

at low cost. 

 The review also evaluated different works done in the field, compared and 

assessed the level of the advancement of the technology. 

 The challenges expressed by microwave thermal processes were 

addressed by the laboratory scale design and reactor evaluation to 



 

288 

overcome the challenge of tar deposition. These results were achieved to 

fulfil the gap of evaluating the effectiveness of different process routes. 

 The scientific influence is in the establishment of reactor behaviour in 

producing AC 

 Building a microwave thermal process facility with multiple output (biochar, 

bio oil, biofuels and ash) could increase profit. The same project 

responsible for the supply of bio-oil and biofuels with low-cost feedstock, 

could be efficiently managed to produce activated carbon. 

 In scaling up, this research identified activating agent as a key component 

to regulating arcing and ensuring quick activation. 

 This research suggested the design of a reactor with composite material 

to overcome heating by conduction on the wave path. Defining the material 

interactions during activation which would aid in the design of appropriate 

machines for efficient AC production. The activation trial and 

characterisation of effectiveness of Trona ore is one of the missing link for 

low-cost and safe activating agent. To fulfil the gap of the characterisation 

of the AC produced by microwave using trona ore. 

 The scientific impact of this process is establishing the triple bond in the 

AC produced using trona ore 

 Identifying the temperature range at which activation process is efficient 

using a combined palm waste 

 The impact of OPW AC in adsorption have a positive economic influence 

in the production process.  

 The validation of effectiveness of the feedstock indicates a cost reduction 

due to low cost raw material 

 AC with the ability to adsorb wide range of impurities and heavy metals 

 Indicating a high effectiveness of the production process adopted in this 

research. 
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 Approves of the production technique adopted and resolved the suitability 

of trona ore in activation process. 

 Predictive tools and process parameters relative to production of AC 

opened up by the technical evaluation of reactor interactions and could 

influence other related technologies such as biofuel and bio-oil 

productions. The challenges of high soil acidity against growing pepper, is 

resolved through the influence of biomass residue for amelioration.  

 The determination of yield efficiency and appropriate period of plantation 

is a tool to predict the outcome of related crops and fulfill the hypothesis 

of evaluating the effective of OPWA for growing pepper. 

 The field experiment established a planting response relative to weather  

 The yield factors show the effectiveness of mixed palm waste ash in 

growing pepper. 

 The impact of reduction of soil acidity and quick absorption of the nutrient 

prove OPWA as a cost effective alternative to chemical fertiliser. 

 AC production with a low-cost activating agent helps in reducing the 

production cost. Optimisation of thermal process relative to production 

method shows that microwave system saves time and energy 10-20 min 

against 1-2 h of conventional method. 

 The economic aspect of thermal processes for the production of AC can 

be influenced by appropriate integration of an optimised route.  

 Less chemical fertilizer could save about 30% of the production cost by 

applying ash coming from biomass thermal residues. 

 The tool has the ability to predict AC yield based on quantitative value. 

Biomass ash is a low cost and environmental friendly option of soil nutrient, it 

saves investment cost and boosts agricultural output. 

. 



 

290 

9 CONCLUSIONS AND RECOMMENDATIONS 

9.1 Conclusions 

This PhD project focuses on revaluation of solid residue from oil palm waste 

(OPW) in a mixed form. The utilisation of OPW is instigated based on the disposal 

challenges and other negative effects of these residues. The selection of OPW 

residue for the production of activated carbon and in soil amelioration, justifies an 

approach for an efficient waste management. To advance this principle, this study 

was planned to evaluate the efficient route for utilising these wastes and 

contribute to developing the technology in waste revaluation. The principal 

challenges in the processes were evaluated based on the resultant impact of the 

output, relative to technology advancement and economic gain. Therefore, the 

objective contingency with the research and results reflect the expert decisions 

for quality AC products, soil amelioration resulting in efficient waste utilisation and 

advance researches. 

The first objective, critique wastes generated in palm oil processing, its 

prospects and utilisation challenges in Nigeria. This considers the 

utilisation opportunities relative to government policies on waste. This 

reflects of utilisation opportunities relative to government policies on waste, which 

is based on general overview of the current waste utilisation status. Therefore, in 

this project some of the waste management challenges in the developing 

countries were appraised. Most developing countries are yet to have a waste 

regulation policies that incorporate agricultural waste management. This is due 

to low technology advancement, waste utilisation policies in agricultural sector 

has not gained a wide spread influence. Several routes of application are 

available although with low commercial status.  The relative challenges of the 

OPW and their potential applicability can boost the economy, provide 

employment and deliver opportunities for technology advancement. Oil palm 

thermal residue can be managed efficiently by recycling in the soil as a carbon 

source. 
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The subsequent objective with synopsis to, evaluate the effectiveness of 

different approaches in producing AC from OPW through safe activation. 

Determine the various challenges of producing AC from OPW through 

microwave and microwave interactions during activation processes. This is 

based on the various challenges of producing AC from OPW using microwave 

technique resulted in microwave interactions consideration during activation 

processes. These challenges were subjected to review of projects and studies by 

other researchers relative to OPW and other biomass materials. It was observed 

that microwave reactor interaction is unique and has the same principle with 

drying of biomass but due to the low dielectric property of OPW, reactor selection 

is important. The incident microwaves decrease by 63% of absorbed wave in a 

penetration distance Dp. Penetration Depth of Microwaves principle supports that 

the heating efficiency reduces with large particles. Scale of the microwave 

technique of AC production is in a developing stage and would require advance 

development to handle mixed biomass materials. During activation of CPW, the 

FC content increased from 16.25 wt% to 73.56 wt% for the single step 

conventional technique and to 76.60 wt% for a 2-step conventional technique, 

demonstrating the superiority of the two-step process. Comparative study of 

conventional and microwave show the later to be quicker and saves energy, 10-

20 min against 1-2 h of conventional method. Environmental health and safety of 

different approaches were considered. The evaluation of how several chemicals 

impact on the AC products show that trona ore is efficient in the activation 

process. The conclusion also precipitated the design of a microwave system for 

AC production with adjustable parameters and capacity for efficient removal of 

volatiles.  

There subsequent approach obliged to Characterise the activated carbon 

produced from a novel activating agent (Trona ore) using Scanning electron 

microscope, Fourier transform infrared spectrometry and adsorption of 

heavy metals (although, not within the scope of the research. The results 

show that morphology of the AC produced were honeycomb-like, the total volume 

and surface area of the AC produced by this technique improved relative to the 

conventional approach. The AC yield was improved in this process and this 
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confirms that direct activation process enables effective activating agent and 

biomass interaction for the release of volatiles with no obstruction of the pores. 

The optimum results for the conventional production technique at 800 oC yielded, 

SBET 920 m2/g Vtotal 0.840 cm3/g, mean pore diameter 2.2 nm and AC yield 40%. 

The optimum outcome of the microwave assisted technique for CPW was 

obtained at 600 W, SBET is 980 m2/g; Vtotal 0.865 cm3/g; mean pore diameter 2.2 

nm and AC yield is 42%. The microwave technology approach to AC production 

is efficient for heterogeneous waste which is a low-cost option and results in AC 

with capacity to adsorb metal(oid)s. The method of activation influenced the 

morphology, single-step activation with microwave has unbroken pores while the 

two-step and conventional techniques have ACs with broken and uneven pore 

linkages. The process was more favourable for microwave activation method due 

to energy and time saving due to a reduced activation duration. The pore 

structures were enhanced by the increase in microwave power from 460-600 W 

and temperature from 500-800 oC and beyond 100 oC, the changes were not 

significant. The AC produced in this study has the potential to be used for heavy 

metal, dyes and other gases adsorption due to high surface area of about 1220 

m2/g, defined pore structures and the presence of double and triple bonds on the 

surface of the materials. The characterisation further revealed that trona ore is 

effective compared to other activating agents such as K2CO3, and Na2CO3. 

The cycle of utilisation was extended by the use of OPW thermal residue to apply 

in the soil. This was done to determine the physiochemical effects of palm 

waste ash as fertilizer to grow pepper in two Nigeria soils. Consider the pre-

planting conditions and seasonal evaluation of the yield relative to the 

quantity of palm waste ash. The pre-planting conditions and seasonal 

evaluation were assessed and the crop yield relative to the quantity of PWA per 

plot in two seasons. This study has shown an innovation in the application of 

mixed palm waste ash to the soil and the resultant impact through the interaction 

with soil, by increasing agronomic efficiency of Habanero chilli pepper by 66-69% 

and Scoville value by 3.52%. Site A had a better response to OPWA than site B, 

which could be as a result of planting period and being more fertile. Site A control 

and highest OPWA treatment yielded 0.79 and 66.2 tonnes/ha while site B had 



 

293 

1.62 and 32 tonnes/ha respectively. The fruiting stage in site A, was not resilient 

to the dry weather and low soil moisture, therefore requires irrigation to survive 

the fruiting period. Site B does not require further irrigation for the initiation of 

second stage of fruiting. For efficient output of pepper production in southeast 

Nigeria, soil acidity should be lowered from pH (4.4-4.8) to at least pH 7.5. The 

planting period should not rely solely on the performance of the nursery. The 

variation between Control and OPWA treatments, witnessed significant growth 

rate, yield, morphological changes and the change in yield, which are relative to 

treatment rates. 

Finally, the two utilisation techniques were considered. The assessment of 

technology and economic valuation of the CPW thermal processes in AC 

production and OPWA application for soil amelioration using Aspen plus 

economy for simulation were appraised. The production of AC and the 

application of OPWA to the soil were jointly evaluated and used as a summary 

framework. This is achieved by the assessment of technology and economic 

valuation of the CPW thermal processes in AC production and OPWA application 

for soil amelioration using Aspen plus economy for simulation. OPWA is realised 

as an alternative to chemical fertilizer especially for the treatment of ultisol and 

acidic soils. This is most useful where the fertilizer market is not easily accessible. 

There is an estimated capital expenditure of $280, 400, 000 for biomass thermal 

plant and conversion process. Annual production sale of bio-products is 

estimated at ($) 110, 300, 000-130,110, 000, Net present value of profit at ($) 

937, 550, 000-1, 105, 935, 000, Net present value of operation and maintenance 

cost ($) 297, 238, 489 and Accumulated Net present value of all cost ($) 669, 

734, 489. The Net present value of the project ($) 885, 470, 000-1, 053, 855, 000, 

the Benefit cost ratio, 1.25-1.4, Payback period, 8.2-9.8 and Internal rate of return 

(%) 14-17.2 years. Therefore, commercial attention is more on AC which has a 

viable market value and a reliable business; although, it has a high initial capital 

investment. The general efficiency of the two processes depends on 

requirements and demand and economic relevance of the project is dependent 

on the multiple application of the waste for different purposes. Dual stream 

economic prediction shows that waste management can play a vital role in 
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pollution control and add value to the economy. The relevance of these utilisation 

approaches are well demonstrated in this study. Hence, the necessity to widen 

the factor of OPW utilisation to ensure efficient waste revaluation for economic 

and environmental benefits. Some areas of this study require further analysis and 

advance assessment, which will ensure continuous advancement of the project. 

They are identified and outlined in the below recommendation section. 

9.2 Recommendations 

Focus on the overview of this study and the stage of utilisation of agricultural 

waste biomass; ideas and projections are required to advancing studies in this 

area. The technical challenges in the procedures could help enhance other 

aspects of thermal processes, encourage the commercialisation of the AC 

production using microwave and promote studies on production of syngas and 

facility management. These recommendations could also help in formulating 

policies, developing models and structures for overall scientific improvement. The 

research recommendations and opportunities are outlined here: 

 There is a need to develop an adequate agricultural waste agenda in 

developing countries and formulate a regulation for agricultural waste 

utilisation techniques.  

 Use of other environment friendly activating agents for the production of 

activated carbon and its applicability for separation science sector.  

 The design of a composite reactor for an industrial production of AC is 

necessary to enable heterogeneous waste stream of the process.  

 Biological activating agents should be tried for both conventional and 

microwave methods.  

 The importance of water jackets for the microwave reactors should be 

examined and the relevance could help improve the microwave-reactor 

interactions. 

 The impact of biomass ash on the microbial activities and their effect on 

crop physiological response can be studied further.  
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 The long-term impact of biomass ash on soil and crop is necessary in order 

to avoid post-harvest shock.  

 Design and develop a computer software program that predicts the soil 

chemical changes relative to ash application.  

 Design a tool for predicting crop yield production with and without fertilizer 

application. 

 The economics of AC production and ash application can also be 

compared base on environmental value.
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APPENDICES 

Appendix A Preparation and activation of AC from CPW 

A.1 Process yield  

 

Figure A-1 Yield from CPW relative to temperature 
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A.2 AC production 

 

Figure A-2 Microwave setup and process equipment for AC production 
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A.3 Characterisation by FTIR 

 

Figure A-3 FTIR of all the samples 
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A.4 Proposed design for large-scale microwave AC production 

system 

 

Figure A-4 Proposed design for large scale AC production system 
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Appendix B Weather report 

B.1 Weather report 

 

Figure B-1 Weather report for site A 
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Figure B-2 Weather report for site B 
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Figure B-3 Combined weather report relative to planting and transplanting 

 

 

 

 

 

 

 

 

 



 

304 

Appendix C Plant analysis 

C.1 Field and treatment setup 

 

Figure C-1 Treatment and application rate 
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C.2 Field and treatment setup 

 

Figure C-2 Nursery response in two weeks 
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C.3 Field and treatment setup 

 

Figure C-3 Nursery survival rate 

 

 

 

 

 

 

 

 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

% SURVIVAL RATE OF NURSERY

SITE B SITE A



 

307 

C.4 HCP fruit analysis 

 

Figure C-4 Fruit characteristics 
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Appendix D Economic assessment 

D.1 Process yield under different conditions 

Table D-1 Process yield 

 % output/yield 

Temperature (oC) Gas Tar Moisture Biochar 

Pyrolysis      

Scenario A1 400 60 9 8 23 

Scenario A2 500 65 5 10 20 

Scenario A3 600 70 5 10 15 

Scenario A4 700 72 3 15 10 

Scenario A5 800 75 1 16 8 

Gasification      

Scenario B1 500 70 0 15 15 

Scenario B2 600 75 0 12 13 

Scenario B3 700 80 0 10 10 

Scenario B4 800 88 0 7 5 

Scenario B5 900 90 0 8 2 
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Appendix E Arsenic adsorption 

E.1 Arsenic Removal from Aqueous Medium by Combined Palm 

Waste Activated Carbon and Modified Biochar Prepared by 

Microwave 

 

Figure E-1 Journal paper prepared for publication 
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E.2 FTIR for trona ore activated carbon 

 

Figure E-2 FTIR illustration of activated carbon used in adsorption 
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E.3 Characterisation of activated carbon produced under different conditions 

Table E-1 The characteristics of CPW and the comparison of porosity structure of the AC for arsenic adsorption 

 

Activation mode Activation 
time 

Activating 
agent 

BET surface 
area (m2/g) 

Vmicro Vmeso Total pore 
volume 
(cm3/g) 

Adsorption 
capacity 
(mg/g) 

Conventional (CT-1) 1 hr Trona ore 920 0.354 0.356 0.840 2.65 

Microwave (MT-2) 20 min Trona ore 980 0.380 0.256 0.865 4.28 

Conventional/Microwa
ve (CMT-3) 

20 min Trona ore 900 0.380 0.310 0.660 1.66 

2-stepConventional 
(2CT-4) 

1 hr Trona ore 870 0.162 0.286 0.622 1.44 

Microwave (MTA-5) 20 min Trona ore/ 
Ammonium 
citrate 

1055 0.350 0.374 0.785 4.70 

Conventional (CTA-6) 1 hr Trona ore/ 
Ammonium 
citrate 

955 0.215 0.280 0.750 2.12 
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E.4 Adsorption kinetics and isotherm models 

 

Figure E-3 Adsorption isotherms simulations for As (V) adsorption by AC 

at initial concentrations of 10–100 mg/L at 25 °C 
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Table E-2 The characteristics of CPW and the comparison of porosity 

structure of the AC for arsenic adsorption 

 

Isotherm Parameters Arsenic concentration (mg/L) 

  6 30 65 100 

Pseudo first order K1 0.014 0.015 0.004 0.004 

 R2 0.75 0.88 0.98 0.91 

 qcal 1.14 1.90 14.2 52.40 

Pseudo second order K2 0.06 0.04 0.01 0.012 

 R2 0.999 0.999 1.000 0.999 

 qe 9.4 17.1 25.5 28.50 

Intra-particle Kdiff 0.320 0.635 1.055 1.285 

 R2 0.902 0.875 0.865 0.858 

 C 5.08 8.83 8.38 5.28 
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E.5 The effect of adsorbent dosage 

 

Figure E-4 Adsorbent dosage relationship with adsorption capacity for 

MTA-5 
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E.6 The effect of solution pH 

 

Figure E-5 Removal of arsenic at diverse pH for 25 oC, adsorbent dosage, 

10 mg/L; initial concentration, 20 mg/L 
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Figure E-6 Final pH after arsenic adsorption at various initial pH 

This study evaluates the adsorption parameters of CPWAC for As (V) ions 

removal. The outcomes validated that the adsorption efficiency is hugely reliant 

on pH of the solution. Additionally, the isotherm study established the positive 

adsorption of As (V) process, agreeing to Langmuir adsorption isotherms. The 

kinetic of adsorption can be designated by pseudo-second-order model and 

intraparticle diffusion model as a model of transmission. The intended 

thermodynamic factors supported the exothermic and spontaneous status of the 

As (V) adsorption process using OPWAC. Oil palm waste can be utilised 

efficiently in AC production. The results of the current study show that the use of 

Trona ore for AC production is efficient and modification with Ammonium citrate 

improves adsorption efficiency for the removal of As (V) from wastewater. There 

is an increase in the percentage removal of arsenic by 4.8 % with direct activated 
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AC and biochar modified AC respectively. This is due to the higher SBET of MTA-

5 with 1055 m2/g than MT-2 with 980 m2/g. The adsorption capacity is relatively 

reliant on the pH of the solution and the kinetic of the sorption is interpreted by 

pseudo-second-order model. There is non-linearity all the parameters influence 

the adsorption and must be in equilibrium for optimum adsorption of arsenic in 

the medium. The variation in in Fourier transform infrared spectrometry illustrates 

the existence of triple bonds and hydrophilicity of the produced AC from both 

techniques. 


