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ABSTRACT 

Biomass energy has been becoming increasingly important in dealing with the 

challenges which the world is facing in terms of energy security and sustainable 

development. It can be considered as concentrated solar energy stored in green plants 

via photosynthesis hence it is renewable and environmental friendly, depending on 

its supply chain.  

In Australia, as a byproduct of dryland salinity management, mallee biomass is 

produced at a large scale, small carbon and energy footprints. Therefore it is a true 

second-generation feedstock for the production of energy, chemicals and other 

value-added products such as biochar and/or activated carbon (AC).  

There are several attractive options for biochar utilization. Biochar can be returned to 

soil as carbon sequestration and soil amendment. Biochar can also be directly used as 

a solid fuel for energy supply. Additionally, biochar can also be further activated to 

produce AC, which has wide applications worldwide. For all of these applications, 

good properties of biochars are desired so that necessary treatment of biochars may 

realize such goals. For mallee biomass, while there have been substantial research on 

producing bio-oil via pyrolysis, there are still significant scope for research into 

using partial gasification for improving biochar properties and producing high 

quality AC.  

The present study carries out a systematic experimental approach to investigate the 

pyrolysis/gasification behaviour of mallee biomass (wood, leaf, and bark 

components). It focuses on understanding the evolution of gas products and biochar 

structure, particularly at low conversions which are relevant to improving biochar 

quality and AC production. The specific objectives of this study are  to: (1) 

investigate the effect of key parameters on the characterisctics of biochar such as 
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temperature, holding time, and heating rate; (2) probe the behavior of biochar steam 

or CO2 gasification and the transformation of inherent inorganic species; (3) 

understand biochar steam gasification pathway at low carbon conversion and the 

transformation of inherent oxygen in biochar during the course of steam gasification; 

(4) investigate the evolution of biochar structure during biochar gasification, 

focusing on differences in the mechanisms between steam and carbon dioxide 

gasification. These objectives have been successfully achieved in this PhD study. 

Firstly, due to the significant differences in the chemistry of various mallee biomass 

components (leaf, bark and wood), there are significant difference in the thermal 

decomposition of various biomass components. While leaf and bark contains 

substaintial inorganic nutrients (hence good for soil application) due to their high ash 

contents, wood component is more suitable for AC production. A larger particle size 

favours the production of biochar production. The optimum holding time for 

pyrolysis appears to be 1h for producing biochars from wood particles of 1-2mm at 

500℃. Temperature and heating rate played significant roles in the chemical and 

physical structure of biochars. The surface area of slow-heating and fast-heating 

biochars produced from pyrolysis at 350-600℃ generally have low BET surface 

area (<50 m
2
/g). Such data may have important implications to applying biochar for 

soil application.It is known that biochar applied in soil can change the porosity of 

soil so that change the percolation model, holding time, the pathway of soil moisture 

and keep the soil water. The carbon content of biochar can increase soil organic 

matter while inorganic matter of biochar can be treated as fertilizer. The pore 

structure of biochar may provide more space for the development of roots and 

microbes. Due to the low BET surface area, regardless its applications in soil or for 

AC production, the results in this study show that biochar directly produced from 

pyrolysis need to be treated for increasing surface area and producing desirable pore 

structure.  

Secondly, this PhD study carried out a systematic study on biochar steam gasification, 
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focusing on the reaction mechanism at low carbon conversions, with obvious 

objectives of maximizing product yet, at the same time also improving the properties 

of biochar products for applications such soil amendment and AC. For biochars 

produced from wood pyrolysis at 750℃  and 1h holding time, partial steam 

gasification can significantly increase the surface area of biochar from <50 to 950 

m
2
/g after 40 min activation in steam. At the same temperature, even with only 5 min 

steam gasification (corresponding to a carbon conversion of 5.5 %), the surface area 

of the partially-gasified biochars (with 15min holding time) can be increased to be 

526 m
2
/g. This provides a promising method to tune the biochar structure.  

Efforts were also taken to understand the composition of evolved gas product during 

partial biochar steam gasification. The gas product contains mainly H2, CO, CO2.  In 

agreement with related studies, the primary product of COx from gasification is CO 

while the formation of CO2 is more likely from the water-gas-shift reaction. It was 

also found that while the majority of oxygen involved in biochar gasification was 

provided by steam, ~20% was supplied by the inherent oxygen present in the biochar. 

Therefore, it is clear that for solid samples like biochar which also contains abundant 

heteroatoms, the inherent oxygen can play an important role in the biochar 

gasification reactions, particular during the early conversion stage. 

Thirdly, during the course of CO2 gasification of wood char, the Raman results 

showed large aromatic-ring clusters in the biochar tend to be enriched in the reacting 

biochar as conversion increases. Also, it is interesting to note that at a carbon 

conversion below 15%, gasification of biochar in H2O and CO2 at 750℃ showed 

similar specific reactivity. At conversions >15%, the specific reactivity of biochar 

under steam gasification was higher obviously than that in CO2 gasificaiton. CO2 

gasification also leads to a slower increase in the BET surface area of 

partially-gasified biochar. Therefore, different optimal parameters are required for 

adjusting the biochar properties via gasification using steam and CO2.  
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Fossil fuels have been the cheap and available energy source for powering the global 

economy since industry revolution. However, there are two major issues related to 

fossil fuel use. One is the continuously depletion of fossil fuel sources; the other is 

the adverse environmental impacts eg carbon emissions that is believed to be at least 

partly responsible for global warming and climate change.
1
 Therefore, renewable 

energy, particularly biomass, has been attracting increasing attention worldwide to 

address these issues. The International Energy Agency (IEA) predicted that biomass 

energy will increase to ~11.7% of the total global energy supply by 2030.
2
  

In Western Australia, mallee planting is a key strategy for managing dry land salinity 

and preventing the loss of fertile agricultural land.
3
 It does not compete with food 

production, rather it complements food production.
4
 It is known that mallee biomass 

production is of large scale and has small energy and carbon footprints. 
3, 5

 Therefore, 

mallee biomass can be considered as a second-generation feedstock for the 

production of energy, chemicals and other value-added products.  

Mallee biomass as a renewable energy feedstock has been extensively researched 

recently. 
6-11

 Particularly, via pyrolysis, bio-oil and biochar can be produced from 

mallee biomass. The characteristics of bio-oil from the pyrolysis of mallee biomass 

were also reported. 
12-14

 and biochar as a solid product is also found to have many 

properties including excellent grindability and high energy density.
8
  

Besides used a solid fuel, biochar can find attractive applications in carbon 

sequestration and soil amendment. It is also a good feedstock for activated carbon 

(AC) production. For all of these applications, good properties of biochars are 

desired so that necessary treatment of biochars may realize such goals. However, 
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only scattered studies
15-18 

can be found in the literature, focused on these aspects. 

Phussade Patunukao
15

 worked on AC preparation from mallee bark using phosphoric 

acid gasification. Tancredi used Eucalyptus grandis to prepare AC via steam 

gasification but applied extensive carbonization at the pyrolysis temperature (2 hours) 

and a high burn-off (>25%) during steam gasification.
19 

Arriagada compared the 

performance of AC production via CO2 and steam gasification however the effect of 

char preparation during pyrolysis was not studied. 
20

 Therefore, there is substantial 

scope for research into these important aspects. 

1.2 Scope and Objectives 

Therefore, this PhD project carried a systematic experimental program to investigate 

the properties of biochars from mallee biomass (wood, leaf, and bark) after pyrolysis 

and partial gasification. A series of biochar under different conditions were produced. 

Steam and carbon dioxide were applied to activate biochar. Low carbon conversions 

were considered. To gain a fundamental understanding on the mechanism of biochar 

gasification, gas products were also analyzed during the course of biochar 

gasification reactions. The study considers various reaction conditions and key 

parameters (e.g. raw materials properties, operation conditions), deploying an array 

of facilities for characterizing the properties of biochar and AC. 

The specific objectives of this research are as follows: 

(1) To investigate the pyrolysis behavior of various mallee components (wood, leaf 

and bark) under various conditions; 

(2) To understand the characteristics of biochar produced from pyrolysis and partial 

gasification and then further discuss the implication for biochar application including 

soil amendment and AC production;  

(3) To investigate the role of inherent oxygen present in biochar and its implication to 

biochar gasification mechanism at low carbon conversion levels (<10%); 



                                                             CHAPTER 1 

 

Study of the Mechanism of Pyrolysis and Gasification of Mallee Biomass 3 

(4) To investigate the development of char structure under gasification in steam or 

CO2 and further figure out the optimal conditions for AC production. 

1.3 Thesis Outline 

There are a total of 8 chapters in this thesis (including this chapter). Each chapter is 

listed as follows, and the thesis structure is schematically shown in the thesis map 

(see Figure 1-1). 

 Chapter 1 introduces the background and objectives of the present research. 

 Chapter 2 reviews the up-to-date literature on biochar production and 

gasification, identify research gaps then list the objectives of this research work. 

 Chapter 3 summarizes the research methodology, including samples, 

experimental facilities and analytical techniques employed in this study. 

 Chapter 4 investigates the properties of biochar produced from mallee biomass 

under various pyrolysis conditions, considering the effect of temperature, heating 

rate, holding time, and sample size.  

 Chapter 5 reports the data on biochar steam gasification, including char 

gasification reactivity and the role of pyrolysis in the steam gasification.  

 Chapter 6 focuses on the roles of inherent oxygen (present in biohars) on biochar 

gasification and their effect on gas composition.  

 Chapter 7 further investigates the gasification of biochar in CO2 conditions and 

the evolution of char structure during gasification.  

 Chapter 8 concludes the present study and recommends future work. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

Biomass, any organic matter that can be used as an energy source, has been used by 

human beings for a longer time than any other energy source. There are four main 

ways to utilize it including burning, bacterial decay, fermentation, and conversion to 

gas/liquid fuel. At present, the conversion of biomass to gas/solid fuel contributes a 

new energy source which has been attracting world-wide attention to face future 

energy challenges sustainably. Pyrolysis and gasification of biomass can be a 

promising way to convert biomass to gas /liquid fuel/char. Most commercial plants 

control the process to realize the target of one of the fractions as primary products. 
21

 

Biochar can be used directly as soil amendments to improve soil and sequestrate 

atmospherical carbon dioxide. Solid residue during gasification in industry is 

disposed of by burning. However, these solid residues can possibly be further treated 

as value-added activated carbon since porous structures have been developed during 

gasification.  

Over the past two decades, there have been abundant studies on activated carbon 

production from coal and biomass; however, little literature has been found based on 

mallee biomass. This chapter starts with reviewing mallee biomass production in 

Western Australia followed by key issues regarding biomass supply. A brief review 

on activated carbon production and their characteristics is given. The research work 

of biochar steam gasification and carbon dioxide gasification was then summarized. 

Finally, the conclusions of the key research gaps and the thesis scope were identified. 
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2.2 Mallee Biomass in Western Australia (WA) 

Mallee belongs to the eucalypt family and grows with multi-trunks arising from a 

lignotuber. It is fast growing (3~4years growth time) and can be planted in low 

rainfall (mean annual rainfall at 300-600 mm) zone. 
3, 22, 23

 More than 14 000 ha (30 

million trees) have been planted across the “wheat-belt” region
24

 of Western 

Australia.  

Due to its large scale, small carbon and energy footprints production,
 3, 23, 25-29

 Mallee 

has been attracting increasing Research & Development recently. Mallee biomass 

can be ~10 million dry tonnes per annum.
 33 

In WA, mallee biomass was planted 

initially to manage the salinity problem since early 1990. Recent life cycle analysis
23

 

indicates that Mallee production in Western Australia can achieve an annual energy 

productivity of over 200 GJ ha
-1

 y
-1

 within a 75 kilometer transport radius. Such 

energy performance is considerably higher than that achieved by other annual or 

other short-lived agricultural crops like canola. All these characteristics of mallee 

make it a competitive source of biomass feedstock for activated carbon production in 

WA. 

2.3 Mallee as Biomass Supply and Motivations of Using Mallee Biomass as 

Feedstock for Biochar and Activated Carbon Production  

Mallee biomass can contribute greatly to energy security and local economy with the 

production of energy, chemicals and other value-added products. Since mallee 

biochar was obtained via the pyrolysis of mallee biomass and activated carbon (AC) 

was the final solid product of further gasification of biochar, the mechanism of 

pyrolysis and gasification of mallee biochar is the major focus of this study. 

Knowledge of AC production should be mentioned as well.  

Although there is an abundance of mallee in WA, some challenges of using this 

biomass as a feedstock for AC production have to be overcome. 
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  Mallee biomass supply   

Usually AC production, like other industrial products, is based on its profit. The 

economics and availability of feed stock is of vital importance. Many issues have to 

be considered for the supply chain of mallee biomass including storage, sizing, 

transportation, pre-processing, etc. Biomass is characteristic of bulky, 

high-moisture-content, low-energy-density, and fibrous nature.
8
 The moisture content 

and energy density of mallee biomass 
30

 is ~45% and ~10 GJ ton
-1 

respectively. Such 

characteristics lead to uneconomical transport of mallee biomass for long distances 

and are a major constraint of planting biomass as a dedicated bioenergy feedstock. 
5
 

Moreover, due to the bulky and fibrous natures of biomass, the grindability of 

biomass is poor resulting in possible undesired consequences such as significant 

increase of the cost for size reduction (milling costs), expensive storage and drying, 

and maintenance cost. 
8
  

 Motivations of using mallee biomass as biochar and activated carbon feed 

stock 

To overcome the above shortcomings of direct use of biomass, various pre-treatment 

technologies have been developed such as drying, 
31

 pulverizing, 
32

 palletizing, 
10

 and 

pyrolysis. 
8, 9

 Among the processes, pyrolysis is a flexible technology. 
33-37

 By 

controlling the operating conditions, it is possible to convert bulky raw biomass into 

high-energy-density fuels such as gas, bio-oil
34, 35, 38, 39

 and biochar. 
8, 37, 40

 Adding 

biochar to soil could realize soil amending and carbon sequestration. 
41

 By activating 

biochar, activated carbon can be produced. Various biomass such as coconut shells, 
42

 

oil palm  empty fruit bunches, 
43

 rice husk, 
44

 wheat straw
45

 have been chosen as 

carbon source for activated carbon production. However, only few researches have 

used mallee biomass for the production of bio-oil and/or biochar from the pyrolysis 

of mallee biomass. 
6, 13, 14

 Scattered work has been done so far on treating mallee 

biomass biochar as AC production feedstock. 
20,

 
17

 Considering the production of 
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mallee and the promising market of AC, it is desirable to investigate its feasibility as 

the carbon source for AC preparation. 

2.4 Activated Carbon Characteristics and Production Methods  

2.4.1 AC Structure  

The application of activated carbon has been known for at least 5000 years. 
46

  At 

present, predesigned activated structure was produced. The uniqueness and 

versatility of activated carbon broaden extent of its application even in many 

complicated separation processes. 
46

 

 Pore structure and functions 

The adsorption ability and strength of AC mostly depend on AC structure including 

the porosity and surface structure. The normal types of pores are defined by 

International Union of Applied Chemistry are shown
47

 in Table 2-1. Micropore can 

be divided into ultramicropores (size <0.7 nm) and supermicropores (size between 

0.7nm and 2 nm).  

Table 2-1: The pore width and the type  

Type Width(nm) 

IUPAC 

Width(nm) 

Convention 

Volume(cm
3
/g) Specific surface 

area(m
2
/g) 

micropore ﹤2 <1.5-1.6 0.2-0.6 400-100 

mesopore 2-50 1.5-1.6~100-200 0.1-0.5 20-70 

macropore >50 >100-200 0.2-0.8 <0.5 

The isotherms present a plot of volume of adsorbate (mmol/g, or ml/g) against the 

relative pressure (P/P0). Considerable structural information of material can be 

obtained from visual inspection of their isotherms. In 1985, IUPAC developed a 

standard classification of general isotherm types. The detailed explanation is 

presented in Figure 2-1. 
48
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Figure 2-1: The IUPAC classification of adsorption isotherm shapes 
48

 

The reversible type I isotherm represents micro porous adsorbent with 

monomolecular adsorption. There is a steep increase at low relative pressure due to 

the filling of micro-pores. After that, the curve levels off indicating the entire 

coverage of adsorbate on the adsorbent.  

The reversible type II isotherm represents a non-porous or macro porous adsorbent. 

There is an unrestricted monolayer-multilayer adsorption. Point B is often taken to 

the point of complete monolayer coverage followed subsequently by multilayer 

adsorption. 

The reversible Type III isotherm is not common and there is no distinct point B. 

However, in a number of systems (eg. nitrogen polyethylene), isotherms with gradual 

curvature and an indistinct Point B may occur where the adsorbate-adsorbate 

interactions play an important role. 

The type IV isotherm is characterized by its hysteresis loop where capillary 

condensations take place in mesopores. The initial part of the isotherm is due to the 

monolayer adsorption. These isotherms are common for many mesoporous industrial 

adsorbents. 

The type V isotherm is uncommon, but is obtained with certain porous adsorbents. 
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The type VI isotherm represents stepwise multilayer adsorption on a uniform 

non-porous surface and step-height represents the monolayer capacity for each 

adsorbed layer. 

The adsorption and desorption isotherms provide solutions to the industry use such 

as safe and efficient storage. The curves themselves can provide more information 

rather than values obtained from them. For example, the characteristic of AC with the 

same value of surface area may have different pore size structure resulting in varying 

performances in applications. In practice, the adsorption effect of AC is determined 

by both AC structure and molecular structure of adsorbate. In other words, the pore 

width of adsorbent must match the adsorbate molecules or ions，and only the porosity 

into which these molecules or ions can enter is effective porosity. The possible 

conditions are shown in Figure 2-2. The diameter ratio between adsorbent and 

adsorbate, at which the adsorption efficiency is the highest, is about 1.7~3.3. 
49

  

 

Figure 2-2: Adsorption model 

According to the relationship between the pore width and adsorbate molecule 

diameter, the adsorption can be divided generally as follows:  

(a) The molecule diameter of adsorbate is far smaller than pore width of adsorbent. 

Although it is easy to adsorb, it is also easy to desorb and the rate of desorption is 

very high, thus the overall adsorption ability is very low.  
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(b) The molecule diameter of adsorbate is relatively smaller than the pore width of 

adsorbent. Because capillary condensation will occur in the pores, adsorption 

capacity of AC will be high. 

(c) The molecule diameter of adsorbate is nearly the same as the pore width of 

adsorbent. In this case, although the adsorption ability of AC is very strong, it can 

only be used in extremely low concentrations. 

(d) The molecule diameter of adsorbate is bigger than the pore width of adsorbent. 

Due to the effect of molecule size, molecules cannot enter into the pores. Thus the 

adsorption ability of AC cannot be realized.  

Although the adsorption ability of AC is controlled by the quantity and structure of 

micropores, it is the primary condition that there are macropores and mesopores 

which can act as the pathway of adsorption; thus, a good quality of AC requires not 

only micropore, but also appropriate ratio and array of the structure of mesopores 

and macropores. 

Generally speaking, microporous carbon (70~90%) is used mostly in the gas phase 

50
treatment like gasoline emission control, low-pressure gas storage, industrial 

emission gas treatment, solvent recovery, cigarette filters, and electrode. Mesoporous 

carbon is applied in liquid phase treatment such as drinking water purification, 

waste-water treatment, sweetener discoloration, food, and chemical processing.  

 Chemical structure of AC surface  

Chemical properties of AC are determined by hetero atoms such as H, O, N, and S 

assembled on the surface. Surface oxides are the most common groups on AC 

surface. There are many types of functional groups (shown as Figure 2-3) of surface 

oxides such as acidic groups like (a), (b), (c), neutral functional groups (d) , and 

alkaline group like (e). Methods such as exchanging reaction with diazomethane, 

esterification reaction with methanol, and other chemical reaction can be used to 
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identify these groups. 
51

  

 

 Figure 2-3: Possible functional groups: (a) phenolic hydroxyl group, (b) carboxyl 

group, (c) carbonyl group, (d) base-lactone and, (e) pyranoid ketone.  

When acid or alkali surface compounds are formed, hydroxyl with acid or alkali is 

produced after hydrolysis. Through ion exchange, the compounds with alkali (or acid) 

are adsorbed in aqueous solution. So the different adsorption abilities to alkali (or 

acid) solution appear. Generally, the surface of AC generated by ZnCl2 and steam 

gasification is acid and alkali respectively. 
52

  

 Characteristics of AC 

To test and characterize the quality of AC, various techniques are developed (shown 

in Table 2-2). Comprehensive evaluation methods are usually applied to evaluate the 

adsorption performance of AC. For example, iodine value [representing micropores 

(0~2nm)] and methylene blue adsorption value [representing 1.5nm micropores, 

mesopore (2~5nm)] are used to evaluate the micropore specific surface; some big 

molecules with a given structure are applied to demonstrate the development of 

mesopore; a phenol as a delegate of complex organisms is applied to determine the 

adsorption ability of activated carbon. Certain index such as alkyl benzene sulfonate 

(ABS) value is commonly used to indicate the adsorption ability of AC to remove 

foreign odour of water.  
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Table 2-2: Summary of the methods for characterization of raw materials and AC  

Objective Method 

Chemical Compositions Inductively coupled plasma-mass spectroscopy (ICP-MS);  

Organic element analyzer; 

Perkin Elmer GCs; 

Transmission Electron Microscope (TEM);  

X-ray fluorescence spectroscopy (XRF); 

SEM-EDX;  

Compound Structure FT-Raman spectroscopy;  

Raman; 

Morphology Micrometrics Tri-Star II Model ;surface area, surface area 

distribution; 

Mercury intrusion porosimetry;   

Small angle scattering; 

Scan Electron Microscope (SEM) ; 

X-ray diffractometry (XRD);  

Infrared spectroscopy;  

Thermal Analysis Differential thermal analysis (DTA) and thermo gravimetric 

analysis (TGA);  

Mineralogy X-ray diffractometry (XRD);  

Infrared spectroscopy;  

Particle Size Distribution Sieving analysis; Laser particle size analyzer;  SEM; 

  

Physical 

index 

Hardness 

/abrasion 

number 

 

 

 

 

ASTM standard measurement methods. 

 

impact 

strength 

Density 

 

Adsorption 

Methylene  

blue 

Iodine 

number 

Molasses 

Tannin  

2.4.2 Key Issues of AC Production from Biomass  

 Biomass cell structure 

Investigating the cell structure of mallee biomass is important to understand the 
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structure and application of AC produced from such feedstock, benchmarking with 

those from other substrates. Biomass consists mostly of the polymers cellulose, 

hemi-cellulose, lignin and extractives. The molecular structure of these three 

components and typical interactive plant cell wall showing their constitution are 

shown in Figure 2-4. Cellulose forms the structure of micell and is surrounded by 

hemicellulos, pectin and associated with lignin. Usually for wood biomass, the 

contents of hemicellulose, cellulose, and lignin are 10-30%, 40-50%, 20-30% 

respectively. 

 

 

Figure 2-4: (a) Interactive plant cell wall
53

; (b) molecular structure of lignin;       

(c) molecular structure of cellulose; (d) molecular structure of hemicellulose.  

Development of porosity of AC during gasification depends on the lignocellulosic 

composition of substrates 
54

 and the retention and dilation of cellular structure. 
55

 It is 

also known that feedstock with low structure order can be easier to be activated for 

porosity development. 
56

 Therefore, the coarse-cellular of the raw materials rather 
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than material-specific features (element composition) plays an important role in 

production of AC. If the porosity of raw materials is >35%, it will not be 

advantageous to produce AC with high quality. 
57

  

 Inherent inorganic species  

It is also well known that the additive gasification agents like transition metal Fe, Co, 

Ni, alkaline metal Ca can be used to produce mesopores of AC. 
58-59

 However, the 

effect of inherent inorganic species on biochar to produce AC via 

pyrolysis/gasification is still not clear. Some studies showed that de-ashing led to the 

increase of liquid yield and decrease of char yield during pyrolysis. 
60

 While biomass 

with high lignin, potassium and zinc (e.g. groundnut shell and coir pith), char yield 

increases on de-ashing. 
60

 It was also found that Kraft lignin experienced a rapid 

decrease of weight at a temperature above 750℃ because of the presence of 

Na2CO3.Na2SO4. 
61

 Apricot stones with low sulphur contents(external 0.04%) are 

useful for producing high BET surface. 
62

 The results are different for Pakistani coals, 

de-ashing results in decreased yield of tar and gas. 
63

 High ash content usually is not 

beneficial to the gasification so that pretreatment may be considered for ash removal. 

After gasification, coconut samples with lower total ash contents leads to the 

production of AC of higher iodine numbers. 
64

 So, inherent inorganic species may act 

as catalysts. 
56

  

2.4.3 Process of AC Production from Biochar  

Considering the original structure, the economics and the availability 
62

 of feed 

material, the most common feedstock 
65-70

 for AC preparation are plants (e.g. wood, 

nut-core),
39,56, 57, 71-73, 202

 coal (e.g. anthracite),
70

 petroleum (petroleum asphalt), 
74

 

waste materials 
69

 (e.g. sewage sludge, used tyre) and plastic materials.  

Physical gasification and chemical gasification are generally employed to produce 

AC. Physical gasification process involves two steps known as pyrolysis and 
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gasification. Pyrolysis determines the characteristics of resulting solid including 

structure and chemical composition thus playing a dominant role in structure 

evolution of biochar. 
75

 Biochar produced from pyrolysis is subjected to gasification 

process using gasification agents such as steam, carbon dioxide, air, oxygen or a 

mixture of them. The scheme of physical gasification is shown in Figure 2-5. In a 

chemical gasification process, such chemicals as potassium carbonate, zinc chloride, 

and phosphoric acid are commonly used. Firstly, the feedstock is mixed with 

chemicals directly or impregnated in chemical solution, after that the mixture is 

carbonized, and then products are washed to obtain the final AC product. These 

chemicals can physically or chemically modify the thermal decomposition of the 

precursors by inhibiting the shrinkage of feedstock and reducing the evolution of 

volatile matter and the formation of tars.
75

 Sometimes these two gasification methods 

are combined. For example, impregnating the biochar obtained through pyrolysis 

with chemicals then running gasification under CO2 was applied together. 
76

 

 

Figure 2-5: AC production via pyrolysis and gasification
77

  

 Pyrolysis 

As discussed above, pyrolysis plays a significantly important role in the development 

of the structure of activated carbon. Thus it is necessary to obtain basic 

understanding of the pyrolysis process.  

Carbonization is a kind of extreme pyrolysis where mostly carbon is the main residue. 

It is a thermochemical decomposition of organic material  which is typically carried 

out in a relatively low temperature in the range of 450℃ and 900℃ .
78

 This process 

Gases (CO, CO2, H2, H2O, CH4, CnHm) 

Solid (biochar) 

 

Liquids (tar, oil, naphtha) 

Oxyenated compounds (phenols, acid)  

Gas-phase reactions CO, CO2, H2, H2O,  

CH4, CnHm +5%products 

 

Char gasification reactions 

(Gasification, shift) 

AC+ CO, CO2, H2,  

H2O, CH4, CnHm  

pyrolysis 
Biomass (Cracking, polymerization 

, reforming, shift) 

app:ds:potassium
app:ds:carbonate
app:ds:zinc
app:ds:chloride
app:ds:phosphoric
app:ds:acid
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Organic_matter
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can be run either without the presence of oxidizing agents or with a limited supply 

where gasification does not occur to an appreciable extent. As shown in Figure 2-6, 

large complex hydrocarbon molecules of biomass break down to relatively smaller 

molecules thus producing gas, liquid, and char during pyrolysis. Pyrolysis occurs in 

the way of dehydration, decarboxylation, slow depolymerization and recombination 

of the decomposition at low temperature or with the presence of inorganic matter. 
79

 

The three biomass components have different decomposition temperatures: 

hemicellulose at 200℃~260℃ resulting in high yield of CO2, cellulose at 260℃

~300℃; lignin at 370℃~400℃ resulting in high yield of H2 and CH4. At higher 

temperature above than 550℃, the primary gas produced is CO. 

 

Figure 2-6: Model of Pyrolysis
77

 

Various distribution of different pyrolysis products (gas, liquid, and solid) can be 

obtained by controlling the pyrolysis process (see Table 2-3).  However, many 

competing reactions like cracking, devolatilization attribut to complexity of the 

pyrolysis. To understand the pyrolysis process, three main stages are mentiond and it 

should be noted that the temperature boundaries are not sharp and there are always 

some overlap between stages.  

(1) The first stage includes mainly dehydration and degassing (low than 300℃ to   

400℃). Main gas products such as CO2, CO, and H2S and small amounts of acetic 

Biomass 

Biochar+CO2+CO+H2            <250℃ 

 

Biochar+ Tar +CO2+CO+H2 +H2O+CH4+CnHm     >400℃ 

 

H2 + CO2+CO+CH4+CnHm    >700℃ + retention time 
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acid, formic acid, acetic acid, and second aldehyde are produced.  Usually, the 

temperature of this stage for wood and coal is 180℃~200℃and 300℃ ~ 400℃

respectively. This stage is accompanied with heat release, so it is an exothermic 

reaction phase. 

(2) The second stage includes the thermal pyrolysis mainly（300℃~600℃）. The 

cracking and reformation of functional groups such as O-H, C-C, C=C, C≡C, C=O, 

-COOH,-OCH3 ,and C-O-(C) lead to the production of CO2, CO, CH4, C2H6, H2 , 

methanol, formaldehyde, formic acid, acetone, and phenols. The rest of the solid 

residue is mainly carbon frame combined with hydrogen and oxygen. Wood starts 

pyrolysis at about 270℃ and this process will finish at 450℃. As for coal, the 

thermal pyrolysis will finish at around 600℃~700℃. The mechanical strength of 

char increased in this stage. 

(3) The third stage includes the polycondensation reaction mainly (above 600℃). 

The reformation and breakdown of function groups like C-O, C-H continues and the 

hydrogen, oxygen carbon in the char skeleton is further removed. Only small amount 

of gas is released. Aromatic structures are formed continuously and net 

microcrystalline structure increases. Carbon graphite is formed at higher temperature 

1000℃. The pyrolysis temperature determines the structure of biochar.    

 Gasification  

Gasification is different from pyrolysis which is usually carried out in none/poor 

oxygen atmosphere. During gasification, pyrolysis/gasification exists in the same 

time and gasification agents introduced to react with the biochar. Through 

gasification, 
75

 porous structure of AC is formed. With temperature increasing, more 

volatile matters will be released and plenty of secondary reactions take place in the 

physical production method. The main final products are AC, CO, and CO2. 
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Table 2-3: Characteristics of some pyrolysis process
77

 

Aim:To maximize CARBON production : Heating rate(HR) (<0.01~2.0℃/s), Final 

temperature℃(FT)（below 500℃）, long Residence time(RT) 

Pyrolysis type  RT HR FT Main products 

Carbonization Several hours or 

days  

Very low 400 charcoal 

Conventional 5~30min Low 600 Gas, bio-oil, 

char 

Aim: To maximize LIQUID production : high HR, medium FT(450℃~650℃), short RT 

To maximize GAS production : low HR, high FT(700℃~1100℃), long RT 

Pyrolysis type RT HR FT  Main products 

Fast 0.5~5s Very high 650 Bio-oil  

Flash <1s High <650 Bio-oil 

Flash <1s High >650 gas 

Ultra-rapid <0.5s Very high ~1000 Chemicals ,gas 

vacuum 2~30s Medium 400 Bio-oil 

Reactive pyrolysis Medium（500℃~650℃） High HR（10
4
~10

5℃ /S） short RT(below 2s) 

bio-oil 

Hydro-pyrolysis <10s High <500 Bio-oil 

Methano-pyrolysis 0.5~10s High 1050 Chemicals 

Residence time(RT); Heating rate(HR); Final temperature℃(FT). 

 Pore structure  

Porosity of activated carbon can be obtained by several ways including the creation 

of further porosity, widening of existing porosity, modifications to the surfaces of 

pores. 
80

 Much effort has been spent to stimulate the pore structure of activated 

carbon. The model of non-graphitzable carbon by Fralin,
81, 82

 shown in Figure 2-7, is 

remarkably accurate. 



                                                                                                   
CHAPTER 2 

 

Study of the Mechanism of Pyrolysis and Gasification of Mallee Biomass   20 

 

Figure 2-7: Drawings to illustrate the essential differences between (a) garphitizable 

(b) non-graphitizable carbons
83- 84

 

.  

Figure 2-8: Schematic representation of the structure of activated carbon
83- 84

 

 

Figure 2-9: Types of pores: a- uniform size; b- funnel shaped ; c- ink bottle shaped; 

d- blind pore; e- through pore; f- closed pore; g porous net work. 
85

  

Figure 2-8 shows that the spaces between imperfect sections of graphitic lamellas 

constitute porosity of carbon. These sections, with many structural defects, can be 

bonded together to create a three-dimensional network. The pore types are shown in 
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Figure 2-9. 
85

  

2.5  Parameters Affecting Pyrolysis and Gasification  

The major parameters that determine the process of pyrolysis and gasification 

includes temperature, heating rate, burning off, gasification time, gasification agent, 

and partial pressure of gasification agent. 

 Temperature  

As for gasification process, temperature must be high enough to guarantee the 

reaction between biochar and gasification agent. Generally speaking, the total pore 

volume of AC will increase with temperature in some temperature range. After the 

porosity volume reaches the peak, it will then decrease probably because of the 

sintering and collapse of pores. 
86

 Usually the higher the gasification temperature, the 

less amount of AC is obtained. 
87

 In the case of pyrolysis, Table 2-3 illustrates the 

fraction of products. A liquid fraction is the main fraction of product at low 

temperature and the gas produced including CO2，CO, CH4. Above around 500℃, 

amorphous carbon is formed and evolved gases are mainly CO, CO2. At 750
 ℃, 

biochar is decomposed fiercely, C and gases are generated. 

 Heating rate 

Heating rate determines the process of pyrolysis thus leading to different product 

fractions. For fast pyrolysis, reactions mostly happen in stage three (shown in 2.4.3) 

leading to higher release of evolved gas. Solid residues are macroporous chars which 

are useful to form micropore after the gasification. 
57

 On the contrary, slow pyrolysis 

experiences three stages completely. Jiang found that slow carbonization is good to 

the increase of specific surface area. 
88

 In industry AC production, heating rate 
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0.17K/s is commonly used, while the heating rate above 1000K/s is for gas 

reforming. 

 Burn off  

Under traditional process with H2O gasification, the porosity of different raw 

materials will increase with the increase of burn off. Micropore can be obtained at 

low burn off, with different volumes of meospores and macropores.
54

 Gonzalez 

found that the porosity and micropore volume development as a function of burn-off 

is similar for six precursors, especially at low burn off level. 
54

 The decrease of 

adsorption of low concentration n-butane by activated carbon justified the removal of 

an effective porosity with increase of burn-off. 
89

  

 Gasification agent 

The attributions of different gasification agents to the pore development of AC are 

different. CO2 (aerodynamic diameter 0.33nm) plays an important role to widen 

micropores in the late stages of gasification, and water vapor (aerodynamic diameter 

0.27~0.32nm) broadens micropores in the early stages. The pore volume activated by 

steam was less than that of CO2. However the microporous volumes of the two 

methods approached the same due to the dissolving effect of water volatilization and 

gasification in the high temperature. The effect of gasification was more prominent 

by water vapor in macropore and mesopore than the effect of CO2 gasification. 
90

 

 Partial pressure of gasification agents 

Wigmans 
91

 believed the increase of pore volume of AC, which was activated by 

steam at high temperature and low steam partial pressure, was mainly developed by 

the effect of steam deepening the pore rather than widening the pore; while, at low 

temperature and high steam partial pressure, the function of H2O was widening the 

pore. That means micro porous AC was easily obtained at high temperature and low 
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steam partial pressure, and mesoporous and macro porous AC was easily obtained at 

low temperature and high steam partial pressure. Chiung and Fenchang obtained a 

similar conclusion at high temperature and low steam partial pressure with CO2 

gasification，while only mesoporous AC is easily obtained at low temperature and 

high steam partial pressure. 
92

 Take CO2 for example, micropores and mesopores are 

found to remain unchanged with burn off with adding small amount of CO to CO2, 

decreasing reaction temperature, and reducing the particle size. Due to the high 

diffusion resistance of air, reaction cannot proceed uniformly inside the char, leading 

to the generation of mainly meso- and macro-pores. 
50

  

 Gasification time  

Appropriate gasification time can influence the pore structure greatly. Wheeler et al  

found that both gasification temperature and gasification time determined the 

component of carbon.
93

 At a given gasification temperature, the extension of holding 

time will make the gasification more complete and pores be continuously developed. 

When temperature is above 800℃, long enough holding time is needed for the 

occurrence of secondary reactions.While the holding time exceeds the optimum, 

micropores will decrease while meso- and macro-pores increase. 

2.6 The Study of Biochar in Gasification 

2.6.1 Effect of Biochar Structure in Gasification   

Specific reactivity was determined by three main characteristics: chemical structure 

of surface, inorganic constituents, and porosity. 
94

  

 Physical structure of biochar  

Compared with other chars that have been intensively researched for AC 

preparation，mallee biochar has different properties. As far as mallee biomass is 
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concerned, the pore structures of wood, leaf, and bark are different. Wood chars have 

higher porosities at the value of 40~50% and pore size at 20~30 nm than that of coal 

char with 2~18% porosity and around 5A pore size. 
95

 Meanwhile, wood biochar 

shows higher reactivity than coal char during steam gasification. 
96

 Generally, the 

rate of solid devolatilization is higher than that of char oxidation which is higher than 

the rate of biochar gasification. 
97

 Accessible porosity (usually micro porosity) 

impacts the gasification from within the interior. 
80

  

The porosity of biochar was developed during pyrolysis. Such porosity provides the 

basic structure to further gasification. Some authors believed that the largest increase 

of porosity was produced during the early stage of gasification by removing the 

constriction in the char porosity and forming new pores. 
98

  

 The effect of indigenous inorganic species of biochar  

Indigenous inorganic species in mallee biomass impact the pyrolysis 
60

 and steam 

and carbon dioxide gasification. It can change not only the chemical kinetics of 

reactions but also the topographical kinetics (reaction anisotropy). 
80

  

Mallee biomass components contain abundant amount of inherent inorganic species 

including alkali and alkaline earth metallic (AAEM) species, i.e. mainly Ca, Mg, Na, 

K, and S, P, Si, Cl, Al, Ti. (Table 2-4). As shown in Table 2-4, different mallee 

components (leaf, wood, and bark) have very different quantities of inorganic species. 

Therefore, it is expected that each component may lead to the production of char and 

AC of different quality and quantity. Thus, both individual biomass components and 

their mixtures should be considered.  

Basically, the order of ash content of biomass components is bark > leaf > wood. It 

clearly shows the dominant role of AAEM species with highest content of Ca. 

Therefore, only AAEM species were taken into account in the following discussion.  
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Table 2-4: Contents of inorganic species in biomass, wt%db
14

 

Mallee tree Wood Leaf Bark 

AAEM(analyzed by IC) 

Na 0.03 0.544 0.223 

K 0.06 0.335 0.104 

Mg 0.036 0.154 0.098 

Ca 0.107 0.668 1.517 

Other inorganic species 

(analyzed by ICT-AES) 

Si 0.0041 0.0498 0.0508 

Al 0.0025 0.0192 0.0028 

Ba 0.0002 0.001 0.00
12

 

Fe 0.0001 0.0142 0.0019 

P 0.0159 0.0939 0.0204 

S 0.0061 0.068 0.0137 

Sr 0.0021 0.0078 0.0223 

Ti Not detected 0.0008 0.0002 

Inorganic species in biomass can be present in different ways, i.e. soluble ions, 

(present in moisture and pores), organically associated, as included minerals or as 

free inorganic particles excluding minerals.
99

 A schematic diagram of the different 

forms of inorganic species in biomass is shown in Figure 2-10. 

It is known that the form of alkalis determines their performances such as 

transformation and release during pyrolysis. 
100

 Basically, the sodium in woody 

biomass may exist as salts and/or organically bound structures 
101

 such as 

carboxylates. Potassium may exist in the form of salts like KCl, K2SO4, KOH, and 

K2CO3 or in the form of organically bound like carboxylic groups. 
102

 Magnisium and 

calcium is largely found as ion-exchangeable and acid soluble material. Especially, 

calcium may exist as crystallized calcium oxalate (Ca (COO
-
)2) in plants. 

103
  

AAEM in the biochar acts as important catalyst in the further process of gasification. 

It impacts on the reactivity of biochar and may change the steam gasification 

pathway. It is reported that the occurrence of AAEM depress the pyrolysis process 

thus increase the biochar yield. 
60, 104,105

 Thus a thorough understanding of AAEM 

dispersion on the biochar and the possible release of AAEM during the steam 

gasification are demanded.  
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Figure 2-10: Schematic diagram of the different forms of inorganic species in 

biomass
99

 

Some studies
106-108

 reported that considerable amounts of alkali metals can be 

released even at low pyrolysis temperature at 500℃ . The larger molecular 

carboxylates may be retained in char matrix and a form char-bond alkali which is 

relatively stable with little additional release with any increase of pyrolysis 

temperature at slow heating rate (fixed bed condition). 
106

 The same mechanism may 

be used for the release of Mg and Ca. However, the amounts of released Mg and Ca 

are generally lower than those of K and Na as observed in the pyrolysis of both sugar 

cane biomass
106

 and Victorian brown coal,
 109, 110

 probably due to the difference in the 

nature of valence, i.e., monovalent of K (and Na) and divalent of Mg (and Ca).  

 The effect of chemical structure of biochar  

As discussed before, three biomass components decompose thermally at different 

temperatures. Hemicellulose and cellulose is mainly decomposed at low temperature 
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while lignin decomposition covers a wider pyrolysis temperature range. At higher 

pyrolysis temperature such as above 700℃, the volatile matter is mainly released and 

amorphous char is formed. Thus the effect of chemical structure of biochar on steam 

gasification is highly related to the thermal decomposition of lignin during the 

gasification. In the thermal decomposition of lignin, the ring opening of benzene and 

bond-breakage of C-O, C-C, and C-H in the side/main chains take place. Caojun
111

 

used TGA-FTIR to analyze evolution of biochar and gas during the pyrolysis of 

lignin. The results show that at 500℃ ~900℃ ring-opening of benzene and 

aromatization occurred.  Macromolecules aromatic began to rearrange and C=C 

was formed. 
112

   

2.6.2 Mechanism Study of Mallee Wood during Steam Gasification under Low 

Carbon Conversion 

Main reactions during steam gasification are shown in Table 2-5. 
113

 Table 2-5 gives 

the function of reaction equilibrium constant with temperature. The Gibbs free 

energies ΔG and the reaction equilibrium constant logK as a function of temperature 

of these equations were calculated for the temperature range of 550℃~900℃ using 

HSC Chemistry ver.5.0 as shown in Figure 2-11. Reactions between steam and 

carbon produce CO and H2. Under certain conditions the steam and carbon reaction 

can also produce CH4 and CO2. 
114

 As it can be seen, below 700℃, steam gasification 

speed is slow and it speeds up with the increase of temperature to 800℃. 

Some researchers have researched the mechanism of gasification of biochar under 

the atmosphere of CO2 and steam. They found that the reactivity of biochar under 

CO2 is much lower than that under steam.
115

 The higher pyrolysis degree of coal char 

leads to low steam reactivity. The inorganic matters in coal biochar catalyze the CO2 

gasification. At higher temperature of 1100℃, gasification reaction was changed 

app:ds:benzene
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from chemical reaction control to diffusion reaction control.
116

 The gasification 

dynamics of different classes of coal were also investigated. 
117
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Figure 2-11: Main reactions in the process of steam gasification of  biochar: 

(a) Gibbs free energy, ΔG (kcal.mol
−1

), against temperature; (b) equilibrium constant 

against temperature 
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Table 2-5: Main reactions during steam gasification 
113

 

Reaction type Reaction   

steam reforming COHOHC  22            
H=+118.628kj /mol   554.206371.0081092.0lg5561.1

5.6740
lg 2  TTT

T
K r

 

222 22 COHOHC               
H=+75.114kj /mol    336.20818587.0083646.0lg6446.0

3.4533
lg 2  TTT

T
K r

 

Water gas Shift 

reaction(WGS) 

222 COHOHCO              
H= -43.514kj /mol   098.00818487.009738.0lg9115..0

2.207
lg 2  TTT

T
K r

 

Boudouard 

reaction 

COCOC 22     

 

H=+162.14kj/mol 772.20611.00010824.0lg4675.2
7.8947

lg 2  TTT
T

K r
 

Steam reforming 

reaction of 

methane 

     )(3 224 gHCOOHCH    
H= +206kj /mol     

hydrogasification     422 CHHC 
(5)

                   
H= -75.2400kj /mol   79.11061095.0001867.0975.5

3348
lg 2  TT

T
K r

 

    )(22 242 gCOCHHCO           
H= -247kj /mol     

    )(3 242 gOHCHHCO           
H= -203.556kj /mol     

    )(24 2422 gOHCHHCO          
H= -82.7514kj /mol     
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2.6.3 Transformation of Inherent Oxygen in Biochar during Steam                            

Gasification  

Ko, Tse-Hao
118

 mentioned the effect of pyrolysis outweighs the effect of the 

degradation of carbon dioxide. It is likely to be true that the attribution of pyrolysis 

may also occur during steam gasification. Both pyrolysis and steam gasification are 

essentially the process of release of heteroatoms (oxygen, hydrogen, nitrogen and 

sulphur). Thus the insight to the role of pyrolysis may provide information of steam 

gasification pathway.  

Hydrogen is bonded to edge atoms but the oxygen can be bonded both at edges of 

graphene layers and also in-ring within the graphene layers. Among them, the 

oxygen in particular edge-bonded-oxygen (surface oxygen complexes) has more 

effect on the process. 
119

 It was estimated that there may be several types of oxygen 

functional groups, as shown in Figure 2-12. 
84

  

 

Figure 2-12: Examples of oxygen functional groups on carbon surfaces 
84

  

A summary of the functional groups on carbon for gas formation during the process of 

thermal desorption of carbon shown in Table 2-6. 
120
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The oxides remaining on the surface of the carbon have been characterized by 

temperature-programmed desorption (TPD). Isotopic oxygen 
18

O2 combined with 

16
O2 was used to understand gasification. The final overall reaction proceeds as C 

(
18

O) + 
16

O2→ C (
16

O) + C
18

O. C
16

O
18

O suggests the mobility of oxygen complex 

over the carbon surface. 
121

 Char oxidation experiments
122

 suggests lower CO/CO2 

ratio of char produced at slow heating rates is attributed to the more ordered char 

structure with lower content of oxygen namely limited reactive complexes. Therefore, 

oxygen transformation of biochar indicates that pyrolysis makes a contribution to 

gasification.  

2.6.4 Mechanism of Gasification via Carbon Dioxide   

The mechanism of carbon dioxide gasification
123

 has been postulated as the 

following.  

COOCCOC f  )(2                                            (2-1)                                                 

COCCOOC f )(                                            (2-2)                                                   

COOC )(                                                      (2-3)                                                                  

Where fC : active carbon site, )(OC : Carbon–oxygen complex. One possible form of 

Table 2-6: The function group on carbon for the gas formation
120

 

Carbonyl CO 

Quinone CO 

Ether CO 

carboxyiic anhydride CO,CO2 

Lactone CO2 

Iactolt CO2,H2O 

carboxylic acid CO2,H2O 

phenol (hydroxyl) CO,H2O 

hydroquinone CO,H2O 

Aldehyde CO,H2O 
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carbon-oxygen complex postulated is shown in Figure 2-13.
 124 

 

The reaction of carbon and carbon dioxide is basically irreversible, 
125

 the use of CO2 

proved
13

 that that carbon from the gas phase reactant is inserted in the carbon 

structure. If the CO is adsorbed on to the active point, the reaction will be hindered. 

The phenomena that carbon content decreased with the increase of carbon conversion 

were observed. 
50 ,118,124

  

 

 Figure 2-13: Examples of oxygen functional groups on carbon surfaces 
124

 

Carbon dioxide has different gasification mechanism with steam.
126

 During 

gasification, H2 is a much stronger inhibitor in steam gasification than C (O) in 

carbon dioxide gasification.
133, 134 

The rate of the steam gasification is about two to 

five times faster than that of carbon dioxide gasification. 
127

  

Carbon dioxide is also a common gasification agent in activated carbon industry 

production, although only few biomass like oil palm, 
90

 wood, 
128

 olive residue
129-131

 

have been researched using carbon dioxide as gasification agent. Unlike the intensive 

researches on the comparison of gasification of coal
132-133

 between CO2 and H2O, 

fewer biomass such as corn cob, 
92

 olive stones,
142

 grape fruit skin
134

 have been 

investigated under both steam gasification and carbon dioxide gasification.        

In the case of eucalyptus, only limited literature have been done under both 

gasification of steam and carbon dioxide
16, 20, 135

 or only carbon dioxide. 
18

  

Therefore, the activated carbon was obtained under gasification of carbon dioxide. 

The pore structure evolution was also investigated to compare with steam 

gasification of mallee wood.  
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2.7 Biochar Used as Soil Amendment  

Apart from being the feed stock of AC, biochar is proposed to be used in amending 

soil. This is a novel technology having the potential in reducing emissions, leading to 

a net sequestration of atmospheric greenhouse gas CO2 with respect to global 

warming, and a rapid improvement of the soil fertility.
41

 Figure 2-14 shows the 

pathway of biomass being transformed into C and other products via pyrolysis. 

Higher carbon of 50% was retained after pyrolysis as compared to burning of 3% and 

biological decomposition of < 10-20% after 10 years.
 136

 It was estimated that a total 

of 9.5 billion tons of carbon could potentially be stored in soils by the year 2100.
 136  

Due to its polycyclic aromatic structure, biochar is chemically and microbially stable. 

Some biochars may decompose relatively rapidly in soils, 
41

 while others may persist 

in the environment for centuries ranging from 1,000 to 10,000 years. 
137-139

 Therefore, 

large amounts of CO2 could be sequestrated in the biochar for long periods rather 

than being released into the atmosphere.   

 

Figure 2-14: Concept of low-temperature pyrolysis bio-energy with biochar 

sequestration
41

 

Amazon’s dark earths, “terra preta do índio”, were anthropogenic soils by the river 

basin’s original human residents, and some soils are thought to be 7,000 years old. 
140

  

These soils contained not only higher concentrations of nutrients like N, P, and K, 
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but also greater amounts of stable soil organic matter (SOM). 
141

 They were more 

productive compared with neighbouring soils. The soil fertility was found to be due 

to it containing charred trash of all sorts such as charcoal.  

Biochar is a pyrolysis product of biomass.With higher porosity, range of surface 

acidity/basicity, 
142

 higher carbon content and accumulated inorganic matter, biochar 

can be an important long-term nutrient source and a soil structuring agent. 
143

  It is 

mainly composed of carbon and small fractions of other chemical compositions such 

as hydrogen, oxygen, nitrogen, and ash including inorganic matters such as Na, K, 

Mg, and Ca. With the increase of pyrolysis temperature, the carbon content and ash 

content increase while oxygen and hydrogen content decrease
8, 144

 and P solubility 

decreased.
 145, 146

  pH values 
41, 147, 148

 
 
of biochar varied from near neutral to highly 

alkaline.  

The addition of biochar to soil will lead to the increase in the quality of soil by 

increasing the field capacity, pH value, organic carbon, and exchangeable cations as 

well as reducing soil tensile strength. 
142

  

Biochar addition increased the content of soil organic matter (SOM).
149-150

 With 

biochar addition and the presence of N, exchangeable Na, K, Ca, and extractable P 

increased in soli. 
151

 Due to the pore structure of biochar, it could also improve water 

retention of soil. 
152

 Surface temperature of biochar charcoal-site soils increased up to 

4℃ on average as the consequence of darker colour.
153

 It has been found that 

biochar can strongly affect soil microbial populations, including mycorrhizal fungi, 

and biogeochemistry. 
136,154-155

  

Biochar has greater potential for cation exchange capacity (CEC measured at pH 7) 

per unit organic C as the consequence of the higher surface, great surface charger, and 

greater charge density. 
156

 The pore structure of charcoal may provide microsites for 

the microbes and prevent them from soil faunal predators. 
157

 Biochar obtained at 
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low temperature contains higher fraction of easily biodegradable contents
158

 thus 

favouring the activity of microbial biomass. 
158

 

It was found that adding biochar to a typical midwestern agricultural soil reduced 

nutrient leaching suggesting that addition of biochar could be an effective option to 

reduce the nutrient leaching. 
159

 There was an optimum value of the additon of 

biochar.
160

 

2.8 Conclusions and Research Gaps  

2.8.1 Conclusions  

The contents of this chapter have revealed the basic knowledge of biochar and 

activated carbon such as its production process, characteristics and the research gaps. 

The main conclusions that can be drawn are: 

(1) Mallee biomass is widely planted in the world especially in Australia. In Western 

Australia, it can be a potential bio-energy source due to its large scale and being 

carbon neutral. Utilization of mallee biomass is not only good for solving the crisis 

of energy and environment but also attributes to the local economy by the production 

of value-added product AC.   

(2) The activated carbon properties and production methods have been well 

illustrated. Suitable pore size distribution of AC determines the adsorption capacity 

as an adsorbate. Factors influencing the pore distribution and surface structure of the 

biochar and AC are discussed such as temperature, holding time, and heating rate.  

(3) The catalytic effect of AAEM on gasification has been well accepted, but the 

mechanism is still not clear. The occurrence and release behavior of AAEM (K, Na, 

Mg, and Ca) were extensively elaborated in this chapter. 

(4) Temperature is a key parameter for both pyrolysis and gasification. The process 
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of pyrolysis can be divided roughly into three stages. The heating rate leads to the 

different retention time in these three stages resulting in the pronounced effect on the 

structure evolution of biochar. Gasification agents (steam and carbon dioxide) have 

different gasification mechanisms. The partial pressure influences the pore formation 

by broadening or/and deepening the pores. Burning off of biochar during gasification 

determines pore size distribution of AC. A suitable gasification time is needed for 

any desirable pore size distribution.  

(5) The research progress of steam gasification and CO2 gasification of biochar was 

discussed. Most researches were based on coal. As for mallee biomass, researches 

were mainly focused on the preparation of bio oil and its optimization at the 

experimental scale.  

2.8.2 Research Gaps  

(1) In the last two decades, lots of investigation focused on pyrolysis of biomass. The 

study of relationship between pyrolysis and gasification is lacking. 

(2) Little research of gasification under low carbon conversion has been done.  

(3) Research on relationship between gas evolution and AC structure evolution in 

pyrolysis/gasification is lacking. 

(4) Inherent oxygen transformation of biochar based on the chemical structure 

evolution during steam gasification is hardly mentioned in the literature. 

2.8.3 Research Objectives of the Present Study 

Based on the above discussion, it clearly shows the necessity of systematic 

experimental study of production of biochar and activated carbon from mallee 

biomass. Furthermore, further research & development is needed to gain the 

fundamental understanding on the pathway of steam gasification and carbon dioxide 
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gasification.  

Thus, this study aims to investigate the key factors that influence the pyrolysis of 

mallee wood and the development of the physical and chemical structure of pyrolysis 

product and AC obtained via steam gasification and carbon dioxide gasification. 

More focus will be put on the mechanisms of steam gasification under low carbon 

conversion and carbon dioxide gasification to understand the development of pore 

structure. 

Therefore, the main research objectives of this study are: 

(1) Firstly, study on the preparation method of mallee biochar sample from mallee 

wood biomass to exploit the physical and chemical properties of the biochar.  

(2) To investigate the mechanism of pyrolysis/gasification of mallee biochar under 

low carbon conversion, the property of pyrolysis has to be investigated in advance. In 

this part the possibility of biochar obtained from fast pyrolysis will be assessed to be 

the feed stock of activated carbon production.  

(3) To investigate the transformation of inherent oxygen of biochar during steam 

gasification by analytical and mathematical means and to determine the relationship 

between pyrolysis/steam gasification. 

(4) To investigate the mechanism of pyrolysis/gasification of mallee biochar under 

CO2 gasification. 

(5) To compare and evaluate the pore evolution by gasification of steam and carbon 

dioxide. 
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CHAPTER 3 RESEARCH METHODOLOGY AND 

ANALYTICAL TECHNIQUES 

3.1 Introduction 

This chapter illustrates the general research methodologies used to achieve the 

targets of the thesis. Experimental and analytical techniques are described in detail.   

3.2 Methodology 

Three components of mallee biomass including wood, bark and leaf were used in this 

study. Two gasification agents including steam and carbon dioxide were applied in 

the experiment. A series of systematical experiments were conducted as listed as the 

following: 

 Pyrolysis of raw and acid washed biomass in a fixed-bed quartz reactor system to 

produce biochar such as raw-biochar and acid washed biomass-biochar for 

further combustion, gasification, and characterization.  

 Combustion of the prepared biochar under well-controlled conditions in the same 

reactor system to obtain the carbon content of biochar.  

 Gasification of either preload biochar or in-situ biochar was run in the same 

reactor system as the pyrolysis. 

 Analyses of the biochar and activated carbon via a series of techniques such as 

nitrogen adsorption, Raman analysis, gravimetrical analysis, chemical 

composition and morphology analysis were conducted.  

Figure 3-1 gives the overall research methodology and its detail.  
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 Sample Selection: Mallee Biomass  Western Australia

      Biomass: Mallee Leaf, bark 

 Cut, milled and sieved.

 Unique features: high AAEM 

content, 

      Biomass: Mallee wood

 Cut, milled and sieved.

 Acid washed wood biomass

 Water washed wood biomass

 Unique features: lowest AAEM content, 

major portion of mallee 

Pyrolysed via fixed-bed reactor system to produce

wood-derived and leaf and bark derived

Wood biochar Leaf Biochar Bark Biochar 

      Analysis:

 TGA

 GC

 FESEM-EDS

 IC

 Autosorb-1 N2 

Gemina CO2

 Elemental 

Analyzer 

 RAMAN

 FTIR

    

 Analysis:

 TGA

 GC

 IC

 Auto-sorb1

Activated carbon production via steam or/and carbon dioxide gasification in fixed-bed 

reactor

Objective 1 (chapter 4): 

Systemic research of 

wood biochar 

production

Objective 2 (chapter5): 

Effects of parameters 

on steam gasification 

of mallee biochar

Objective 5 (chapter 7): 

CO2 gasification of 

mallee biochar

Objective 4 (chapter 6): 

Transformation of 

inherent oxygen in 

biochar during steam 

gasification 

Ø  Carbon dioxide gasification of 

biochar

Fundamental understanding on steam activation  path way ,  systemic knowledge on biochar and activated carbon production form 

mallee biomass  in Western Australia.

Ø Steam gasification of biochar

 

Objective 3 (chapter5): 

Steam gasification 

pathway under low 

carbon conversion 

 

Figure 3-1: Research methodology 
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3.2.1 Effect of Sampling Temperature on the Properties of Biochar  

Pyrolysis temperature takes a vital role in the evolution of biochar especially with 

reference to biochar yield and biochar structure. Important reactions such as the 

release of the volatiles, the formation of the intermediate melt were mainly 

influenced by temperature. Carbonization temperature of around 500℃~800℃ and 

gasification temperature between 800℃~900℃ are normally accepted for industrial 

AC production. To gain insight into the possible pathway of gasification, a mild 

temperature should be applied to ensure the experiment to be under the regime of 

chemical reaction control. Therefore, a series of experiments under a wide range of 

temperatures (from 350℃~850℃) were carried out to produce biochar samples from 

wood biomass in a fixed bed reactor. After that, pyrolysis of leaf and bark were 

conducted under optimized temperature which was obtained from wood pyrolysis.   

3.2.2 Effect of Heating Rate on the Properties of Biochar 

To gain a basic idea about the possible application of solid residue, systematical 

experiments were then designed and carried out. Firstly, biochar samples were 

produced from both slow and fast pyrolysis of mallee wood via a fixed-bed quartz 

reactor system at 750℃. This selected temperature is mild but high enough to 

guarantee the reaction of the consequent gasification either in the atmosphere of 

steam or carbon dioxide. The detailed results and discussion for this work are 

presented in Chapter 4. 

3.2.3 Effect of Holding Time, Gas Flow Rate on the Properties of Biochar 

The results in Chapter 4 also provided the effect of holding time and gas flow rate on 

the properties of biochar. Such results give the basic knowledge of the pyrolysis 

process. In Chapter 5.2, steam gasification under low carbon conversion and 

transformation of inherent oxygen in biochar during steam gasification were carried 

out to explore the possible gasification pathway.  
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3.2.4 Effect of Gasification Agent on the Properties of Activated Carbon 

To investigate the roles of gasification in the evolution of pore structure, both steam 

gasification and carbon dioxide gasification were applied. A series of AC were 

obtained under various operating parameters such as different carbon conversion, 

temperature, with the absence or presence of AAEM. The focused ion beam scanning 

electron microscopy (FIBSEM) analysis was carried out to quantify the process of 

the development of pore. The results of this work are presented in Chapters 5, 6 and 

7. 

 

3.2.5 Significant Roles of Inherent Mineral Species on the Reactivity of 

Biochar in the Course of Gasification 

To investigate the roles of indigenous mineral content in biomass in the development 

of the structure of AC, a wood biomass was washed with dilute acid to produce a 

sample that is free of AAEM mineral particles. To obtain partially demineralized 

sample, water washing biomass was applied. The procedure is the same as acid 

washing sample except the acid solution replaced by Milli-Q water and with shorter 

wash time. During the gasification, the produced gas were collected by gas bag and 

analyzed by Gas Chromatograph (GC). The characteristics of AC were obtained 

through an array of analytical techniques such as gas adsorption analysis, Raman, 

fourier transform infrared spectroscopy (FTIR), and FEBSEM-EDS. The significant 

roles of the evolution of pore and the role of AAEM were then clearly evidenced. 

The detailed results of this part of work are reported in Chapters 6 and 7.   

3.3 Experimental 

A series of preliminary blank experiments without samples or with graphite were 

performed to ensure the seal of experiment system before gasification run. Repeated 

experiments were conducted to obtain enough samples for analysis and determining 

the experimental reproducibility.  
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3.3.1 Sample Preparations 

 Mallee biomass. 

Three mallee biomass components as leaf, wood and bark were obtained by cutting 

the green mallee tree (E.loxophleba lissophloia) harvested from farms in Narrogin, 

Western Australia. These samples were dried in a large lab oven at 40℃ then were 

ground by cutting mill (Fritsch Laboratory cutting mill “Pulverizette 15”).  All three 

biomass samples were then sieved into different size fraction 106 µm ~150µm, 150 

µm ~250 µm, 250µm~1000 µm, and 1mm ~2mm. Then these samples were sealed 

with double plastic bags. The effect of different size on biochar and AC production 

will be analyzed. Only size 150 µm ~250 µm woody portion of the mallee tree were 

used in gasification mechanism study without further mention. The properties of 

these three types of samples have been listed in Table 2-4.  

 Acid washed mallee wood  

Acid washed mallee wood biomass was prepared for the experiments in Chapter 4 

and Chapter 6. Table 3-1 shows the properties of acid washed mallee wood.  

Acid washed raw wood was obtained by acid washing biomass. It consisted of 

soaking approximate 2g sample in 1L 0.2 M HCl solution and stirred gently for 72 

hours before filtering and then washing with ultrapure water ( Milli-Q water ) 

repeatedly until there is no Cl
-
 detected by a ion chromatography (IC). After that, the 

sample obtained was put in oven drying at 40 ℃ for 72 hours.  

Table 3-1: Properties of acid washed mallee wood 

Sample Moisture 

(% ad) 

Proximate(wt% db) Ultimate analysis(wt%  daf)  

FC
b
 VM

c
 Ash C H N O

*
 

A
 a
 2.9 88.2 11.8 - 46.49 6.36 0.51 45.84  

aA means acid washed  biomass ,  bFixed carbon（FC）, cVolatile matter(VM),  *O by difference. 
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3.3.2 Experimental Rigs 

The pyrolysis experiments were carried out to prepare biochar and activated carbon 

in a quartz fixed-bed reactor. A schematic diagram of the reactor system is shown in 

Figure 3-2. It mainly consists of a quartz reactor with an inner diameter of 40 mm 

and a two-heating zone electrical temperature-controlled tube-furnace. Other parts 

include a clod trap, a quartz filter, and a steam/ carbon dioxide introduction system. 

A key feature of the reactor system is that both slow-heating pyrolysis and 

fast-heating pyrolysis can be realized easily.  

 

Figure 3-2: Steam gasification system used in present experiment
161

  

Thermocouple and mass flow control were used to monitor temperature and gas flow 

rate. The thermocouple was inserted from the top of the reactor and its end was 

placed on the top of the sample bed as close as possible without touching it. It     

should be noted that the reactor was always lift out of furnace vertically to avoid the 

contact between the char bed and the tip of the thermal couple. The readings of 

thermocouple give the instantaneous temperature inside the reactor.  
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3.3.3 Preparations of Biochar  

In Chapter 4, two types of char were prepared from the pyrolysis of the raw wood 

biomass sample. Both types of biochar were prepared in a fixed-bed quartz reactor. 

For pyrolysis experiments at a slow-heating rate (slow pyrolysis), a quartz reactor 

with preweight sample was put into furnace, then was heated up to a final stable 

temperature (between 350℃ and 850℃ which covers the common temperature 

used in activated carbon production in practice) at a heating rate 10K/min (unless 

mentioned) with chosen argon flow rate (UPH 99.999%) as an inert gas (at room 

temperature). Due to its similarity to industrial carbonizations process and wide 

application in other literatures, heating rate 10℃/min was applied. 
162

 At the final 

temperature, reactor was kept in furnace for 1h. When pyrolysis was finished, the 

reactor was lifted out of the furnace immediately keeping argon continuously 

blowing and cooling down to room temperature naturally. For pyrolysis experiments 

at a fast-heating rate ( fast pyrolysis), firstly an empty quartz reactor was connected 

with a feeder then it was put into furnace and heated up to a terminal temperature 

(between 350℃ and 850
 ℃). After a final stable temperature was obtained, argon 

was purged through the empty reactor for around 20 minutes to ensure the absence of 

oxygen. After that, wood particles were fed to a reactor at a rate of about 110 mg/min 

under 1.5L/min argon atmosphere. When all the particles were in the reactor, the 

particles were held for a further 10 minutes before discharging. Cooling down 

method applied is the same method used for SB above. Once sample particles were 

injected into the hot reactor zone, rapid pyrolysis took place similar to than in a 

normal drop-tube reactor.  

Hereafter, nomenclatures “SB” and “FB” were used to represent biochar obtained 

under slow heating rate or fast heating rate. In Chapter 4, biochar from leaf and bark 

were also prepared for the purpose of comparison with wood biochar.  
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 Activated carbon production 

Biochar sample production and gasification of the biochar were carried out in the 

same fixed-bed reactor. The procedure of gasification of steam or carbon dioxide is 

the same. Basically, once the above biochar was obtained, the gasification agent was 

introduced immediately into heated reactor zone by switching on the three-way valve. 

Once the desired gasification time was reached, the gasification agents were 

switched off and the reactor was lifted out of furnace immediately cooling down 

naturally with keeping argon blowing through. About 0.1 g biochar sample was 

employed in each experiment. The steam was produced by the evaporation of 

Milli-Q water which was pumped through a HPLC pump (Alltech Model 626) into 

the reactor. The selected concentrations of steam (8.2 vol %, 10 vol %, and 15.2 

vol %) were applied in this study.  And the reactor was operated at atmospheric 

pressure.  The concentration of carbon dioxide was fixed at 7.7 vol % from 

pre-mixed gas. The various parameters of activated carbon production result in the 

complexity of nomenclatures of activated carbon. Therefore, different nomenclatures 

used to represent the products were explained in detail in the separate sections. For 

instance, in Chapter 6, “Sample-AC-temperature” was normally used to identify the 

activated carbon obtained. Here, AAC550-760 means activated carbon was obtained 

from acid washed biomass biochar which was pyrolyzed at 550 ℃ then heated to 

750
 ℃.   

 Mechanism study of gasification  

It is very important to keep the gasification agent partial pressure constant so that the 

reactor can be treated as a differential reactor. However, steam was consumed as a 

gasification agent. In this study, reaction conditions were controlled to minimize the 

consumption of steam.  The actual steam concentration was determined from the 

amount of feed. Gasification was well controlled under chemical-reaction-controlled 



                                                             CHAPTER 3 

 

Study of the Mechanism of Pyrolysis and Gasification of Mallee Biomass 46 

regime, where mass transport effects are minimized. To keep steam partial pressure 

constant, minimal steam consumption should be achieved. In all steam gasification 

experiments, approximately 1g raw sample was used.   

The amounts and the composition of gas produced in the pyrolysis and gasification 

were collected and measured systematically. The gaseous product (like H2, CH4, CO, 

CO2) that went through the cooling system were collected by gas bags at 

predetermined time intervals after being cooled down through condensation system 

and filtered by quartz wool. They were then analyzed by two PERKIN-Elmer Gas 

Chromatographs (GCs).   

The specific reactivity of biochar (R) was calculated by the following equation: 

cdt

dc
R




                                                        
(3-1) 

Where, c is the amount of carbon in mol at any time t. The total carbon of biochar 

sample was determined by combustion. The specific reactivity is calculated being 

based on the  instaneous remaining amount of carbon, therefore, it indicated an 

instaneous rate thus displaying the real reactivity.
163

  

For carbon dioxide gasification, the same experimental conditions as steam 

gasification including temperature, flow rate were employed. The further 

experiments prove the reaction is under chemical reaction control in Chapter 5.3.1 

and Chapter 7.2. 

The combustion of biochar was carried out in the fixed-bed quartz reactor. The 

gaseous product were collected and analyzed to determine the carbon content of 

biochar.  

Biochar and activated carbon were collected for further analysis. 
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3.4 Instruments and Analytical Techniques 

3.4.1 Proximate Analysis and Ultimate Analysis  

METTLER thermo gravimetric analyzer (TGA) was applied to determine the 

proximate analysis of biomass, biochar and activated carbon. A method based on 

American Society for Testing and Materials (ASTM) international standard 

ASTME870-82
164

 was applied as shown in Figure 3-3. About 10 mg of sample was 

loaded into a TGA 150 μl alumina crucible. Firstly the sample was purged with 

Argon gas for 15 min and then was heated to 110℃ followed by 40 minutes holding 

time until no further weight loss was observed. The total weight loss of the sample 

was calculated as moisture content. Then the sample was further heated to 900℃at a 

heating rate of 100 K min
-1

 in Argon holding 20 min at this temperature. Thirdly, the 

temperature was decreased to 700℃. The weight loss was calculated as volatile 

matter and the remaining material is biochar. The argon gas was then replaced by air, 

and the biochar residue was burned at the air atmosphere for 25 min until no further 

weight loss was observed. The weight of the residual ash in the sample crucible is 

used to calculate the ash content (ash content percentage), of biochar while the 

difference between the weights of the char and residue ash is calculated as the fixed 

carbon content.  

Ultimate analysis of these samples was determined via the PerkinElmer 2400 Series 

II CHNS/O Elemental Analyzer. To prevent the possible picking up of oxygen of 

heavily pyrolyzed chars, 
165

 all samples were dried under an atmosphere of argon 

before elemental analysis. The oxygen content was determined by the difference 

from the C, H, and N contents of the samples on a dry-ash-free (daf) basis.   
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Figure 3-3: Temperature program of TGA for proximate analysis of biomass, biochar, 

and activated carbon 

3.4.2 Quantification of AAEM Species and Other Inorganic Species  

The alkali and alkaline earth metallic (AAEM) species, especially sodium (Na), 

potassium (K), magnesium (Mg), and calcium (Ca) are not only dominant metallic  

species (~90%) in raw samples but also play an important catalytic role in 

gasification. 
166

  Therefore, the amount of alkali and alkaline earth metallic species 

(AAEM) like Na, K, Mg, and Ca were analyzed by ion chromatography Dionex 

ICS-3000 ion chromatography (IC). Briefly, around 20mg samples were put onto 

platinum (Pt) crucibles then followed by ashing in air using a specially designed 

heating program which is shown in Figure 3-4 to guarantee no loss of AAEM during 

ashing. After that, Pt crucibles with ash sample were put in Teflon vials for acid 

digestion using a mixture of HNO3: HF (1:1) solution at 120 ℃  for 12h.  

Excessive acids were then evaporated on a hot plate.  The digested ash with Pt 

crucibles was dissolved in 20mM methane sulfonic acid (MSA) solution. A Dionex 

ICS-3000 ion chromatography with a CS12A column and 20mM MSA solution as 

effluent was used to detect the AAEM species in the solution. The relative standard 
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errors of were Na ±4%, K±5%, Mg ±5%, and Ca ±7%.  
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Figure 3-4: Temperature program of ashing fuel samples such as biomass, biochar  

3.4.3 Gas Chromatograph 

Two PERKIN-Elmer Gas Chromatographs (GCs) were applied to analyze produced 

gas. One contains a molecular sieve 5 column and with argon as a carrier gas, the 

other contains a Porapak-N column and a molecular sieve 5 column and with helium 

as a carrier gas.  Both GCs were equipped with thermal conductivity detectors 

(TCD).   

3.4.4 Pore Size Distribution of Biochars and Activated Carbon  

The main methods of measuring porosity distribution are electron microscopy, the 

molecular sieve, adsorption (gas adsorption method) and small angle X-ray scattering 

method. Due to its convenience and in-expensive cost, gas adsorption and desorption 

method is commonly used. Molecular probe method 
167

  was used  to evaluate the 

pore where a series of organic vapors of different molecular size ( molecular 

diameters: dichloromethane 0.33nm, benzene 0.41nm, cyclohexane 0.54nm, and tetra 
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chloromethane 0.63nm) were applied to obtain isotherms at 25℃. Such different 

molecular sizes show different ability to access pore. For instance, adsorption 

benzene and carbon dioxide isotherms to evaluate mesopore (2~50nm), and 

micropore (0.4 ~2.0nm) is accessible to benzene while submicropores (<0.4nm) is 

only accessible to CO2. 
167

 As for nitrogen at 77K and carbon dioxide at 273K, the 

nitrogen adsorption has diffusional restriction into narrow micropores as compared 

with CO2. 
119

 Marsh, Harry 
119

 summarized three possible comparable results of N2 

and CO2 adsorption: (1) N2< CO2. The possible reason is the restricted activated 

diffusion of the nitrogen at 77K into narrow microspores or pore entrances. This 

phenomena happens to the following material (a) of heat treatment temperature (HTT) 

<600℃ and >800℃; (b) the molecular sieve carbons with their limited PSD (pore 

size distribution) and; (c) activated carbons with <5wt% burn-off; (2) N2～CO2. This 

happens to materials with  relatively narrow (about 1 nm dimension) micro porosity 

and a narrow PSD such as activated carbons with <35wt% burn-off and some 

molecular sieve carbons ; (3) N2>CO2 . This happens to material with a wider micro 

porosity and a broader PSD. Most activated carbons behave this way with >35wt%.   

Quanta chrome Autosorb AS-1 instrument was used to run N2 adsorption-desorption 

isotherm of biochar and activated carbon at 77K. Gemini was applied to run CO2 

adsorption isotherm at 273K and 195K. The molecular area for nitrogen (77K) is 

0.162nm
2
, and CO2’s is 0.170 nm

2
 at 195K and 0.187 at 273K. 

168
 The density of 

liquid N2 is 0.808g cm
-3

 and β factor is 0.33, and the density of CO2 at 273K is 

0.818gcm
-3

 and β factor is 0.35. All samples were degassed under vacuum overnight 

at 100 ℃169
 prior to analysis.   

The software used for calculation is provided by Quanta Chrome Corporation 

(ASWIN) and Micrometrics. Apparent surface area (SBET m
2
/g) was calculated by 

Stephen Brunauer, Paul Hugh Emmett, and Edward Teller equation (BET). BET 

surface is a main index to illustrate the pore evolution, so it will be explained 

http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
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thoroughly. Pore volume of micropore (cc/g) and average half pore width (A) was 

calculated by Dubbin-Radushkevich (DR) plot.
163, 170

 Total volume was obtained at 

around p/p0=0.9998 (cc/g). All these data analysis were completed by ASWIN 

software. The detailed theory and discussion of models are summarized and given in 

Autosorb AS-1 AS1Win gas sorption system operation manual.
171

 The relative 

standard deviations of SBET, total volume and AHPW are 0.8~2.2%, 0.8~2.1% and 

1.4~3.2% respectively. To get better understanding of the pore structure, 

quenched-solid density functional theory (QSDFT) 
172, 173

 was used to get the pore 

size distribution profile which takes into account the surface geometrical 

heterogeneity in terms of a single roughness parameter, δ and was proved to be 

accurate.
 174

  

BET Surface area  

Multi point BET method was used in this study. Usually the range of  0/ PP  of 

adsorption isotherm using nitrogen as the adsorbate is limited to 0.05 to 0.35. 

However, this linear region may shift to lower relative pressures for microporous 

materials.  

Apparent surface area (SBET m
2
/g) was calculated by Stephen Brunauer, Paul Hugh 

Emmett, and Edward Teller equation (BET). 

)(
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C

CWppW mm





                                   (3-2) 

Where W is the weight of adsorbate adsorbed at a relative pressure 0/P P ; mW  is the 

weight of adsorbate constituting a monolayer of surface coverage; C is the BET 

Constant. This constant illustrates the energy of adsorption in the first adsorbed layer 

and it is also an indication of the magnitude of the consequent adsorbent/adsorbate 

interactions. 

http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
http://en.wikipedia.org/wiki/Paul_H._Emmett
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 mW  can then be calculated from the slope s and intercept i of the BET plot. From 

equation (1):  

CW

C
s

m

1
                                                         (3-3) 

CW
i

m

1
                                                         (3-4) 

Thus  

is
W




1
m                                                        (3-5) 

The total surface area tS  can be expressed as: 

M

NAW
S csm

t                                                       (3-6) 

where, N  is Avogadro’s number (6.023x10
23 

molecules/mol) and M   is the 

molecular weight of the adsorbate. csA  the cross-sectional area of adsorbate. For the 

hexagonal close-packed nitrogen monolayer at 77 K, the cross-sectional area csA  

for nitrogen is 16.2 Å. The specific surface area S  of the solid can be determined 

from the total surface area tS t and the sample weight w  as the following equation:
 

w

S
S t

                                                         
(3-7)

 

 Dubinin-Radushkevich  

Micropore information was calculated using the Dubinin–Radushkevich (DR) 

equation.  

log V = log Vo - D log
2
 (P/P0)                                       (3-8) 

Where, D = 2.303 k R
2
T

2
/β

2; 
V = Volume of adsorbate adsorbed at relative pressure 
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P/P0; V0 = Micropore volume within the adsorbent; k and β are shifting factors (β = 

0.33 for N2). R = Gas constant R = 8.3145 J mol
−1

 K
−1

; T = temperature. 

3.4.5 Ion Beam Scanning Electron Microscopy (FIBSEM) 

Zeiss Neon 40ESB
175

 focused ion beam scanning electron microscopy (FIBSEM)  

equipped with an energy dispersive X-ray spectrometer (EDS) was used for 

morphology and chemistry analysis of samples. In-lens SE detector was applied to 

get higher solution of images of selected biochar and activated carbon. A back 

scattering mode detector (BSE) combined with an integrated EDS/EBSD facility is 

used to obtain the chemical composition and dispersion on the surface of samples. 

Samples were firstly dispersive on the carbon tape sticking to the aluminum stub then 

were coated by carbon (2nm) or platinum (2nm). Platinum coating is better for 

high-resolution images while carbon coating is used for chemical composition 

analysis using EDS and BSE.     

3.4.6 Raman Analysis  

ISA (Dilor) Dispersive Raman spectrometer (HeNe, 632 nm lasers) is used in this 

study.  Biochar particles are black bodies and can be easy to heat up resulting in the 

possibility of biochar structure alteration. So firstly D=0.3 was chosen and analysis 

of the same particle were repeated four times. Results show the Raman spectral 

intensity does not change showing no evidence of alteration of biochar, so D=0.3 was 

chosen. The minimum of 15 measurements were taken per sample and their average 

was taken as the final results. 
170

 

Usually the Raman spectral contain two bands of major interest, namely D 

(~1350cm
-1

) band which reflects the disordered structure in graphite or other highly 

ordered carbonaceous materials and G band which (~1580cm
-1

graphite E22g band)  

implies graphitic carbon. However it should be noticed that a G band in 

carbonaceous material does mean it was graphitic and conversely that D-band may 
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appear in a relatively well-ordered carbon. 
176

  Qian believed that the increase of the 

intensity of D-band is attributed to the increased number of defects within 

multi-walled carbon nanotubes. 
177

 

However, the “overlap” of G band and D band of highly disordered carbonaceous 

may cause the miss of the information. Thus the Raman spectral data over the range 

of 800 cm
-1

 ~1800cm
-1

 were curve-fitted using 10 bands
178

 (see in Table 3-2) which 

represent the major structure of biochar and activated carbon. Therefore, the detailed 

information of skeletal carbon structure such as the information of size of aromatic 

rings, the nature of substitutional groups, and cross-links in char can be acquired.  

Origin 8.1 was used to run curve fitting. 

Table 3-2: Summary of Raman band assignment
178

 

Band 

name 

 

standing  

Band 

position 

(cm
-1

) 

Description Bond 

 

type 

 

Gl  G left 1700  Carbonyl group C=O  sp
2
 

G   1590  
Graphite E

2
2g; aromatic ring quadrant breathing; 

alkene C=C  
sp

2
 

Gr  G right   1540  
Aromatics with 3–5 rings; amorphous carbon 

structures  
sp

2
 

Vl 
valley 

left 
1465 

Methylene or methyl; semicircle breathing of 

aromatic rings; amorphous carbon structures 

sp
2
, 

sp
3
 

Vr 
valley 

right 

1380  

 

Methyl group; semicircle breathing of aromatic 

rings; amorphous carbon structures  

sp
2
, 

sp
3
 

D  1300 

D band on highly ordered carbonaceous materials; 

C-C between aromatic rings and aromatics with not 

less than 6 rings 

sp
2
 

Sl 
S band 

left 
1230 Aryl–alkyl ether; para-aromatics  

sp
2
, 

sp
3
 

S 

on the 

side of 

the D 

band 

1185 

Caromatic-Calkyl; aromatic (aliphatic) ethers; C-C 

on hydroaromatic rings; hexagonal diamond carbon 

sp3; C-H on aromatic rings 

sp
2
, 

sp
3
 

 

Sr 
S band 

right 
1060 

C-H on aromatic rings; benzene 

(ortho-di-substituted) ring  
sp

2
 

R 
right 

band 
960–800 

C-C on alkanes and cyclic alkanes; C-H on aromatic 

rings  

sp
2
, 

sp
3
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3.4.7 Fourier Transform Infrared Spectroscopy (FTIR) 

Perkin-Elmer Spectrum 100 ATR-FTIR spectrometer was used to analyze the raw 

biomass and activated carbon. Before analysis, samples were pulverised into powder 

using an agate mortar and then air-dried overnight in an oven at 40 ℃. A scanning 

resolution 2 cm
–1

 was applied. A constant force of 80 N was applied on the sample 

during the analysis. Software attached was used to process data including ATR 

corrections, baseline corrections, and automatic data smoothing. Table 3-3 gives the 

main atomic groups and structures of maize stalk.  

Table 3-3: The main atomic groups and structures of maize stalk
179

  

Wavenumber 

(cm
-1

) 

Infrared adsorption Atomic groups and structures 

3200 -3700 O-H stretching Hydroxyl 

2800-3000 C-H stretching Aliphatic structures 

1650-1770 C=O stretching Carbonyl 

1610-1680 C=C stretching Olefinic structures 

1450-1600 C=C stretching  Aromatic structures 

1420-1480 C-H bending Aliphatic structures 

1360-1430 O-H and  C-H bending 
Hydroxyl, acid, phenol, olefines and 

methyl 

1200-1300 C-O stretching Unsaturated ethers 

1000-1200 C-H out of plane bending Aromatic structures 

1000-1160 C-O stretching Saturated ethers 

1050-1160 C-O stretching Tertiary hydroxyl 

1070-1120 C-O stretching Secondary hydroxyl 

1000-1060 C-O stretching Primary hydroxyl 

625-1000 C-H out of plane bending Olefinic and aromatic structures 

3.5 Summary 

Mallee biomass sample was selected as feed stock to prepare biochar and AC. Mallee 

wood with different size fractions was initially pyrolyzed under variable operating 

conditions using a quartz fixed-bed reactor system. Optimized conditions were then 

obtained from the initial experiments. Through the subsequent gasification of biochar, 
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activated carbon based from mallee wood was produced. To gain insight into the 

possible steam gasification pathway, size fraction 150~250 of leaf, bark, and wood 

were used to guarantee the reaction was under chemical reaction control regime. The 

raw samples, derived biochars, and activated carbon, gas produced in pyrolysis and 

gasification were characterized via various analytical techniques.  
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CHAPTER 4 PYROLYSIS CHARACTERISTICS OF MALLEE 

BIOMASS  

4.1 Introduction 

Pyrolysis is an important step for activated carbon production and its consequent 

mechanism during gasification.
180,181,182

 Biochar obtained at 450℃ is the most 

reactive while a char obtained at 900 ℃ 
80

 is unable to form ether and carbonyl 

groups. Different size fractions such as 1mm~1.6 mm (grapefruit peels), 
134

 

1mm~2 mm (poplar wood), 
104

 and 2mm~4 mm (lignocellulosic chars) 
127

 were 

applied. Biochar itself can be used as fuel source for combustion, soil adjuster, and 

reducing iron ore to iron in the blast furnace in steel industries. During the research 

on pyrolysis and gasification of biomass, biochar preparation is the first step. A 

certain structure developed during this process has a vital effect on the subsequent 

soil amending and subsequent AC structure. The knowledge of the properties of 

biochar offers us basic informaiton not only in choosing operating parameters of 

gasification of biochar but also in the other biochar application yiled such as carbon 

sequestration,
136

 soil amending, 
41

 and combustion of solid biochar.
163

 However, 

there are still no systematic studies of biochar produced from mallee biomass.  

Therefore, this chapter aims to discuss key factors that influence the pyrolysis of 

mallee wood, as the majority of mallee biomass, and the systematic development of 

the physical and chemical structure of the pyrolysis product. Pyrolysis of mallee 

wood was carried out under different operating variables including particle size, 

pyrolysis, temperature, holding time, heating rate and acid washing biomass. The 

consequent biochar have been further analyzed to obtain their characteristics such as 

AAEM contents and ultimate analysis. The mechanism of biochar addition effecting 

on soil performance was discussed as well.    
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4.2 Mallee Wood, Mallee Leaf, and Mallee Bark  

Thermal decomposition of leaf, bark, wood, and the mixture of three biomass 

component were carried out. Since results show mallee wood had the lowest ash 

content which is beneficial to obtain carbonaceous solids, mallee wood particle was 

applied to produce activated carbon. Furthermore, the properties of pre-treated 

mallee wood particle like acid washed mallee wood and water washed mallee wood 

were also investigated. Without further mention, mallee wood particle was used in 

the following experiments.   

4.2.1 Mallee Wood 

Figure 4-1 illustrates SEM images of mallee wood biomass sample. It shows the 

shape of both 106 µm ~150 µm sample and 150 µm ~250 µm are irregular. Samples 

with size 106 µm ~150 µm showed more cracking structures and less complete cells 

which were probably due to longer milling time. Table 4-1 presents the property of 

wood particle used in this section.  

 

Figure 4-1: SEM of mallee wood biomass used in this experiment: (A) 150~250 µm 

(B) 106~150 µm. 

 

 

 

 

  

A   B   (A) (B) 
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Table 4-1: The property of mallee wood particle 

 

Sample 

Moisture 

(wt% 

aad)  

Proximate analysis 

(wt% db) 

Ultimate analysis(wt%   

daf )  

 
AAEM content(% db)  

FCb VMc Ash C H S N O* Nad Kd Mgd Cad 

Raw  3.1 16.8 82.7 0.5 46.11 6.41 0.74 0.15 46.58 0.021 0.064 0.032 0.124 

aad means air dried; db means dry basis; daf  means dry-ash- free basis;  bFixed carbon（FC）, cVolatile 

matter(VM),  d Analysed by IC; * by difference 

Thermo gravimetry (TG) and differential thermo gravimetry (DTG) curves of raw 

wood were obtained under argon atmosphere. The curves at heating rates between 

1K/min and 10K/min based on ASTM E1641 were performed and are shown in 

Figure 4-2.  
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Figure 4-2: TG and DTG curve of raw wood particle under heating rate 1K/min, 

2K/min , 5K and 10K/min  

The separated regions of TG and DTG curve are very clear indicating the thermal 

degradation process of mallee wood. According to TG curve, the first weight loss at 

around 100℃ is mainly due to the loss of moisture. Then continuous weight loss 

took place and these can be explained by the degradation of lignocellulosic 

compostion.As for the degradation temperature of these three components
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（hemicellulose, cellulose, and lignin）, different temperature ranges have been given 

by different authors. Decomposition temperatures of hemicellulose, cellulose and 

lignin are180℃ ~240 ℃ , 230℃ ~310℃ , and 300 ℃ ~400℃  respectively
183

. 

Hemicellulose and cellulose started thermal degradation at 200~260℃ and 240℃

~350℃ respectively.
 170, 171,184, 185

 Lignin is believed to be thermostable and shows a 

wide range degradation temperature 280℃~500℃186
 or 175℃~800℃.

187
  The 

reason for the difference of the degradation temperature is mainly due to the sample 

characteristics. Generally, hemicellulose starts to decompose followed by cellulose 

and lignin may decompose at low temperature. 

As shown in Figure 4-2, in terms of DTG curve, there are two overlaping peaks and a 

flat tail section despite different heating rates. Based on the above discussion, the 

second peak (around 270℃) is attributed to hemicellulose and the third peaks 

occurred between 320
 ℃ and 360℃ due to cellulose. The degradation of lignin 

covers a wide range and mainly accounts for the flat tail.  

Figure 4-2 also presented that an increase in heating rates led to a tendency of 

shifting the peak to the right of of DTG curve. Under various heating rates 1K/min , 

2K/min, 5K/min, and 10K/min, the second peak point of DTG curve happened at 

temperature 253
 ℃, 264

 ℃, 274
 ℃, 279

 ℃ respectively, and the third peak point 

occurred at 320
 ℃, 334

 ℃, 342
 ℃, 360℃.The reason was that the heat resistance 

occuring at higer heating rate which delayed the decomposition. However, the 

percentage of solid residue weight after pyrolysis under different heating rate are 

similar at around 14%. It is obvious that TG curve levels off after 600℃ which 

indicated that most volatile matter was released above that temperature. 

To obtain the temperature of biomass combustion, combustion of sample under air 
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atmosphere was also carried out shown in Figure 4-3. It clearly shows 600℃ is high 

enough to ensure the complete combustion of mallee wood.  

To understand the effect of AAEM contents on thermal decomposition of wood 

sample, the DTG curve of acid washed wood and water washed wood were also 

given in Figure 4-4. The temperature where the peak of decomposition rate occurred 

according to DTG cure were shown in Table 4-2. 
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Figure 4-3: Combustion of raw wood particle under air atmosphere (heating rate 

10K/min) 

Combining Figure 4-2 and Figure 4-4, the altitude of peak of raw wood sample is 

higher than acid washed and water washed sample. However, temperature points 

with peaks and the range between peaks of these three types of samples are similar as 

Table 4-2: The peak temperature of decomposition of DTG curves of three types of 

wood sample 

sample Heating rate 

1K 2K 5K 10K 

2nd 3rd D 2nd 3rd D 2nd 3rd D 2nd 3rd D 

raw sample 253 320 67 265 332 67 274 347 73 285 360 75 

acid washed sample 250 322 72 258 332 74 274 348 74 286 354 68 

water washed 15min sample 254 329 75 258 340 82 274 355 81 287 364 77 

D means difference; 2nd and 3rd means the second peak and the third peak of decompositon of DTG curve. 
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shown in Table 4-2. With the increase of heating rate, the peak points moved to right 

namely to higher temperature obviously. The second peak temperature of 

decomposition of acid washed wood shows the lowst tempeatuer.  
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Figure 4-4: DTG curves under heating rate 1K/min, 2K/min, 3K and 5K/min: (a) acid 

washed wood sample and (b) water washed wood sample.  

The slight lower peak temperature of decomposition of acid washed sample and 

water-washed sample under lower heating rate is likely attributed to the release of 

organic compounds during washing treatment of samples. It seems like, under 
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heating rate at 10K/min , the release of volatile matter is slow thus the peak altitude 

is lower.  

On the contrast, in the analysis of proximate analysis where the heating rate increases 

to 100K/min, higher volatile matter content of acid washed biomass may be due to 

the easier release of volatile matter because of the the “voidage ” left by the release 

of organic compounds caused by acid washing. In the following section, acid washed 

biochar showed much higher surface area which further support this assumption. It 

was found inherent mineral matter effect the biomass pyrolysis slightly, but 

influenced the sensitivity of the reaction. 
188

 

4.2.2 Mallee Leaf and Mallee Bark  

During havesting mallee biomass, the three biomass components ( leaf, wood, and 

bark) are usually just mixed or are roughly separated. Therefore, knowledge of leaf 

and bark is of primary importance. Table 4-3 and Figure 4-5 show the properties of 

raw leaf and raw bark.  

Table 4-3: Properties of raw leaf and raw bark 

Sample Ma, % ad 

Proximate analysis AAEM content 

Ash, 

 % db 

VMb,  

% db 

FCc,  

% db  Na  d K d Mg  d Ca  d 

leaf raw  6.6 3.9 74.5 21.7 0.5917 0.3232 0.1706 0.7031 

bark raw 5.1 4.4 70.9 24.8 0.2503 0.1102 0.0888 2.1646 

ad means air dried; db means dry basis; daf means dry-ash- free basis; Ma means moisture; bFixed carbon（FC）; 

cVolatile matter (VM); d Analyzed by IC. 

It is obvious that leaf and bark showed much higher ash content. The bark also 

showed the highest calcuim content. The DTG curve of leaf and bark demonstrate 

different thermal decomposition behaviour. Bark had two more peaks at around 

500
 ℃ and 700℃. Leaf showed wider thermal decomposition range and gives two 

peaks at around 420℃and 645℃. This information suggests two important issues: (1) 

bark and leaf will have higher biochar yield than wood; (2) due to their different 
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thermal behavior, mixing of these three components may lead to positive impacts on 

biochar yield by negative impacts on the following AC structure. Apart from that, 

leaf and bark biomass exhibit higher ash and low fixed carbon.That indicates that 

leaf and bark may have higher reactivity due to the catalyst of inorganic but higher 

biochar yield is the consequence of higher ash content. Such high ash content are not 

good for AC production, however, maybe good as soil fertilizer. Therefore, wood 

was mainly investigated in this work.  
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Figure 4-5: DTG curve of leave and bark sample under heating rate 1K/min, 2K/min, 

3K/min and 5K/min: (a) bark sample; (b) leaf sample. 
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4.3 Pyrolysis Characteristics of Mallee Wood  

4.3.1 Effect of Holding Time on Biochar Yield  

Figure 4-6 presents the effect of holding time at 350
 ℃ and 500℃ 

on biochar yield 

of 1mm~2mm mallee wood particle. When the temperature was held at 350℃, 

increasing holding time from 1 to 2 hours, the biochar yield decreased from around 

36.6% to 27.5 %. That meant that volatile matter was continuously released during 

the extension of holding time. The biochar yield remained nearly steady when the 

pyrolysis time increased beyond 2 hours. As for 500℃, the char yield remained 

constant between 1 and 2 h holding time. It shows that 1h holding time was enough 

for the release of volatile when pyrolysis temperature is at 500℃. From Figure 4-2, it 

can be seen that when temperature is higher than 500
 ℃, the weight loss leveled off.  

Thus in the following experiments, 1 h of holding time was used for all runs.  
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Figure 4-6: The effect of holding time on biochar yield at 350℃and 500℃  

4.3.2 Effect of Sample Size, Temperature, and Heating Rate on Biochar Yield 

For commercial powder activated carbon production, the particle of raw material is 

less than 1mm in size with an average diameter between 0.15 mm and 0.25mm was 
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used. 
78

 Thus in this section, size 1mm~2mm and 150 µm ~250µm are chosen for 

slow pyrolysis. During the process of fast pyrolysis, sample was fed into reactor 

through a feeder. The smaller sample size 106 µm ~150µm was used to avoid the risk 

of jam in the line.  

For slow pyrolysis, holding time and carrier gas flow rate were maintained at 1h and 

2L/min respectively. For fast pyrolysis, the requirement of gas flow rate was stricter. 

As a carrier gas (argon) was used to feed the sample into reactor, the flow rate of 

argon must be high enough to blow up sample particle. However, the flow rate 

cannot be too higher, otherwise the back pressure in reactor would increase leading 

to the risk of leakage of reactor and change sample feeding rate. Therefore, a flow 

rate of 1.5L/min was chosen. Considering the quicker release of volatile matter 

during fast heating rate, holding time was chosen as 10 min.  

The most significant factor on biochar product is temperature. Pyrolysis process has 

a vital effect on characteristics of biochar thus impacting on the subsequent AC 

structure. Normally, in industrial production of AC, pyrolysis temperature is usually 

600℃~900℃ .
75

 Gasification temperature range is 600℃~900℃  
72

 or 800℃

~1000℃. 
75

 And we know from Figure 4-2, the second and third peaks of weight loss 

took place at 279℃ and 360℃ respectively. So in this chapter the main pyrolysis 

temperature range was chosen as 500℃~750℃. Pyrolysis under lower temperature 

350℃ was also carried out to investigate the property and yield of biochar with only 

partial thermal decomposition.  

For comparison purpose, the effects of these variables are shown in Figure 4-7. 

Fast pyrolysis biochar was obtained for only a 10 min holding time and 1.5L/min 

carrier gas rate at various temperatures between 350
 ℃ and 850

 ℃. Figure 4-7 

illustrates the biochar yields obtained under slow pyrolysis with three particle sizes 
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of samples and a single fast pyrolysis for 106~150µm mallee wood. The char yields 

plotted in Figure 4-7 are obtained on the basis of dry sample.  

Figure 4-7 illustrates the effect of particle size on the biochar yield. It is obvious that 

biochar yield decreased with lower particle sizes. Particles with 1mm~2mm show 

higher char yield through the whole temperature range compared with sample with 

size 150µm~250µm and 106µm~150µm. It is because the heat transfer through 

larger particle size needs a longer pyrolysis time to reach the interior of the particle. 

As a result, a thermal decomposition delay took place. Thus at the same holding time 

1h, they show higher biochar yield.  
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Figure 4-7: The relationship between char yield , particle size and temperaure. 

It is shown in Figure 4-7, for sample size with 1~2mm the yield of biochar decreased 

significantly when the pyrolysis temperature was between 350 ℃ and 600℃ 
but it 

changed slightly between 700 ℃ and 800℃. This indicated at higer temperture, 1 h 

soaking time was enough for the thermal decomposition of hemi-cellulose and 

cellulose of larger particle size sample. As for sample size 150 µm ~250µm and size 

106 µm ~150 µm, there was nearly no biochar yield difference between them when 

pyrolysis temperature was 700 ℃ and above. The reason was that the volatile 

matter had been mostly released after 1h holding time. As for sample size 150 µm 

~250µm, the yield of biochar was nearly the same between 600
 ℃ and 700

 ℃ but 
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decreased when pyrolysis temperature was 750℃. The temperature for stable biochar 

yield of samll size sample of 600℃ is lower than that of large particle of 700℃. 

This is because there was less heat resistance for smaller size samples. The drop of 

biochar yield at 750
 ℃may due to the further decomposition of large fraction of 

lignin. This phenomena consistent with TGA curve (see Figure 4-2) which shows 

volitle matter has released mostly at 500
 ℃.  

Biochar char yields are obviously affected by heating rate. Generally, biochar yield at 

fast heating rate was lower than that obtained at slow heating rate. At 750℃, the 

difference between the biochar yield of FB (11.8%) and SB (7.5%) was 4.3 % (see 

Figure 4-7). However, it is very interesting to notice that at low temperature of 350℃, 

the char yield of biochar obtained under fast heating rate (FB) are similar as that of 

biochr produced via slow pyrolysis (SB). The reason is that only partial 

decompositon of sample occurred at this low temperature. At pyrolysis temperature 

of 500
 ℃, there was a more significant drop of FB yield. However at temperature of 

700
 ℃, the effect of temperature on biochar yield became less significant. It is 

because more cellulose and hemicellulose decomposed at 500℃ as shown in TGA 

curve (see Figure 4-2); the third weight loss peak took place at 390 ℃ . 

Decomposition was completed at above 700
 ℃ so that the biochar yield remained 

nearly constant above 700℃. 

As shown in Figure 4-7, at current experimental conditions, FB yield and SB yield at 

750℃ was around 7.5% and 11.8% respectively. These results indicated both type of 

biochar could be a feedstock for AC production.  

To further understand the cause of the above observations, the properties of 
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corresponding biochar were analyzed in chapters 4.3.3 and 4.3.4. 

4.3.3 Effect of Sample Size, Temperature, and Heating Rate on Biochar 

Chemical Composition  

Both inherent catalytic species (AAEM) and chemical composition of biochar take 

important roles in increasing the biochar specific reactivity during the subsequent 

gasification thus affecting the structure of AC. So knowledge of AAEM content, the 

proximate and ultimate analysis of biochar and biomass are necessary to understand 

the effect of biochar on the subsequent process of gasification. Table 4-4 gives the 

properties of selected biochar. 

Table 4-4 shows that fixed carbon content and ash content increased dramatically 

with the increase of temperature below 600℃ but increased slightly at higher 

temperature above 600℃.When pyrolysis temperature was above 500℃, ash content 

of SB did not change a lot. Unlike SB, ash content of FB increased obviously with 

increase of pyrolysis temperature. The tendency of volatile matter decreased with the 

increase of pyrolysis temperature. In the case of biochar obtained under slow 

pyrolysis of 150~250µm, the volatile matter contents of biochar decreased from 

48.4% to 14.2%, fixed carbon correspondingly increased from 48.7% to 81.6% with 

the increase of pyrolysis temperature from 350℃ to 750℃. This is can be explained 

by the release of volatile matter. While for FB, the volatile matter contents of biochar 

decreased from 63% to 17.4%, fixed carbon correspondingly increased from 35.4% 

to 73.1% with the increase of pyrolysis temperature from 350℃ to 750℃. The value 

of ash content increased from 1.6% to 9.5% dramatically. At low pyrolysis 

temperature 350℃, ash content of FB is lower than that of SB. The reason is likely to 

be the partial pyrolysis due to the lower temperature ( 350℃) and shorter retention 

time (10min). As discussed above, cellulose and lignin was only partially pyrolyzed 

at low temperature. However SB experienced longer pyrolysis time and would have 
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more volotile relased than FB. Thus SB has higher ash content. It can also be seen 

from the VM content of FB and SB. It is obvious from Table 4-4 that FB at 350℃has 

much higher volatile content 63% compared to 48.4% for SB . At 750℃, due to 

higher ash of FB, the fixed carbon content of FB was lower than that of SB. The 

reason for the phenomena is likely to be the different pathway of release of volatile 

matter. During fast pyrolysis, volatile matter was released rapidly compared with the 

slow release during slow pyrolysis.   

It can also explain the different moisture content between FB and SB. The moisture 

content of FB is lower than that of SB but distribute randomly without any distinct 

trend which was similar as Lua’s observation. 
75

 This suggests the different capacity 

of adsorption of moisture between FB and SB indicating the different surfaces of FB 

and SB. That means structure of fast biochar could be more inert (shown in Figure 

4-8). As for SB, the moisture is nearly same.  

Biochar reactivity was determined by parameters such as the concentration of 

heteroatoms, active sites in the char, the accessibility of active site to the gas, and 

catalytic effect of inorganic impurities.
189

 Hydrogen–rich region are easier to be 

oxidized after fast pyrolysis.
190

 Higher content of H and O indicates more active sites 

thus improve the reactivity.
123

 It is believed that alkali metals like sodium and 

potassium and alkaline earth in biomass act as catalysts in steam and carbon dioxide 

gasification. In addition, alkali metals also catalyze polymerization thus increasing 

the biochar char yield. 
191

 So data of ultimate analysis and AAEM content of biochar 

were also determined and shown in Table 4-4 in attempt of understanding the 

possible effect of biochar structure on gasification reactivity.  

Similar to the tendency of fixed carbon, C content also increased with the increase of 

temperature quickly at low pyrolysis temperature and only slowly at higher pyrolysis 

temperature. Oxygen content and Hydrogen content decreased with temperature 

correspondingly may be due to the release of volatile matter. 
192

 The disappearance of 
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ether bond indicates the development of more ordered carbon structure. The H 

content of FB was relatively higher than that of SB as expected. Slow pyrolysis 

biochar showed higher C content compared with FB. The difference, however, 

becomes minor at higher temperatures.  

Similarly, AAEM contents of SB also did not change a lot especially at higher 

pyrolysis temperature. In contrast to SB, AAEM content of FB showed significant 

changes. FB has higher content of K, Mg, and Ca and little lower content of Na  

than SB . 

For particle size (<250µm), there was little effect on contents of biochar at pyrolysis 

temperature above 700
 ℃.   
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Table 4-4: Properties of wood biochar  

Pyrolysis 

type 

PT
a
 

(℃) 

Moisture 

(% ad)  

Proximate(wt% db) Ultimate analysis 

(wt%  daf)  

 AAEM content 

(% db)  

FC
b
 VM

c
 Ash C H S N O* Na

d
 K

d
 Mg

d
 Ca

d
 

150~250 

µm 

slow 

 

750 6.1 81.6 14.2 4.2 82.38 1.76 0.14 0.3 15.42 0.1634 0.5149 0.2483 0.8863 

700 5.6 78.8 17.0 4.2 80.04 2.02 0.19 0.35 17.4 0.1633 0.3848 0.1997 1.0915 

600 5.2 74.7 21.3 4.0 81.04 2.64 0.25 0.34 15.73 0.1364 0.3809 0.2087 1.0422 

500 5.8 66.5 29.1 4.4 76.18 3.38 0.32 0.39 19.73 0.1243 0.3424 0.1920 1.2629 

350 5.5 48.7 48.4 2.9 65.9 4.51 0.48 0.35 28.76 0.0928 0.2527 0.1374 0.7195 

106~150 

µm 

fast 

 

750 0.4 73.1 17.4 9.5 79.33 1.98 0.26 1.41 17.02 0.1176 0.9009 0.5522 2.4364 

600 0.5 73.4 19.0 7.6 75.79 2.8 0.40 1.18 19.83 0.1741 0.5959 0.4765 2.0955 

450 2.9 62.8 32.4 4.8 69.39 3.58 0.36 0.45 26.22 0.1773 0.4225 0.2818 1.1285 

350 1.1 35.4 63.0 1.6 57.05 5.15 0.53 0.28 36.99 0.0495 0.1563 0.1038 0.3860 

aPyrolysis temperature, bFixed carbon（FC）, cVolatile matter (VM),  d Analyzed by IC, O* by difference  slow:  2L/min Holding time 1h  fast : 1.5L/min  holding time 10min. 
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4.3.4 Effect of Temperature and Heating Rate on Biochar Physical Structure  

Figure 4-8 and Figure 4-9 present FIBSEM images of FB and SB prepared from 

pyrolysis of 106 µm ~ 150 µm samples at various temperatures respectively. As 

shown below, no major change of morphology of SB was obtained at variours 

pyrolysis temperature. The surface of SB kept botanical structure. The structure of 

FB, however, are of a loose structure and melting phenomena at higher pyrolysis 

temperature can be observed showing larger internal cavities .
186

 Intermediate melt in 

the char structure is very obvious on the surface of FB. It seemed that molten melt 

blocked the pore give resulting in lower surface area of biochar. The reason may lie 

in the internal over-pressure caused by the quick release of volotile matters during 

fast pyrolysis. Only for pyrolysis temperature of below 400
 ℃ seeing Figure 4-8 (A), 

FB kept the raw wood sample skeleton. With pyrolysis temperature  increasing,  

pore of FB widened as shown from Figuress 4-8 (B) and 4-8 (C). The surface of FB 

( see Figures 4-8 (E1) and 4-8 (E2)) look molten and sintered. There were more 

asperities on the surface of FB. The tendency was more obvious as shown at higher 

pyrolyis temperature (see Figures 4-8 (F) and 4-8 (G)). The reason may due to the 

increase in temperature causing volatiles of biochar to evaporate more resulting in 

more ash left on the surface of biochar. Table 4-4 also shows FB has higher ash 

content. According to Figures 4-9 (A) to Figure 4-9 (E), SB obtained under various 

pyrolysis temperature seemed to maintain  the original sample skeleton. This may 

be due to slow release of volatile during slow pyrolysis. The series of FIBSEM 

images in Figure 4-9 also show that the pore width of SB on the surface widened 

slowly with increase of pyrolysis temperature. However unlike FB, there were no 

obvious asperities on the surface of SB.  

The pore structure of SB and FB at the range of pyrolysis temperatures between 

350℃~600℃ did not developed well showing lower BET at lower than 50 m
2
/g.  
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Figure 4-8: SEM images of FB at various pyrolysis temperatures: (A) 350℃

(B)450
 ℃, (C) 500 ℃, (D) 600℃, (E1) (E2)750

 ℃, (F) 800℃, (G) 850
 ℃. 
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4.3.5 FTIR Spectra of FB and SB  

Figure 4-10 shows the FT-IR spectra of FB and SB obtained at different 

temperatures. 

In general, the shape of FT-IR spectra of FB and SB were similar. However, FB 
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F 

Figure 4- 9: SEM images of SB under various pyrolysis temperatures: (A) 600 ℃ 

          (B)700
 ℃, (C1)(C2) 750℃, (D) 800

 ℃, (E) 850℃. 
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showed stronger absorbance than SB at the same pyrolysis temperature. For both FB 

and SB, functional groups were obvious at low temperature and finally diminished at 

higher temperature. The higher level of absorbance of spectrum was the consequence 

of large amount of black carbon.
37
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Figure 4-10: FT-IR spectra of biochar (a) SB and (b) FB 

O-H stretching was apparent in the broad absorption range of 3600–3200 cm
–1

. This 

suggested the possible presence of phenols and carboxylic acids. 
193

 The absorption 

range of 1800–1700 cm
–1

 may represent carbonyl structures such as carboxylic acids, 
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lactones, anhydrides, esters, and other acetyl derivative groups.
194-195

 C=C 

stretching were found in the region of 1680–1620 cm
–1

. The strong absorption at1600 

cm
–1

 was likely to be the consequence of C═C bonds such as diene. With the 

increase of temperature, this peak was not observable as the consequence of 

developing aromatic rings structures.1360~1430 cm
–1

 corresponded to the infrared 

adsorption of O-H and  C-H bending such as hydroxyl, acid, phenol, olefines and 

methyl.
179

 For SB and FB at low temperature 350℃, the peak at around 1100cm
-1

 

could be the stretching of C-O bonds such as saturated ethers and tertiary 

hydroxyl.
179

 

4.4  Mechanism of Biochar Addition Effecting on Soil Performance     

The properties of mallee wood biochar are highly dependent on the pyrolysis 

temperature and heating rate. Despite the limited development of pore structure of 

FB and SB, there were still observable changes of biochar surface. (see Figures 4-8 

and 4-9). SB kept original skeletons on the surface during low pyrolysis of raw 

biomass while FB showed rougher surface with obvious macropores.  

With increase of temperature, the degree of aromatization increased suggesting the 

stable structure of biochar. As shown in Table 4-4, both FB and SB obtained at lower 

temperature showed lower aromatization degree and had higher volatile matter 

content. These indicated lower temperature biochar was more active and could be 

easier to biodegrade thus being a more efficient fertilizer. Mallee biochar obtained at 

higher pyrolysis temperature contained higher AAEM content (see Table 4-4) 

whatever the sample size was. It was found that FB showed higher K, Mg, and Ca 

content but lower C and Na content than SB.  

As shown in Figure 4-10, FB showed similar shape of FTIR spectra to SB but had 

higher intensity of spectra indicating more functional groups of FB. There were 

obvious oxygen-containing functional groups on the surface of both FB and SB 

especially obtained at lower temperature. These functional groups could exist as 
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anions at higher pH being another status of alkalis in biochar. 

Due to its developed pore structure and chemical composition such as functional 

groups and AAEM, mallee wood biochar could be applied for soil amendment to 

hold nutrient, improve microenvironment, and increase the fertility of soil (see 

Chapter 2). The possible mechanisms of amending soil with biochar are as follows:  

(1)  Mechanism of improving the micro environment around plant root 

It is accepted that CO2 is captured through photosynthesis of plants. Through the 

pyrolysis process of biomass, these carbons were sequestered in the biochar. On the 

one hand, adding biochar to soil increases the carbon content of soil. On the other 

hand, it enlarged the space which was beneficial to the growth of roots,
 196

 especially 

the roots in xerosols. 
151

 Apart from that, a considerable vertical transport of biochar 

was observed to improve the deep soil.
197

 

(2)  Mechanism of keeping moistures and nutrients  

Biochar applied in soil can change the porosity of soil so that it could change the 

percolation model, holding time, the pathway of soil moisture and keep the water in 

the soil.
198

 Biochar can be both carbon source and carrier of polar or nonpolar 

compounds due to its porosity and functional groups. 
199,200

 Bio-char was applied to 

improve N input into agro ecosystems and the mechanism of restraining N leaching 

was due to its changing soil nitrogen fixation style and the activities of nitration 

microbes. 
160

 Biochar was able to strongly adsorb phosphate 
41, 156, 201

 although it is 

an anion.  

(3) Mechanism of improving the living space of microbes 

Biochar in soils with the addition of glucose promoted growth of microorganisms 

and the activity and degradation ability of microbes increased.
202

 The porosity of 

biochar provided more living space for microbes. As a result, FB of mallee biochar 

may be better due to its macropores and rough surface area (see Figures 4-8 and 4-9).  

app:ds:%20%20microenvironment
app:ds:%20%20photosynthesis
app:ds:degradation
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(4) Mechanism of pollutant adsorbed 

Due to the increased surface area, functional group, and AAEM content, biochar 

showed higher adsorption ability and cation exchange capacity (CEC). The CEC of 

soil increased with the addition of biochar to soil. So biochar has a strong adsorption 

ability of heavy metal ions. It was observed that the CEC of fast biochar from corn 

stover 
203

showed about twice as much as that of slow biochar. The CEC value was 

correlated with the ratio of O/C. The higher O/C ratio indicated the presence of more 

hydroxyl, carboxylate, and carbonyl groups. 
203

 A study
204

 showed that ion exchange 

was predominated with the increase of carbonization degree and amount of biochar. 

It was deduced as the consequence of light oxidation of surface of biochar and the 

electronegativity caused by the functional group of biochar. Higher pyrolysis 

temperature had good affinity for many organic pollutants due to its strong polarity 

of biochar obtained under higher temperature. 
205

 The emission of NO2 and the 

eluviation of NH4
+
 of alfisol and vertisol in Australia were dropped dramatically with 

the addition of biochar. 
206

 

4.5  Conclusions  

Leaf, bark, and wood have different chemical composition. Leaf, bark and mixture of 

three biomass components showed higher ash content than wood did. Thus their 

behaviors in thermal gravimetric studies were different. In contrast, acid-washed and 

water-washed treatment of wood did not change their thermal decomposition 

temperature. However acid washed wood showed highest content of volatile matter.  

Wood is good for AC production as consequence of its higher carbon content and low 

ash content. Thus it was applied to investigate the mechanism of pyrolysis. The key 

factors such as particle size, pyrolysis temperature, and holding time which influence 

the physical and chemical structure of biochar were investigated. Temperature and 

heating rate played a significant role in the chemical and physical structure of biochar. 

Generally speaking, the biochar yield of 1~2mm particle size was higher than 

app:ds:heavy%20metal%20ion
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app:ds:dramaticlly


                                                             CHAPTER 4 

 

Study of the Mechanism of Pyrolysis and Gasification of Mallee Biomass 80 

150~250 µm and 106 µm ~150 µm particle. The char yield of SB at holding time 1h 

and 2h hours were similar at 500℃. With increase of pyrolysis temperature, FB and 

SB biochar yield decreased. However significant biochar yield difference took place 

when pyrolysis temperature was below 500℃. At higher pyrolysis temperature, the 

biochar yield of 150 µm ~250µm sample and 106~150 µm were nearly the same. 

Results showed pyrolysis temperature had more significant effects on FB in both 

physical and chemical structures of biochar products. 

The processes of pore development of SB and FB through various pyrolysis 

temperatures were different. SB still kept the skeleton of raw material while FB 

appeared to experience ash sintering or melting. Consequently, FB showed more 

asperities than SB. FB showed higher oxygen and hydrogen content indicating higher 

reactivity in subsequent gasification. The cause of it was due to more AAEM 

dispersed on the surface of FB than that of SB. Generally FB had higher ash content 

compared with SB with one exception at lower temperature 350℃.The cause of the 

exception was shorter pyrolysis time (10min) and low pyrolysis temperature 350℃. 

FB had higher K, Mg, and Ca content and a little lower Na content than those of SB.  

Under current experimental conditions, FB yield was 7.5% and SB yield was 11.8% 

at 750℃. So both types of biochar were applied to prepare AC in Chapter 5.  

Due to the physical structures and chemical structures of mallee biochar, it could be 

added into soil thus realizing carbon sequestration, improving the fertility of soil 

through increase of SOM and CEC of soil, and even reducing the contamination of 

soil. 
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CHAPTER 5 STEAM GASIFICATION OF MALLEE WOOD 

BIOCHAR 

5.1 Introduction 

Activated carbon could be used as conditioners for soil
 219

 and applied to treat 

contaminated soils. 
220

 Compared with biochar, the development of pore structure 

leads to its higher surface area thus improving its performance in its applications.  

However, steam gasification is a complex process. In the stage of steam gasification, 

concurrent pyrolysis takes place. During the process of pyrolysis, both cellulose and 

hemi-cellulose are almost decomposed mostly due to their low decomposition 

temperature. Lignin is different from the other two. It plays an important role in 

steam gasification as the consequence of its wider decomposition temperature range. 

At higher temperature (750℃ in this chapter), the breakage of ether bonds between 

large molecules and C-C, C-O, C-H bonds on the side chains or main chain results in 

unstable intermediate products leading to secondary reactions. Such complexity of 

pyrolysis and steam gasification leads to the difficulty of doing quantitative research 

on chemical structure. However, since the final product of pyrolysis/steam 

gasification is AC, properties of AC can reflect the evolution of steam gasification.   

The development of micropore structure with a narrow size distribution can be 

obtained under low carbon conversion. With the process of steam gasification, 

submicropores/micropores decrease gradually, and mesopores increase slightly. It has 

been reported
98,167,207

 that largest increase of porosity is produced in early stages due 

to the instantaneous reactions occurring once gasification agents was fed to the 

reactor. Understanding the process of steam gasification especially in the initial stage 

provides the knowledge about the evolution of pores, and also gives the possibility of 

increasing AC yield with shorter steam gasification time which usually means higher 

app:ds:quantitative
app:ds:research
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char yield.  

Therefore, to investigate the mechanism of steam gasification of mallee biochar, two 

main aspects of investigation were carried out in this Chapter.  

(1) Variables including HTT (heat treatment temperature), particle size , flow rate of 

inert gas, holding time and biochar for the steam gasification of biochar;
 21, 208

 

(2) Possible pathway of steam gasification under low carbon conversion. 

The mixture of three biomass components were obtained by mixing leaf, bark ,and 

wood at the ratio of 35:25:40 by weight. Table 5-1 gives the properties of biochar 

produced from leaf, bark, and mixture of leaf, bark , and wood .  

Table 5-1: AAEM content and proximate analysis of biochar obtained from mallee 

leaf , bark, and mixture of three components 

Sample 

Ma, % 

ad 

Proximate analysis AAEM content 

Ash, % 

db 

VMb, % 

db 

FCc, % 

db  Na  d K d Mg  d Ca  d 

leaf 5.1 14.9 18.3 66.8 1.9459 1.8505 0.6906 2.9684 

bark 3.1 12.9 19.7 67.5 0.7225 0.3191 0.2205 5.5853 

wood 5.4 3.4 11.7 84.9 0.1515 0.4222 0.2235 0.8831 

Mixturee 4.0 12.6 17.9 69.5 1.1885 0.8154 0.4064 3.4114 

a moisture; b volatile matter; c fixed carbon;d wt% dry basis; eMixture (leaf 35%,bark 25%, wood 40%) 

all types of biochar was obtained at 750℃, holding time 15min, gas flow rate 3L/min. 

 

It is obvious that leaf, bark, and mixture of these three components has much higher 

ash content and low fixed carbon compared with wood biochar. Higher ash content 

may led to the blockage of pore of AC, therefore wood was applied to AC production 

in the following experiments.   
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5.2 Effects of Parameters on Steam Gasification of Mallee Wood Biochar 

5.2.1 Effect of Pyrolysis/Gasification Temperature on Mallee Wood Biochar 

Structure 

 Determination of pyrolysis /gasification temperature and time  

Mallee wood with size 150 µm ~250 µm was used in this section to investigate the 

effect of temperature range between 550℃ and 750℃ on mallee biochar. Pyrolysis 

and gasification were carried out at the same temperature and in the same reactor to 

keep the reaction consistent. Mallee wood biochar was obtained at slow heating rate 

10K/min with holding time 15 min at pre-set temperatures. The biochar was 

subsequently steam gasified at the same pre-set temperature for 5 min with 8.2 vol % 

steam to obtain AC.  

Figure 5-1 shows N2 adsorption-desorption isotherm at 77K of AC obtained at 

different pyrolysis/ gasification temperatures between 550℃ and 750
 ℃ with 5 min 

steam gasification. It should be noted that the legend 550550 means AC was obtained 

via pyrolysis and gasification at the same 550
 ℃ . Table 5-2 shows textural 

characteristics of AC obtained their respective temperatures. 

Both Figure 5-2 and Table 5-2 suggest the pronounced effect of temperature on AC 

structure. From Figure 5-2, it can be seen that the adsorption capability of AC 

increased with increase of temperature. At lower temperature of 650
 ℃ and below, 

the value of Vd and total volume were lower, while the AHPW was higher indicating 

less micropores namely the porous structure of AC was undeveloped. Thus the 

surface area of AC was low at between 19 m
2
/g and 46m

2
/g showing low adsorption 

ability. It is primarily the consequence of small amount of released volatiles during 

pyrolysis and the gasification temperature was also low. According to thermal 

dynamics and chemical reaction of carbon and steam, gasification starts at above 
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400
 ℃ and chemical reaction increases at 750

 ℃ and above (see Figure 2-11). 

When temperature was increased to 750
 ℃, the adsorption capacity of AC increased 

to above 100cc/g (see Figure 5-2) immediately at lower relative pressure which 

meant that there were microspores under these conditions. Besides, it is very clear 

that hysteresis loop appear at higher temperature indicating the existence of 

mesopore. As shown in Table 5-2, the value of SBET (surface area obtained by BET 

equation) of AC at 750
 ℃  is already high as 526 m

2
/g. Considering shorter 

gasification time and reasonable higher surface area 526 m
2
/g obtained at 

temperature 750℃, parameters 5min gasification and 750℃ were applied for further 

experiments.   
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Figure 5-1: N2 adsorption-desorption isotherm at 77K of AC obtained at different 

temperatures (the same shape of symbol means the same sample while open one 

means desorption curves and solid one means adsorption curves; A means adsorption, 

D means desorption) 
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Table 5-2: Textural Characteristics of AC obtained at different temperatures 

Parameters(holding 15min 

AC5min) 

SBET 

(m
2
/g) 

DR Total volume 

( cc/g) 

Pyrolysis (℃) gasification ℃) Vd( cc/g) AHPW(A) 

550 550 19 0.01 22.81 0.07 

600 600 35 0.01 23.64 0.10 

650 650 46 0.01 19.66 0.10 

700 700 481 0.231 14.68 0.33 

750 750 526 0.24 7.533 0.42 

SBET: surface area (m2/g); Vd: micropore volume from DR plot (cc/g) ; AHPW: average half pore width from 

DR plot (A); Total volume obtained at p/p0=0.9998(cc/g);  DR: Dubinin-Radushkevich equation; BET: Stephen 

Brunauer, Paul Hugh Emmett, and Edward Teller equation. 

 Effect of pyrolysis temperature on structure of activated carbon  

To understand the effect of pyrolysis temperature on subsequent activated carbon 

structure, biochars were obtained at different pyrolysis temperatures (550℃~900℃) 

with the same slow heating rate at 10K/min and holding time 15min. These biochar 

were then activated under the same steam gasification conditions namely steam 

containing 8.2 vol% at the same temperature of 750℃ for 5 min to produce AC.  

The reactor with the biochar obtained was lifted out of the furnace cooling for 20 min 

with keeping argon going through, after that it was placed back into the tube furnace 

at 750℃. To prevent the further pyrolysis of biochar obtained at low temperature, the 

reactor was suited in the tube furnace holing for 2 min initially, then steam was 

introduced to the reactor system immediately. The holding time 2 min was 

determined by blank experiment (the same procedure but without samples) in 

advance that showed temperature will increase to 550℃ under this condition.  

Figure 5-2 presents isothermal curves of AC via different temperatures pyrolysis and 

the same gasification process at the 750℃. All curves showed similar shape. They all 

http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
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showed immediate increase at the lower relative pressure suggesting the existence of 

the micropore and all of them have hysteresis loops at high relative pressure region 

indicating the evolution of mesopore. Table 5-3 gives detailed information of AC 

structure which was calculated based adsorption-desorption isotherm in Figure 5-2. 

The calculations were described in Chapter 3.3.3. As shown in it Table 5-3, higher 

pyrolysis temperature led to higher surface area of subsequent AC. However, there 

was a distinct temperature 750℃where BET surface area obtained under 750℃was 

much lower than that obtained at higher temperature. The increase of pyrolysis 

temperature above 750℃ just led to a slight increase of surface area and total 

volume. The reason is that the short steam gasification time 5 min was not long 

enough to perform the pore development well and it was discussed in Chapter 5.2.4.  
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Figure 5-2: N2 adsorption-desorption isotherm at 77K of AC from biochar obtained 

at different pyrolysis temperature (the same shape of symbol means the same sample 

while open one means desorption curves and solid one means adsorption curves; A 

means adsorption, D means desorption). 
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Examining Table 5-2 and Table 5-3 shows higher steam gasification temperature 

played a decisive role in the consequent AC structure. For AC obtained via steam 

gasification of biochar obtained at 550℃, the surface area increased from 19 m
2
/g to 

382m
2
/g with the higher steam gasification temperature from 550 ℃ to 750℃. 

Similarly, the surface area of AC based on 650℃ biochar increased from 46 m
2
/g to 

366 m
2
/g. However, increasing the pyrolysis temperature from 750℃ to 900 ℃ did 

not increase BET surface area of AC significantly.  

But what needs to be mentioned is that all biochar experienced the cooling and 

reheating process before steam gasification. Although the heating time was as short 

as 2 min and the temperature inside the reactor was only increased to 550℃ which 

was lower than the pyrolysis temperature used for production of biochar. Such 

pyrolysis history of biochar also contributed to the pore development of the 

subsequent activated carbon.  

The original structure of biochar played an important role in the development of the 

pore size distribution. Accordingly, there is a significant difference between 650℃

and 750℃. To further understand the effect of pyrolysis/gasification temperature on 

Table 5-3: Characteristics of AC prepared from Different Biochar  

Parameters (pyrolysis 15min 

+Gasification 5min) 

SBET 

(m
2
/g) 

DR Total volume 

( cc/g) 

Pyrolysis (℃) Gasification(℃) AHPW( Å ) Vd( cc/g) 

550  750  382 6.48 0.19 0.31 

650 750 366 7.53 0.17 0.30 

750 750 526 7.54 0.24 0.42 

850  750 540 6.51 0.23 0.32 

900 750 561 6.90 0.25 0.39 

SBET: surface area (m2/g) based on Stephen Brunauer, Paul Hugh Emmett, and Edward Teller equation SBET; 

DR: Dubinin-Radushkevich equation; Total volume obtained at p/p0=0.9998(cc/g); Vd: micropore volume from 

DR plot (cc/g) ; AHPW: average half pore width from DR plot (Å).  

app:ds:decisive
http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
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the structure of mallee biochar, Table 5-4 illustrates the AAEM content and 

proximate analysis of AC.  

Table 5-4 clearly shows the effect of gasification process on the AC properties. For 

low temperature biochar at 550℃, despite the shorter gasification time of 5 min, the 

fixed carbon increased from 75.7% to 82.8% and volatile matter decreased from 

20.3% to 12.8%. This could be due to appreciable amount of volatiles was released 

during the repyrolysis/gasification. Correspondingly, the surface area of biochar 

increased nearly 21 times from19 m
2
/g to 383m

2
/g (see Tables 5-2 and 5-3). Similarly, 

the same tendency happened to biochar obtained at 650℃. However, for biochar 

obtained at higher temperatures, the surface area only increased slightly. This is due 

to the nearly complete release of volatile matter at higher temperature. At higher 

temperature, a longer time was needed to reach high heat treatment (HHT), thus, 

biochar obtained at higher temperature experienced a longer heating history. 
186

 

Based on the above results, the current procedure with cooling char firstly and then 

heating again can be applied to obtain AC with reasonable surface area.  

Table 5-4: Proximate analysis AAEM content of AC (holding time 15min,  

gasification 5min) 

Td (℃) 
Na K Mg Ca Ma,  

% ad 

Ash,  

% db 

VMb,  

% db 

FCc,  

% db  

550+750 0.1815 0.2935 0.2501 1.0158 1.8 4.4 12.8 82.8 

650+750 0.1593 0.4615 0.2429 0.9346 1.8 4.4 11.7 83.9 

850+750 0.1663 0.4936 0.2572 0.9895 2.2 5.3 7.6 87.2 

900+750 0.1988 0.5213 0.2666 1.0599 1.9 5.2 8.3 86.5 

a moisture; b volatile matter; c fixed carbon; Td pyrolysis temperature + gasification temperature; holding time 

15min+gasification 5min at 750℃. 

5.2.2 Effect of Pyrolysis Heating Rate on Biochar Steam Gasification   

To gain the idea of the possibility of fast biochar (see Chapter 4.3.4) being feed stock 

of AC, two kinds of AC were obtained from steam gasification of fast biochar (FB) at 

750℃ with steam concentration 10 vol% and slow biochar (SB) at 750℃ with 
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steam concentration 8.2 vol % for 40 min. Figure 5-3 shows N2 adsorption isotherm 

at 77K of AC produced from SB (slow AC) and FB (fast AC) via steam gasification. 

The volume of slow AC and fast AC increased immediately at lower relative pressure. 

It suggested that both slow AC and fast AC had micropores, while N2 adsorption 

isotherm of slow AC increased dramatically up to around 200cc/g showing the 

existence of more micropores. The increases of the adsorption isotherm of both slow 

AC and fast AC at relative pressure around 1.0 illustrated the presence of macro 

pores. The BET surface area of fast AC and slow AC were 943 m
2
/g and 991 m

2
/g 

respectively.  

To further understand the influence of pyrolysis/gasification on mallee biochar, SEM 

images of slow AC and fast AC were presented in Figure 5-4. It clearly showed pore 

development on the surface of AC. Honeycomb-like cavities were evident in slow 

AC and fast AC. This suggested that both SB and FB could be suitable the feedstock 

for AC production in terms of surface area (943 m
2
/g and 991 m

2
/g).  
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Figure 5-3: N2 adsorption isotherm at 77K of AC produced from SB (Slow AC) and 

FB (Fast AC) via steam gasification 
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5.2.3 Effect of Sample Particle Size on Biochar Steam Gasification 

Under the same conditions, larger particle size may cause temperature gradients 

inside the particle leading to higher AC yield. Thus samples with different particle 

size were applied to obtain AC in this chapter. The pyrolysis and gasification 

temperature were kept the same as 750℃. Pyrolysis holding time was 15min, and 

gasification time was 5 min. Table 5-5 presents the texture and chemical properties of 

AC obtained from different size raw sample. 

Considering the possible under-development of pore size of AC due to the shorter 

gasification time and larger particle size of sample, both CO2 adsorptions at 273K 

(B1) (B2) 

  

(A1)   (A2)   

Figure 5-4: SEM images of AC produce d from SB and FB(A1)(A2) Slow AC 

with steam concentration 8.2 vol % at 750℃; (A2) is magnification of area of 

(A1); (B1)(B2) Fast AC with steam concentration10 vol % at 750℃; (B2) is 

magnification of area of (B1). 

 

 

 

 



                                                             CHAPTER 5 

 

Study of the Mechanism of Pyrolysis and Gasification of Mallee Biomass 91 

using Gemina and N2 adsorption at 77k using Autosorb-1 were carried out. As 

expected, N2 adsorption at 77K was not suitable here. The isotherm of N2 adsorption 

isotherm increased at lower relative pressure but decreased afterwards. Such 

phenomena indicated the pore structure of AC obtained did not develop well. So only 

surface area obtained under CO2 adsorption was presented in Table 5-5. It shows 

larger particle size has lower surface area. Table 5-5 gives the properties including 

AAEM content, proximate analysis, and surface area of AC obtained using different 

particle sizes.  

Table 5-5: Characteristics of AC obtained from different particle size 

Size Na K Mg Ca Ma, % ad Ash, % db VMb,  

% db 

FCc,  

% db  

yield SBET 

 

1 0.2274 0.5239 0.2862 1.689 1.2 6.7 17.1 76.2 9 255 

2  0.1523 0.4156 0.2144 0.9646 2.1 4.0 11.5 84.5 16 178 

3  0.1137 0.3866 0.1569 0.6341 1.9 2.9 11.7 85.4 19 75 

4  0.1817 0.2968 0.2148 0.4385 1.4 2.5 11.3 86.2 20.7 57 

a moisture; b volatile matter; c fixed carbon; SBET apparent surface area (m2/g); Particle size  1 <106µm;  2 

250µm~1mm; 3 1mm~2mm ; 4 500mm*500mm (pyrolysis holding time 15min , gasification time 

5min ,pyrolysis(750℃) +gasification(750℃).
 

It can be seen from Table 5-5, particles with size <106µm showed the highest ash 

content and lowest fix carbon content. AC obtained from size range between 150µm 

and 1mm showed similar proximate analysis data. The proximate analysis of sample 

with size 1mm~2mm was similar to that of sample with 500mm*500mm. These 

results indicated that gasification time 5 min was possibly not long enough for pore 

development for larger particle size. Thus only small amount of rudimentary pores 

evolved. This can also be confirmed by higher AC yield at around 20%. These AC 

consisted of narrow pores which were blocked by deposition of tars and volatile 

matter. 
209

 For low burn-off, CO2 adsorption can exhibit kinetic limitations on 

samples with narrow micropores. 
210

  

Therefore, under current experimental conditions, only the micropores were 

developed for these larger particle sizes. It indicated large particles might need 

longer gasification time to produce good AC.  



                                                             CHAPTER 5 

 

Study of the Mechanism of Pyrolysis and Gasification of Mallee Biomass 92 

5.2.4 Effect of Holding Time on Biochar Steam Gasification 

 Pore structure  

To understand the effect of holding time on the structure development of biochar 

during steam gasification, biochar, which was obtained via pyrolysis of 150 µm 

~250µm mallee wood at 750℃ for 15 min holding time, was steam gasified at 750

℃ for various gasification time. 

To gain a clear image of the relationship between the pore development of AC and 

the consumption of carbon atom of biochar during steam gasification, carbon 

conversion was also applied in this chapter. As discussed in Chapter 2, isothermal 

curves can demonstrate the structure of adsorbent so that Figure 5-5 gave the 

adsorption-desorption isotherms of AC under different carbon conversions in the 

range of 5 to 50%. Figure 5-6 shows the relationship between carbon conversion and 

surface area. The value of surface area and pore size distribution of AC are illustrated 

in Table 5-6.  

The isotherms in Figure 5-5 show that at low carbon conversion the adsorption 

isotherms of AC are similar at low relative pressure with more open knee but diverge 

at higher carbon conversions.
211

 The behaviors at low relative pressures suggest a 

wider micropore size distribution. The hysteresis loops between adsorption curve and 

desorption is due to the contribution of mesopore.  
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Figure 5-5: N2 adsorption-desorption isotherm at 77K of AC obtained at different 

carbon conversion (x %) ; A means adsorption, D means desorption; the same shape of 

symbol means the same sample while open one means desorption curves and solid one 

means adsorption curves); (pyrolysis temperature 750℃ holding time 15min + gasification temperature 

750℃,150 µm ~250µm). 

As can be observed in Table 5-6 and Figure 5-6, the BET surface area increased with 

higher carbon conversion. With 50% carbon conversion, the BET surface area of AC 

increased to 819 m
2
/g. BET surface area of only 600 m

2
/g was obtained with the 

when carbon conversion was 16.9 %. Longer gasification time meant more carbon 

steam reaction, leaving more pores and greater surface area. However, average half 

pore width (AHPW) slightly decreased up to 16.9% carbon conversion then 

increased after that, indicating that some of the micropores were changed into 

mesopores and macropores.  

From Figure 5-6, the conclusion that could be drawn was that higher carbon 

conversion (higher gasification time) played a positive role in increasing surface area 

of AC produced. 
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Table 5-6: Characteristics of AC obtained at the different level of carbon conversion  

Carbon Conversion (%) 

 ( gasification time) 

SBET 

( m
2
/g) 

DR Total volume 

( cc/g) AHPW(Å) Vd (cc/g) 

5.5 (5) 526 7.54 0.24 0.42 

12.9 (10) 572 7.47 0.26 0.43 

16.9 (15) 600 6.87 0.29 0.41 

31.1 (30) 785 7.37 0.37 0.52 

50.0 (50) 819 10.83 0.41 0.61 

SBET: surface area (m2/g) based on Stephen Brunauer, Paul Hugh Emmett, and Edward Teller equation SBET; 

DR: Dubinin-Radushkevich equation; Total volume obtained at p/p0=0.9998(cc/g); Vd: micropore volume 

from DR plot (cc/g) ; AHPW: average half pore width from DR plot (Å). 
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Figure 5-6: Surface area as the function of carbon conversion during the course of 

steam gasification (pyrolysis temperature 750℃ holding time 15min + gasification temperature 750℃ 

size150 µm ~250µm) 

Figure 5-7 shows the pore size distribution of AC obtained by quenched solid density 

functional theory (QSDFT) for AC at different carbon conversions. It can be seen in 

Figure 5-7, half pore size >10 Å attributed to the pore volume suggesting the 

presence of mesopore. With gasification going on, the percentage of mesopore and 

macropore increased. At carbon conversion of 50%, mesopore and macropore are 

obvious. The pore size distribution expanded to mesopore with the increase of carbon 

http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
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conversion. Noteworthy is the pore size distribution of AC obtained at carbon 

conversion 5.5% with BET surface area at 526m
2
/g and pore volume of 0.42cc/g (see 

Table 5-6). According to IUPAC, pore width <2 nm is micropore and pore width 

between 2nm and 50nm is mesopore. As shown in Figure 5-7, even at such low 

carbon conversion 5.5%, there were two main peaks: one was at around 2 Å 

suggesting the contribution of micropore; the other was between around 6 Å and 

around 30 Å indicating the mesopore. Therefore, it seems the pore developed well. 

Therefore, a short gasification time as 5 min was enough to obtain AC with 

reasonable surface area 526m
2
/g.  
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Figure 5-7: Pore size distribution by QSDFT for AC under different carbon 

conversion (x %) ( pyrolysis temperature 750℃ holding time 15min + gasification temperature 750℃, 

150~250µm) 

To further understand the pore evolution of mallee biochar, Figure 5-8 presents 

selected images demonstrating the development of pore of activated carbon. It shows 

the edge of activated carbon obtained under different carbon conversions, while 

Figure 5-9 shows the morphology of AC under different carbon conversions and the 

energy dispersive spectrometry (EDS) results.  
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From Figure 5-8, it can also be seen that surface of AC is more porous at higher 

carbon conversion 31.1%. It is very clear that the surface of biochar obtained via 

pyrolysis at 750℃ shows obvious pore and it can be verified by the BET surface 

area with the value of at the 270m
2
/g.  The surface structure of AC is porous, 

however, also orderliness. That indicated the ends of wood biochar were “attacked” 

by gasification agent steam. Even under low carbon conversion as low as 5.5%, the 

disorder of end of biochar increased leading to higher surface area at 526m
2
/g. To 

further understand the evolution of pore on the surface, Figure 5-9 illustrates the 

morphology of AC with higher magnification of AC obtained under different carbon 

conversion. It proved surface of AC was more porous with higher carbon conversion. 

EDS results showed that bright points were AAEM dispersing on the surface of AC 

(5 min). The above discussions clearly show through the control of the carbon 

(c) 

(c) 
(a) 

(d) 

(b) 

Figure 5-8: AC structure changing with carbon conversion (x %): (a) biochar  

(b)5.5% (c)16.9% (d)31.1%  
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conversion of mallee wood biochar during steam gasification, AC with different pore 

size distribution can be tuned correspondingly.   

 

Figure 5-9: Morphology of AC under different carbon conversion (x %): (a) biochar 

(b)5.5%(c)16.9%(d)50% (e1)bright points on the surface of BESEM image of AC 

5.5% (e2) EDS results of bright point. 
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 Chemical structure  

 Considering short gasification time 5min (5.5% carbon conversion) and 15min 

(16.9% carbon conversion) resulting in reasonable surface area of 526m
2
/g and 

600m
2
/g respectively, Table 5-7 presents these chemical characteristics of AC. As 

shown in Table 5-7, both the ash content and AAEM contents increased a little bit 

with the increase of carbon conversion while volatile matter and fixed carbon were 

nearly the same.  

Table 5-7 : Chemical Characteristics of AC under different carbon conversion 

Carbon 

conversion 

Moisture 

(%aad)  

Proximate(wt% db) Ultimate 

analysis 

(wt%  db)  

AAEM content(% db)  AC 

yield 

FCb VMc Ash C H Nad Kd Mgd Cad  

5.5 1.7 84.9 11 4.1 84.47 0.93 0.1669 0.4962 0.2472 0.8989 12.1 

16.9 2.0 84.8 10.6 4.6 84.84 1.47 0.1735 0.5009 0.2642 0.9497 11.3 

aAir dried, bFixed carbon（FC）, cVolatile matter (VM),  d Analysed by IC; ( slow heating at 10 K/min, holding 

15min pyrolysis at 750℃). 

 FTIR spectrum  

FTIR spectroscopy was initially applied in order to identify the functional groups at 

the surface of biochar and AC. For AC under different carbon conversion from 

5.5%~50% via steam gasification of biochar obtained from 750℃ pyrolysis, there 

were no obvious observable peaks in FTIR spectrum. This indicated that the 

chemical structure of the surface of activated carbon was similar and there was only 

small amount of functional groups on the surface of AC.  

5.2.5 Effect of Acid Treatment of Wood on Biochar Structure in Steam 

Gasification 

AAEM may catalyze reactions and thus shorten gasification time. Treatment with 

acid washing or water washing of biomass can remove inorganic matter partially or 
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completely thus affecting gasification reaction rates and corresponding evolved gas 

during gasification. To get the basic idea of the effect of AAEM on the structure of 

mallee biochar, acid washed wood particles were also applied to prepare AC. Figure 

5-10 presents nitrogen isotherms of activated carbon obtained under different 

gasification time and temperature via steam gasification of acid washed biomass. It 

clearly demonstrates that extend gasification time and higher gasification 

temperature favor the development of pore. At lower relative pressure, the volume of 

AC obtained with 240 min gasification at 750℃ and at 850℃ with 50 min 

gasification increased quickly indicating the presence of amount of micropore. The 

hysteresis increases with the extension of gasification time due to the presence of 

mesopore. It also confirmed the data in Table 5-8 where long enough gasification 

time led to higher value of SBET and Vd. The increase of AHPW indicated the 

development of mesopore.  Figure 5-11 is pore size distribution (PSD) of AC 

obtained through  QSDFT model
212

 provided by Quanta chrome software.  
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Figure 5-10: Nitrogen adsorption and desorption isotherms at 77K of AC form acid 

washed biomass at different time and temperature (A means adsorption, D means desorption; 

the same shape of symbol means the same sample while open one means desorption curves and solid 

one means adsorption curves); ×minA(D) means adsorption(desorption) curve of AC obtained with 

×min gasification at 750℃; 850A (D) means adsorption(desorption) curve of AC obtained at 

850℃with 55min gasification.  
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It can be seen in Figure 5-11 that biochar and AC obtained with 20min gasification 

time showed similar pore size distribution with majority of micropore and minority 

of mesopore. With the increase of gasification time to 240 min, mesopore developed 

well with half pore size mainly below 25 Å. It showed that higher temperature 850℃ 

led to more developed porosity of AC.  

As shown in Table 5-8, compared with acid washed wood biochar of 470 m
2
/g, acid 

washed biochar showed much lower surface area of 32 m
2
/g. It increased to 577 m

2
/g 

when gasification time increased to 20min. But with gasification time of 75 min, the 

BET surface area decreased only to 515 m
2
/g. This behavior suggested the 

disappearance of micropores which led to the decrease of surface area.  

Figure 5-12 presents the pore size distribution of activated carbon from acid washed 

biochar. It shows that AC obtained via 75min gasification time consisted of a 

majority of mesopores. Although activated carbon obtained from acid washed wood 

AC and acid washed biochar with 20 min displayed similar BET surface area of 

around 590 m
2
/g, they had different pore size distribution. Acid washed biochar 

showed much wider mesopore size distribution.  

Table 5-8: Textural characteristics of AC prepared from acid washed biomass and 

acid washed biochar 

Parameters(holding time 15min) 
SBET 

(m2/g) 

DR 
Total volume 

( cc/g) sample 
Pyrolysis 

+gasification(℃) 

Gasification 

time(min) 
AHPW(A) Vd( cc/g) 

Acid washing 

Mallee wood 

750 0 470 5.63 0.21 0.37 

750 20 589 5.97 0.29 0.42 

750 240 1313 8.83 0.64 0.95 

850 55 1101 6.94 0.56 0.75 

Acid washing 

biochar  

Acid-washed biochar 0 32 20.40 0.01 0.07 

750 20 577 7.66 0.27 0.44 

750 75 515 7.65 0.25 0.41 

SBET apparent surface area (m2/g);   Vd pore volume from DR plot (cc/g)  

Average half pore width from DR plot (A); Total volume obtained at p/p0=0.9998(cc/g). 
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Figure 5-11: Pore size distribution by QSDFT for AC from acid washed wood 

biomass (×min means AC obtained with ×min gasification time at 750℃, 85055min 

means AC obtained at 850℃ with 55min gasification time)   
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Figure 5-12: Pore size distribution by QSDFT for AC from acid washed wood 

biochar (x min means gasification time) 
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5.3 Steam Gasification of Mallee Biochar at Low Carbon Conversion 

In this chapter, pyrolysis/gasification of mallee biochar was carried out at short 

low-temperature pyrolysis time and minimal conversion of the char for AC 

preparation during steam gasification. Under current experiments, pyrolysis 

temperature and steam gasification temperature were the same at 750℃ to simulate 

a continuous process.
213

 This temperature 750℃ was chosen for four reasons: (1) 

AC with reasonable surface area was obtained at 750℃ with 5 min gasification ( see 

Table 5-9 ); (2) according to TGA, most volatile matter were removed above 700℃; 

(3) this temperature is high enough for both gasification by steam or by carbon 

dioxide which will be presented in Chapter 7; (4) to guarantee reaction was under 

chemical reaction control.  

Biochar was prepared at 750℃ with 15min holding time and 10 K/min heating rate. 

Due to the higher surface area obtained from fast biochar and for the purpose of 

comparison, the specific reactivity of fast biochar was also investigated. Table 5-9 

gives the properties of mallee wood used in this chapter.  

Table 5-9: Properties of mallee wood used in the present study  

Proximate analysis, wt% db Ultimate analysis, wt% daf 

M
a
, % 

ad 

Ash, 

db 

VM
b
, % 

db 

FC
c
, % db C H N S O*  

5.3 0.4 80.7 18.9 49.0 6.7 0.19 0.02 44.1 

Inorganic species (wt% db) 

Element Na K Mg Ca Cl P N Al Si 

(wt%) 0.0212 0.0744 0.0364 0.1236 0.0323 0.0182 0.191 0.0025 0.0026 

a
 moisture;

 b
 volatile matter; 

c
 fixed carbon; TP

d 
pyrolysis temperature ,*by difference. 
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5.3.1 Chemical Reaction Control during Steam Gasification at Low Carbon 

Conversion 

 Steam gasification of leaf, bark, and wood biochar at 850℃  

Moderate gasification temperature should be chosen to make sure steam gasification 

is under chemical reaction control. Steam gasification temperature 850℃ is a 

common temperature for activated carbon production. Therefore, steam gasification 

of three mallee biomass, namely leaf, bark, and wood were firstly carried out at 

850℃. Figure 5-13 shows curves of carbon conversion of leaf, bark, and wood 

biochar as function of time.  

It can be seen that leaf biochar showed highest reaction rate followed by bark biochar. 

Carbon conversion of leaf biochar reached nearly 100% at around 12 min, while bark 

biochar reached around 80% with similar gasification time. In contrast, wood biochar 

showed the lowest reaction rate. This is consistent with the order of AAEM content 

of three biomass components namely leaf > bark > wood.  Figure 5-14 gives 

specific reactivity of leaf, bark, and wood biochar as a function of carbon conversion.  

As expected, the specific reactivity of leaf and bark increased dramatically with the 

increase of carbon conversion followed by a decrease. The decrease of specific 

reactivity of leaf and bark char was the consequence of depletion of carbon at higher 

carbon conversion where less carbon was available. While for wood biochar, the 

specific reactivity increased slightly in the course of gasification. Both Figures 5-13 

and 5-14 gave the evidence that the rate of steam gasification of leaf and bark at 

temperature 850℃ was so fast as to probably lead to heat resistance. Therefore 

lower temperature 750℃ was applied. 



                                                             CHAPTER 5 

 

Study of the Mechanism of Pyrolysis and Gasification of Mallee Biomass 104 

 

0 5 10 15
0

20

40

60

80

100

 leaf

 bark

 wood

 

 

C
a

rb
o

n
 c

o
n

v
e

rs
io

n
 (

%
)

Time (min)
 

Figure 5-13: Carbon conversion of leaf, bark, and wood biochar as function of time 

during steam gasification at 850℃ 
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Figure 5-14: Specific reactivity of leaf, bark, and wood biochar as function of carbon 

conversion during steam gasification at 850℃ 

 

 Steam gasification of wood biochar at 750℃  

Figure 5-15 presents the curve of the specific reactivity against carbon conversion 

and Figure 5-16 gives the steam concentration during the course of steam 

gasification. It can be seen from Figure 5-15 that specific reactivities of AC were 

similar under different steam partial pressure (1.0L/min argon+0.074mL/min steam, 

1.5L/min argon +0.114mL/min steam, and 1.5L/min argon+0.215ml/min steam). The 

specific reactivity overlaps at above 4% carbon conversion. From Figure 5-16 the 

consumption of steam was less than 1%. Therefore these confirmed that current 

reaction was under chemical reaction control. Such a conclusion was also supported 
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by the data of AAEM content of AC obtained under different steam partial pressure 

as shown in Table 5-10. The results show the AAEM contents of three AC were 

similar. The relative standard errors of Na is ±3.66 %, K±4.18 %, those of Mg and 

Ca are ±4.32% and ±7.66%, respectively.  

Apart from the above evidence, the textural characteristics of AC under different 

steam partial pressure were also provided in Table 5-11. It is very clear that the 

results were very similar. The value of total volume, BET surface area, and Vd were 

around 0.41 cc/g, 600 m
2
/g, and 0.28cc/g respectively. Such results suggested that 

there were no differences of AC caused by the change of steam partial pressure.   

Table 5-10: AAEM content(% daf)  of AC obtained under different steam partial 

pressure 

Argon flow rate +steam 

flow rate 
Na K Mg Ca 

1.5+0.215 0.1618 0.4719 0.2531 1.0079 

1.5+0.113 0.1584 0.4838 0.2571 0.9638 

1.0++0.074 0.1506 0.4456 0.2368 0.8662 

Pyrolysis holding time 15min, AC 15min , at 750℃, symbol x +xx means x L/min argon+ xxml/min steam, eg, 

1.5+0.215 means 1.5L/min Argon +0.215ml/min steam . 
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Figure 5-15: Specifice reactivity of gasification with various steam partial pressure 

and (symbol x +xx means x L/min argon+ xxml/min steam) 
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Figure 5-16: Steam concentration as the function of carbon conversion 

   

Table 5-11: Characteristics of AC Obtained at the different steam partial pressure  

Parameters  SBET 

( m
2
/g) 

DR Total volume 

( cc/g) AHPW(Å) Vd (cc/g) 

3+0.215 600 6.87 0.29 0.41 

1.5+0.215 596 7.36 0.26 0.43 

1.5+0.113 598 7.26 0.28 0.41 

1.0+0.074 593 7.11 0.27 0.41 

SBET: surface area (m2/g) based on Stephen Brunauer, Paul Hugh Emmett, and Edward Teller equation SBET; 

DR: Dubinin-Radushkevich equation; Total volume obtained at p/p0=0.9998(cc/g); Vd: micropore volume from 

DR plot (cc/g) ; AHPW: average half pore width from DR plot (Å) Conditions : pyrolysis holding time 15min, 

AC 15min , x + xx means x L/min Argon +xx ml/min steam; pyrolysis holding 15min +gasification15min at 

750℃ ). 

5.3.2 Biochar Reactivity and Instantaneous Gas Produced During Steam 

Gasification 

The curves of specific reactivity and steam concentration as a function of carbon 

conversion of slow biochar and fast biochar are shown in Figure 5-17. The specific 

reactivity of fast biochar was analyzed together with that of slow biochar. Meanwhile, 

the specific reactivity above 10 % carbon conversion of slow biochar was also 

provided to make the tendency of specific reactivity clearly. It is shown that steam 

consumption during gasification of slow biochar was slight so that the steam partial 

pressure kept constant. On the contrary, the consumption of steam gasification of fast 

biochar was much higher.   

http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
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In the case of the reactivity, gasification rate depends on concentration of active sites, 

ease of accessibility of the active sites to the reactant gas and presence of inorganic 

impurities
214

 acting as catalyst.
215

 Such factors can be alerted through the pyrolysis 

process and subsequent gasification. For instance, the severity of pyrolysis effects the 

loss of catalytic activity as the consequence of sintering, formation of intercalation 

compounds or vaporization.
216

 The increase of the density of catalytic contents is the 

consequence of  consumption of the carbon material during the course of 

gasification.
134

 However, the conclusions of the influence of heating rate on the 

reactivity are controversial. Samaras observed that slow coal char showed higher 

reactivity during CO2 gasification. 
207

 However it was also observed rapid biochar 

showed higher reactivity which is the consequence of rapid heating rate: (1) less 

deposited pyrolytic carbon which provides lesser active reaction sites; (2) yield of 

defective carbon micro crystallites containing higher concentration of active sites. 
217

  

It can be seen that the results under current experimental conditions were in 

agreement with the latter, namely, the fast biochar had a higher specific reactivity 

peak at around 0.07(min
-1

) than that of slow pyrolysis biochar at around 0.02 (min
-1

). 

The reason may be due to two aspects namely pore size distribution and the catalysts 

of inherent inorganic matters. The surface of mesopores and macropores may provide 

more active sites compared with micropores which may not contribute to the 

gasification. That means the higher surface area lead by mesopores and macropores 

are better indicators to higher reactivity than total surface area. 
218,219  

The second 

cause of it may lie in the catalytic effect of inherent alkali and alkaline earth metallic 

(AAEM) species. As shown in Table 4-4, FB had higher concentrations of ash than 

SB. AAEM may disperse on the asperities of the surface of FB thus catalyzing steam 

gasification.  

Unlike the continuous decrease of specific reactivity of fast biochar with the 

increase of carbon conversion, the reactivity of slow biochar decreased initially when 

carbon conversion below around 10%, then it increased afterwards. The possible 
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reason was that in the initial stage of steam gasification, an amount of AAEM 

catalyst dispersing on the surface of slow biochar led to higher density of reactive 

sites within the biochar. Therefore, these catalysts contacted well with steam thus 

speeding up the reaction. Due to the removal of a proportion of very reactive carbon 

materials in the biochar, the specific reactivity started to decrease. With the increase 

of carbon conversion, some carbon atoms on the surface of AC were removed 

leaving new catalytic active sites. Specific reactivity started to increase but it did not 

reach the altitude of the initial reactivity. 

Efforts were then made to study the gas evolution during biochar steam gasification, 

with the specific gas formation rates being presented in Figure 5-18. It is clearly seen 

in the figure that the formation rates of H2, CO and CO2 decreases with conversion 

initially which was consistent with the reactivity data presented in Figure 5-17.  

Fast biochar showed much higher gas formation than that of slow biochar. 

Furthermore, it should be noted that the formation of CH4 is thermodynamically 

Figure 5-17: Biochar specific reactivity (a1)(b1)and steam concentration as(a2)(b2) a 

function of carbon conversion during biochar steam gasification. (a) FB at750
 o
C; inlet 

steam concentration 10 vol%  (b) SB at 750 
o
C; inlet steam concentration: 8.2 vol %.   
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negligible under the reaction conditions. Therefore, the overall reaction can be 

written as:  

222 )12()12()1( HXXCOCOOHXCX                      (5-1) 

Where X = CO2/CO is determined by was-gas-shift reaction 

222 HCOOHCO                                              (5-2) 

OHco

Hco

pp

pp
Keq

2

22                                                   (5-3) 

Where, p is partial pressure. So the ratio of  H2/CO and CO2/CO   at equilibrium 

can be calculated by equation 
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Figure 5-18: Specific gas formation during gasification of biochar: 

(a) fast biochar (b) slow biochar 

Figure 5-19 presents the actual ratios of H2/CO and CO2/CO based on the 

experimental data, benchmarking against the equilibrium ratios calculated under the 

same steam gasification conditions. It is obvious that the actual ratio of CO2/CO is 

lower than the equilibrium values, suggesting that the primary product is CO and the 

formation of CO2 is more likely from water-gas-shift reaction.  
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5.3.3 Reasons of Higher Reactivity of Mallee Wood Particle in Gasification  

Biochar obtained at 750℃ shows high reactivity leading to a reasonable surface area 

at 526m
2
/g even within a short gasification time of 5min. The possible reason for the 

phenomena is of interest. To understand the effect of topography of biochar on the 

reactivity, the images obtained by the combination of FIBSEM, BSE, and EDS are 

shown in Figures 5-20 and 5-21. 

In Figure 5-20 shows morphology of wood biochar and the EDS results of bright 

points on the surface of wood biochar. Images (b) and (e) are biochar images. Images 

(a), (d), (c), and (f) demonstrated magnified local area with arrow indicting the 

designated place. According to these images, two phenomena were obvious. Firstly, 

the surface of biochar was rough with porosity. The porosity consisted of distinct 

Figure 5-19: Comparison between the actual and theoretical equilibrium 

ratios of H2/CO: (A1) fast biochar , (A2) slow biochar; CO2/CO: (B1) fast 

biochar; (B2) slow biochar. 
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macropores. Secondly, metals (such as Na, Mg, Ca detected as bright spots) 

distributed around the mesopore were easy to be observed in both SEM images and 

BSE images. Catalysts on large pores were also observed by Pasotr
192 

and Hurt. 
220

 

There was evidence that the reaction primarily took place outside the microporous 

catalyst on network on the surfaces of larger pores.
220

 Moreover, according to the 

unaltered surface of some areas of activated carbon, a selective gasification process 

takes place. 
168

  

Figure 5-21 illustrates the morphology of AC which was obtained under 5min steam 

gasification. Figures 5-22, 5-23, and 5-24 illustrate the EDS results of bright points 

and certain area of the surface of AC. It was obvious a great amount of bright points 

are on the surface of AC. Through the EDS result, they are mainly AAEM (Na, K, 

Ca, and Mg). Being consistent with the AAEM content, the higher intensity of Ca 

and Mg was observed. This morphology gave more evidence of mallee biochar 

having higher reactivity which could be used to produce AC with relatively higher 

surface area within shorter gasification time. 
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Figure 5-20: Morphology of wood biochar : (a) magnification of left red circle of (b); (b) SEM images of wood biochar; (c) magnification of right red circle of (b); (d) 

magnification of red circle of (a);(e) BSEM image of wood biochar ; (f) magnification of red circle of (c); (g) BSEM image of wood biochar with EDS ; (h)the EDS 

results of bright points on the surface of wood biochar. 
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Figure 5-21: Morphology of AC under different magnification (a) SEM image of AC (obtained with 5min gasification); (b)magification of red circle of 

(a); (c) magnification of red circle of (b); (d) BSEM of AC. 
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Figure 5-22: Morphology of AC (5min gasification) and the EDS results of bright points on the surface of AC: (×1) means FIBSEM, (×2) means 

EDS results (×character from a to f ) 
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Figure 5-23: Morphology of AC (5min gasification) and the EDS results of bright points / area on the surface of AC: (×1) 

means BSEM, (×2) means EDS results (×character from a to c )  
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Figure 5-24: Morphology of AC (5min gasification) and the EDS results of area on the surface of AC: (×1) means BSEM, 

(×2) means EDS results (×character from a to f ) 
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5.3.4 Evolution of Mallee Biochar Structure at Low Carbon Conversion 

 Pore structure  

Figure 5-25 presents the N2 adsorption-desorption isotherm of the biochar produced 

from Mallee wood pyrolysis at 540 ℃ and the AC produced from the biochar after 

steam gasification for 5 min at 750 ℃. Figure 5-25 clearly shows that the adsorption 

capability has been increased substantially after steam gasification of the biochar. 

The adsorption capacity of AC increased to >100 cc/g, suggesting that the AC has 

abundant micropores. It shows that hysteresis loop appears after steam gasification, 

indicating the presence of meospores in AC. As shown in Table 5-12, the BET 

surface of the biochar increased substantially from 19 m
2
/g to 435 m

2
/g after 

gasification. 
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Figure 5-25: N2 adsorption-desorption isotherm at 77K of biochar and AC produced 

from steam gasification of the biochar (biochar produced at 540℃; 10 K/min; 15 mins holding time; 

AC at 750℃, 5min gasification time). 

Practically, a minimal conversion of the biochar is desired during steam gasification 

in order to maximize the productivity of AC. A series of experiments were then 

carried out to study the properties of biochar in steam gasification with various 
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carbon conversions for gasification 2~5%. Figure 5-26 and Figure 5-27 present the 

adsorption-desorption isotherm and the BET surface area of various AC produced, 

respectively.  For the purpose of comparison, isotherms of higher conversion above 

5% were also shown in Figure 5-26. Figure 5-26 clearly shows that the adsorption 

curves of all ACs similar suggesting that the ACs consist of a wide range of micro-, 

meso- and macro-pores, as also evident by the data listed in Table 5-13.  

Table 5-12: Characteristics of raw biochar and AC prepared from steam gasification 

of the biochar 

 Samples SBET 

(m
2
/g) 

DR Total 

volume 

( cc/g) 

Vd( cc/g) AHPW(Å) 

Biochar produced from mallee 

wood (540 ℃; 10 K/min; 15 mins 

holding) 19 0.01 22.81 0.07 

Activated Carbon (750 ℃; 5 min 

steam gasification) 435 0.19 6.48 0.19 

SBET: surface area (m2/g) based on Stephen Brunauer, Paul Hugh Emmett, and Edward Teller equation SBET; 

DR: Dubinin-Radushkevich equation; Total volume obtained at p/p0=0.9998(cc/g); Vd: micropore volume from 

DR plot (cc/g) ; AHPW: average half pore width from DR plot (Å). 

It is also clear that the adsorption ability generally increases with biochar conversion 

but only in the early stage up to ~5% carbon conversion. Longer time of gasification 

led to only limited further increase in opening more pores and generating more 

surface area within the biochar, as shown in Table 5-13. Therefore, the data clearly 

suggest that only a short period of steam gasification was needed to produce AC 

from the biochar. In this case, a very low carbon conversion of ~5% was required to 

produce ACs with an SBET surface area of 526 m
2
/g.  

Table 5-13 gives the texture characteristics of AC under low carbon conversion. It 

seemed that the BET surface did not change at the carbon conversion range of 2.1% 

and 4.3%. It is also supported by nearly constant values of AHPW, Vd, and total 

volume over the same carbon conversion range. Such observation is also confirmed 

by the Figure 5-28. As shown in Figure 5-28, the QSDFT curves were very similar 

and micropores made an important contribution to the overall pore structure. 
163

 

http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
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Table 5-13: Characteristics of AC obtained at the different level of carbon 

conversion 

Carbon Conversion 

(%) 

SBET 

( m
2
/g) 

DR Total volume 

( cc/g) AHPW(Å) Vd (cc/g) 

2.1 423  5.81 0.21 0.31 

2.7 425 6.04 0.20 0.34 

3.3 439 6.09 0.20 0.33 

3.8 452 6.05 0.22 0.34 

4.3 454 5.81 0.21 0.31 

5.5 526 7.53 0.24 0.42 

12.9 572 7.47 0.27 0.43 

SBET: surface area (m2/g) based on Stephen Brunauer, Paul Hugh Emmett, and Edward Teller equation SBET; 

DR: Dubinin-Radushkevich equation; Total volume obtained at p/p0=0.9998(cc/g); Vd: micropore volume from 

DR plot (cc/g) ; AHPW: average half pore width from DR plot (Å) .  
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 Figure 5-26: N2 adsorption-desorption isotherm at 77K of AC produced from 

biochar via steam gasification with various carbon conversion (A means adsorption, 

D means desorption; the same shape of symbol means the same sample while open 

one means desorption curves and solid one means adsorption curves); ×A (D) means 

adsorption (desorption) curve of AC obtained at × carbon conversion at 750℃). 

http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
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Figure 5-27: Surface areas as the function of carbon conversion during the course of 

steam gasification 
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Figure 5- 28: Pore size distribution by QSDFT for AC under low carbon conversion 

(× %)( wood biochar at 750℃ with 15 min holding time, steam gasification at 750℃) 

 Chemical composition of  AC  

Table 5-14 shows elemental analysis and proximate analysis of AC obtained under 

different carbon conversion. Generally, under low carbon conversion, the chemical 

composition of AC was nearly the same as expected.  
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Table 5-14: Properties of AC under different carbon conversion  

Carbon 

conversion 

Moisture 

(%aad)  

Proximate 

(wt% db) 

Ultimate 

analysis 

(wt%  db)  

AAEM content(% daf)  

FC
b
 VM

c
 Ash C H N Na

d
 K

d
 Mg

d
 Ca

d
 

Raw sample 3.7 16.8 82.7 0.5 45.88 6.38 0.74 0.0234 0.0591 0.0336 0.128 

0 5.4 84.9 11.7 3.4 84.77 1.42 0.48 0.1515 0.4222 0.2235 0.8831 

2.1 3.0 85.6 10.4 4.0 83.46 3.02 0.45 0.1658 0.4768 0.2429 0.8680 

3.8 1.5 85.3 10.5 4.2 83.10 2.09 0.27 0.1682 0.4676 0.2403 0.8743 

5.5 1.7 84.9 11.0 4.1 84.47 0.93 3.15 0.1669 0.4962 0.2472 0.8989 

aair dired, bFixed carbon（FC）, cVolatile matter(VM),  d Analysed by IC 

 Evolution of intrinsic gasification reactivity 

Specificity of biochar was normalized by surface area to understand the effect of 

carbon structure on the specific reactivity. This value could be treated as intrinsic 

reactivity of biochar. 
132, 221-224

 Figure 5-29 shows the reactivity per unit pore surface 

area of wood biochar and retention of AAEM contents (Na, K, Mg, and Ca). It can 

be seen that the reactivity per unit pore surface area decreased with increase of 

carbon conversion. The peak of the curve was the consequence of “fresh” active sites 

sand well dispersed AAEM on the biochar as discussed above. AAEM retention was 

nearly the same when the carbon conversion is below 15%.  

 

0.00000

0.00002

0.00004

0.00006

0 5 10 15 20
0

20

40

60

80

100

 

 

 Raw wood char

R
e

a
c
ti
v
it
y
 p

e
r 

u
n

it
 

p
o

re
 s

u
rf

a
c
e

 a
re

a
 (

g
 m

in
-1

 m
-2
)

(a)

 Na     K

 Mg      +     Ca

(b)

 

 

R
e

te
n

ti
o

n
, 

%
 o

f 
A

A
E

M

 

Carbon conversion (%)  

Figure 5-29: Reactivity per unit pore surface area of wood biochar (a) and retention 

of AAEM contents of Na, K, Mg, and Ca (b) 
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 FTIR spectrum 

For AC obtained from steam gasification of 750℃ at low carbon conversion, there 

were no obvious observable peaks in FTIR spectrum. This indicated only small 

amount of function groups existed on the surface of AC.  

 Raman spectrum 

Raman spectrums were obtained to get the structure of AC. D band represents highly 

ordered materials aromatic rings, aromatics with no less than 6 rings, and defects in 

carbon graphic structure while (Gr+Vr+Vl) band represents amorphous carbon 

structure, aromatics with 3-5 rings, and methylene or methyl.
178

  As expected, the 

structures of AC obtained under low carbon conversion were similar due to low 

carbon conversion at 750℃ steam gasification. Figure 5-30 shows the D band, 

(Gr+Vr+Vl), and their ratio as a function of carbon conversion. It can be seen from 

Figure 5-30, as expected, D band changed slightly. It meant the ordered structure of 

biochar was not developed at lower carbon conversion. (Gr+Vr+Vl) band showed a 

slight increase at 13% carbon conversion which may be caused by the continuous 

pyrolysis of biochar. The ratio of (Gr+Vr+Vl) and D kept nearly the same before 10% 

carbon conversion then followed by a slight increase after 10% carbon conversion.  

Figure 5-31 gives the peak area of S band against carbon conversion. S band 

represents Caromatic-Calky, aromatic (aliphatic) ether, C-C on hydro aromatic rings, 

and C-H on aromatic rings. 
178

 The values of S band were nearly the same.  

Figure 5-32 shows the peak area of D and G/D. G band represents the graphic 

structure, aromatic ring quadrant breathing, and alkene C=C. 
178

 G band kept almost 

stable below 10% carbon conversion but decreased slightly after 10% carbon 

conversion. This decrease suggested after 10% carbon conversion biochar structure 

started changed gradually.   
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Figure 5-30: Peak area of D band (a) and (Gr+Vr+Vf) band (b), and ratio of 

(Gr+Vr+Vf)/D (c), as a function of carbon conversion 
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Figure 5-31: Peak area of S band as a function of carbon conversion 
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Figure 5-32: G band area (a) and the ratio of G/D (b) as function of carbon 

conversion 

5.4 Conclusions 

The results of operating parameters which influence pyrolysis/gasification are as 

follows: 

(1) Temperature is an important parameter to both pyrolysis and steam gasification. 

Increasing pyrolysis /gasification temperature had a positive effect on the surface 

area; however, the effect became less significant for temperatures above 700℃. At 

temperatures of 700℃ and 750℃, AC with reasonably high surface area at 481m
2
/g 

and 526 m
2
/g were obtained after only 5 min gasification time. Thus 750℃ was 

chosen for AC preparation in this study. 

(2) For 40 min steam gasification, AC obtained from both slow pyrolysis biochar and 

fast pyrolysis biochar showed higher BET surface at 943 m
2
/g and 991m

2
/g 

respectively. Thus both slow and fast pyrolysis biochar could be suitable feedstock 
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for activated carbon preparation. 

(3) Under current experimental conditions, larger particle size led to low surface area 

of AC. Results showed at 750℃,for biochar obtained via pyrolysis of 150~250µm 

particle with 15min holding time, and increasing carbon conversion to 50% led to 

higher surface area  of  819 m
2
/g. However, for low carbon conversion 5.5% (5min) 

and 16.9% (15min) resulted in 526 m
2
/g, 600 m

2
/g respectively. 

(4) Biochar obtained from acid washed biomass showed much higher surface area 

470 m
2
/g than that of raw biomass at 270 m

2
/g biochar. After 20min steam 

gasification, the surface area of acid washed biomass biochar increased to 589 m
2
/g.   

The mechanism of pyrolysis/gasification under low carbon conversion was 

investigated in depth. The results are: 

(1) During steam gasification, the biochar specific reactivity initially decreased with 

conversions. Based on the syngas compositions during the steam gasification, the 

primary product is probably CO. 

(2) Specific reactivity decreased initially when carbon conversion below around 

10%, then it increased afterwards. The possible reason for that is the dispersion of 

inherent AAEM catalyst changes with the carbon conversion. With the increase of 

carbon conversion, the surface area of AC increased.  

(3) Form the morphology of biochar and AC, a great amount of AAEM content 

dispersed on the surface of biochar and AC. These images explained the possible 

reason for higher specific reactivity of mallee wood biochar. Higher reactivity of 

mallee biochar is beneficial to produce AC for shorter gasification time but with 

relatively higher surface area as consequence. 
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CHAPTER6 TRANSFORMATION OF INHERENT OXYGEN IN 

BIOCHAR DURING STEAM  

6.1 Introduction 

Physical gasification process involves two steps known as pyrolysis and gasification. 

Biochar produced from pyrolysis is subjected to gasification process using 

gasification agent such as steam, carbon dioxide, air, oxygen or a mixture of them. 

Most of literatures published are based on physical gasification process. Apart from 

characteristics of AC, they mainly focused, from the view of statistical 

thermodynamics, on the relationship between char yield and operating parameters, 

the relationship between thermodynamic variables and pore size distribution of AC, 

the relationship between thermodynamic variables, and adsorption ability of AC, 

catalytic effect of metal matter on the gasification.
20, 207,186

 

However, the gas transformation pathway of biochar in gasification process (such as 

oxygen) was not mentioned much until now. It is well known that during the 

production process of AC via pyrolysis and steam gasification, oxygen is highly 

relative to the gas formation of CO, CO2, and H2. A good understanding of evolution 

of gas is of vital importance to investigate the oxygen transformation in the course of 

steam gasification of mallee biochar.  

The purpose of this chapter is to investigate the oxygen transformation in 

pyrolysis/steam gasification of mallee biomass basing on the principle of 

conservation of energy and mass, and to establish the relationship between pyrolysis 

and stream gasification via the pathway and amount of oxygen transformation 

obtained. 

In the steam gasification, the gas formations are mainly from the following reactions. 
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COHOHC  22           H=+118.628kJ /mol                   (6-1) 

222 COHOHCO        H= -43.514kJ /mol                      (6-2) 

The molar ratio of H2 and (CO+CO2) can be represented by q:  

 q= H2/(CO+CO2)                                                ( 6-3) 

For the purpose of obtaining the value range of q, two extreme assumptions of 

reaction (6-1) and reaction (6-2) could be taken. One assumption is that if only 

equation (6-1) takes place, the value of qmin will be 1. The other assumption is both 

equation (6-1) and equations (6-2) occur completely, so the value of qmax will be 2. 

Generally, both reactions occur but the intensity of reaction is different so that 1＜q

＜2. In this way, the value of q can somehow indicate the process of steam 

gasification. However, during the steam gasification of acid washed mallee wood, q 

<1 is an unusual phenomena. From the mathematical view, the possible reason is 

either the decrease of H or the increase of (CO+CO2).  

From reactions (6-2) and (6-3), the mole ratio of H2 and CO should be at least 1. 

Therefore, the cause of q<1 is the increase of the fraction of (CO+CO2), in other 

word, there is an existence of increase of oxygen content and q<1 is an indicator 

index. 

In this study, the temperature of pyrolysis/gasification is 750℃. The pyrolysis 

holding time was 15min and steam gasification time was 30 min. The properties of 

AB550-750 are shown in Table 6-1. 
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 Table 6-1: Characteristics of biomass, biochar and AC prepared  
a 
Sample Moisture 

(% ad) 

Proximate(wt% db) Ultimate analysis(wt%  daf) SBET 

(m
2
/g) 

FC
b
 VM

c
 Ash C H N O

*
 

AB550-750 - 89.6 10.4 - 90.49 0.97 0.39 8.15 562 

AP550-750 - 88.8 11.2 - 91.35 0.72 0.43 7.5 517 

AAC550-750 - 90.7 9.3 - 93.74 0.73 0.49 5.04 570 
a,  “AB550-750” means acid washed biomass biochar obtained at 550℃ pyrolysis then heat up to 750℃ , 

“AP550-750” means biochar obtained using the same procedure applied as “AAC550-750” without steam 

introduced;  “AAC 550-750” ” means AC obtained via the steam gasification of AB 550-750;  bFixed carbon

（FC）, cVolatile matter(VM),  O* by difference. 

6.2 Pathway of Oxygen Transformation 

• Phenomena of oxygen transformation  

Figure 6-1 shows the results of experiments of oxygen transformation phenomena. It 

presents the curve of the value of q against steam gasification time with standard 

deviation. 
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Figure 6-1: q, the ratio of H2/ (CO+CO2), as function of time for steam gasification 

of acid washed wood  

It can be seen clearly the ratio of q dropped below 1 and decreased slightly to stay at 

around 0.8, after around 9 min gasification. In the early stage of steam gasification, q 

was slightly higher than 1. It indicated that both reactions (6-1) and（6-2）occurred 

and reaction (6-1) was the main reaction. This phenomenon lasted only a short time. 
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After 9 min, the increase of production of CO and CO2 which is higher than the 

increase of H led to a q value of around 0.8. Based on the above discussion, the 

existence of oxygen transformation was evident as q was below 1. 

 Pathway of oxygen transformation 

In the experimental system used, there were three possible sources of oxygen: steam 

introduced during steam gasification, attribution of oxygen from mallee biochar, and 

the leakage of air from outside the reactor system. The possibility in the leakage of 

system was eliminated according to the results of gas leakage test. To check the gas 

leakage in the reactor system, two methods were used initially. One was pumping 

inert gas into the sealed reactor system to a fixed pressure value and keeping it for 5 

min to observe the change of inert gas pressure. Another was to check the quantity of 

gas generated in the reaction. Therefore, graphite was used as a sample under the 

pyrolysis condition. Because there is no oxygen in graphite, theoretically, no gas 

should be evolved in pyrolysis experiments. The results of experiments show there 

was no pressure decrease found by monitoring the pressure level in a sealed system. 

There was no evolved gas detected too. Thus oxygen could have come from the other 

two possible oxygen sources namely steam or /and mallee biochar. 

Oxygen in this case was released mainly in the form of CO, CO2. The analysis of the 

evolution of CO and CO2 could provide an estimation of the amount of surface 

oxygen and functional groups on the carbons. 
120

 Therefore, on the one hand, one can 

view the pathway of oxygen transformation via the analysis of evolved gas (CO/CO2) 

during the steam gasification of mallee biochar; on the other hand, according to the 

molar ratio of H and O based on reactions (1) and (2), one can determine the pathway 

of oxygen migration via the analysis of the amount of H produced in pyrolysis and 

steam gasification.    

Figures 6-2, 6-3, and 6-4 present the curves of specific gas formation of CO, CO2 and 

H2 against time respectively.  It is obvious that the same gases of CO, CO2 and H2 

app:ds:theoretically
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occurred during both the pyrolysis and steam gasification steps. In Figures 6-2 and 

6-3, the specific gas formation of CO and H2 in steam gasification was around 5 

times and 4 times higher than that in pyrolysis. That means the amount of H2 and CO 

in steam gasification was much higher compared with the amount of H and CO 

formed in pyrolysis. Therefore, the production of H2 and CO was mainly from steam 

gasification. Our previous study showed CO was the primary gas.
7
 So CO2 formation 

was mainly from water-gas shift reaction (6-2).  
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Figure 6-2: Specific formation of CO in steam gasification and pyrolysis as a 

function of time   
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Figure 6-3: Specific formation of CO2 in steam gasification and pyrolysis as a 

function of time  

However in Figure 6-3, the value of the specific gas formation of CO2 in pyrolysis is 
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nearly the same as that in steam gasification. This finding suggests that under current 

experimental conditions, the water-gas shift reaction (6-2) did not develop well. 

Therefore, only small amount of CO2 resulted from reaction (6-2). It is possible that 

the oxygen was mainly migrating from mallee biochar in the form of CO2 or/and CO 

rather than from steam. To further justify this suggestion, oxygen balance was carried 

out in Chapter 6.3 
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Figure 6-4: Specific formation of H2 in steam gasification and pyrolysis as a function 

of time  

6.3 Determination of Oxygen Transformation from Biochar during Pyrolysis/ 

Steam Gasification  

To further clarify the observed results, oxygen balance was carried out. 

During steam gasification, H was not only originating from steam but also from 

pyrolysis as shown in Figure 6-4. However the assumption that all H originated from 

steam meant that the consumption of steam was maximized namely the maximized 

oxygen can be obtained from steam. Therefore, the real mole of H2 collected（Qh）can 

be used to get the theoretical value of the amount of oxygen（Qo）. According to the 

mole ratio of H and O in H2O as 2:1, the total mole of oxygen obtained from steam 

will be half the total mole of H（Qh）. 

The actual consumed oxygen amount (Qb) can be calculated from the total mole of 
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CO and CO2 produced. If Qb<Qo, oxygen from steam alone was not sufficient for 

steam gasification. Otherwise, steam would not limit the gasification process. 

However, as shown in Figure 6-5, steam concentration was virtually nearly constant 

during the course of the gasification process at around 15.2%. That meant excessive 

steam was passed through the reactor. As a result, it can be concluded that some 

oxygen must have originated from mallee biochar if Qb<Qo.  
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Figure 6-5: Biochar steam concentration as a function of carbon conversion during 

steam gasification: acid washed biomass  

From the elemental analysis of biochar, the total moles of oxygen that can be 

transformed from biochar can be estimated.  

In this experiment, total mole of H （Qh）is 1.311E-03 mole. Based on the above 

calculation, the maximum oxygen amount （Qo）which can be obtained from steam 

is 6.56E-04 mole. According to the total mole of CO and CO2 collected the real 

amount of oxygen consumption（Qb）is 7.63E-04 mole. Obviously, the result is 

Qb>Qo. That means steam did not provide enough oxygen for reaction so that the 

oxygen (1.07E-04 mol) had to migrate from mallee biochar. The oxygen content of 

biochar has been analyzed in order to get the total mole of oxygen (Q) from mallee 

biochar. The value of Q is 5.07 E-04. Thus the release rate is about 21%. 
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The above results show the possible transformation of oxygen through the 

calculation of the amount of evolved gas. Similar results can be verified by 

comparing the oxygen content between AC and mallee biochar. Table 6-2 gives the 

oxygen content of biochar and AC. Assuming the oxygen content of mallee biochar 

as 100%, the calculated oxygen retention of 74% can be obtained when oxygen 

content of AC was divided by oxygen content of biochar. It indicated that 26% 

oxygen was released from biochar. This data is slightly higher than that obtained 

from the calculation from gas. The reason is that the original assumption that all H 

originating from steam which led to a higher calculated oxygen content part. 

Correspondingly, the calculated oxygen from biochar became lower.    

6.4 Oxygen Transformation and Biochar Functional Group 

The pathway of oxygen transformation from biochar and from steam was partially 

quantified above. In this section, further discussion of oxygen migration based on the 

chemical structure of mallee biochar was conducted.  

The mallee biomass consisted of cellulose, hemicellulose, and lignin.
225

 The 

glycosidic linkage of cellulose start to break quickly at 300 ℃, and bio-oil and gas 

are released. With increase of temperature, volatile matter was released and carbon 

was formed due to further thermal decomposition of media product. Both cellulose 

and hemicellulose behave similarly that they decompose at lower decomposition 

temperature where hydrogen bond is broken between 150~270℃. However, the 

decomposition of lignin covers a wider temperature range. The basic unit of lignin is 

Table 6-2: Characteristics of biochar and AC 

Sample Proximate(wt% db) Ultimate analysis(wt%  daf)  Biochar/AC  

 Yield/ 
d
 

 Oxygen 

 Retention 
e
(%) FC

b
 VM

c
 Ash C H N O

*
 

AB550-750 89.6 10.4 - 90.49 0.97 0.39 8.15 0.110 100 

AAC550-750 90.7 9.3 - 92.74 0.73 0.49 6.04 0.110 74 

bFixed carbon（FC）, c Volatile matter(VM), O * by difference ;d based on biomass; e based on bio char AB 

550-750.  

app:ds:hydrogen
app:ds:bond
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phenyl propane with abundant methoxy group and hydroxy group, and small amount 

of carbonyl group and carboxyl group.
226, 227, 235, 236

 All of the functional groups 

usually are active in a reaction. 

Lignin starts to thermally decompose at 260℃.The breakage of aliphatic hydroxyl in 

side chain leads to the evolution of H2O and small molecular volatiles. At 410℃, 

some kinds of ether bonds start to decompose with the gas released mostly in the 

form of CO2. With the increase of temperature, decomposition becomes more 

complicated. In this paper, steam gasification was carried out at 750℃; the main 

reactions were depolymerisation of lignin polymer, polymerization of unsaturated 

chain aliphatic hydrocarbon, alcohols, aldehydes, and ring-opening of the benzene.   

Pyrolysis products of acid hydrolysis of lignin at 780℃  consisted of various 

functional groups such as hydroxyl, methoxyl, and methoxy phenol. 
228

 

In the range of 550℃-800℃，gaseous products of lignin can be divided into two 

categories : one is stable micro molecular gases such as acetic acid, phenol, benzene, 

and the other are unstable products such as1-hydroxyl, 2-2 acyl toluene, methoxyl, 

dimethyl oxygen radicals phenol, 3-hydroxyl. These products containing methoxy 

phenol were further pyrolyzed and final product CO2 was released.  

There were 8 kinds of ether bonds existing in the aromatic rings, structures linking to 

aromatic rings, or the benzene alkylation ethers. Among them, β-O-4 alkyl (see 

Figure 6-6) aromatic ether is a main connection type which is mainly derived from 

the phenolic hydroxyl group of guaiacyl and syringyl units. The breakage of ether 

bonds take place above 700℃ 
228

 which is main one of sources of CO production. 

Another source of CO is the reduction of CO2 at higher temperature in gasification.  

Thus CO is the main gas evolved in the gasification of mallee biochar which increase 

with the increase of temperature. 

app:ds:methoxy
app:ds:group
app:ds:hydroxy
app:ds:carbonyl
app:ds:group
app:ds:carboxyl
app:ds:ether
app:ds:bond
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Figure 6-6: β-O-4 in lignin
229

 

 

6.5 Effect of Oxygen Transformation on the Structure of AC  

Figure 6-7 gives the pore size distribution of AB550-750, AP550-750, and 

AAC550-750. Figure 6-8 presents the FIB-SEM images of these three samples. As 

for AAC550-750, although the surface area was 570m
2
/g, and similar to that of 

AB550-750, the pore structure is different as shown in Figure 6-7, more micropores 

developed and the fraction of mesopore decreased. Since pyrolysis didnot lead to the 

development of micropores (see the curve of AP550-750 in Figure 6-7), it should be 

steam gasification leading to the development of micropore. From Figure 6-8, it can 

be seen that biochar AB550-750 shows developed wide pore size distribution where 

there are amount of both micropores and mesopores. The surface area was 562m
2
/g.  

Half pore size (A) of mesopores were at the range of 5~25A. Figure 6-8 (a) 

illustrates its FIB-SEM image. It is obvious that it keeps the skeleton of biochar. 

Comparatively, the micropore and mesopore of AP550-750 decreased slightly. The 

surface area decreased to 517m
2
/g. It is likely to be the cause of the collapse of some 

mesopores during the extension of pyrolysis time. Figure 6-8 (b) shows the surface 

topography of AP550-750 which is similar to AB550-750. Such similarity of surface 

of AB550-750 and AP550-750 coincides with the value of both BET surface area. 

Figure 6-8 (c) shows the surface morphology of AAC550-750 is different from the 

other two. The surface has lost its original structure. 
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Figure 6-7: Pore size distribution of AB550-750, AP550-750, and AAC550-750 by 

QSDFT 

 

 

 
Figure 6-8: FIBSEM-images: (a) AB550-750; (b) AP550-750; (c) AAC550-750. 
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6.6 Conclusions  

This chapter analyzed the oxygen transformation to obtain the attribution of oxygen 

of biochar to steam gasification.  

(1) The oxygen in the evolved gases was mostly provided by steam and partly from 

biochar. In other words, the oxygen of biochar was also released.   

(2) The value of the amount of oxygen transformation was obtained from two 

methods. One was from the calculation of evolved gases; the other was calculated 

based on the oxygen content of biochar. The oxygen transformation from biochar 

was about 20%. 

(3) This chapter indicated that the oxygen migrated is probably from the breakage of 

C-O band and decomposition of methoxy group on side chain of lignin.  

(4) It was observed that the oxygen migration impact on the surface area was only 

slight. However, pore size distribution was changed leading to increase of 

micropores.  
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CHAPTER 7 MECHANISM STUDY OF CARBON DIOXIDE 

GASIFICATION OF MALLEE BIOCHAR 

7.1  Introduction 

CO2 (aerodynamic diameter 0.33nm) and steam (aerodynamic diameter 0.27~0.32nm) 

are two common gases used as gasification agents for AC production. Although 

carbon dioxide is not used as much as steam industrially, it is the preferred agent 

used at laboratory level due to its relatively slow reaction and being easy to 

control.
230

 CO2 is a greenhouse gas and it can be usefully used as a gasification agent. 

Von
231

 put forward Langmuir–Hinshel rate expression (equation 7-1) could be used 

to describe gasification rate. 

mcnb

na
m

pkpk

pk
r




1
                                               (7-1) 

Where  Pn, Pm, n=CO2, m=CO  

Carbon dioxide gasification reaction is an endothermic reaction. Usually, 

temperature of CO2 gasification is about 850℃~1000℃ and is higher than that of 

steam gasification at around 750℃~1000 ℃. Figure 7-1 presents the composition of 

the equilibrium mixture as a function of temperature. It is obvious that an increase of 

temperature favors the reaction. Adopting a lower temperature at 750 ℃ led to a 

slower reaction rate allowing a better control of the gasification process. 
232
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Figure 7-1:Composition of the equilibrium mixture of CO2 and CO as a function of 

temperature
233

 

The gasification mechanisms of steam and carbon dioxide are different. As discussed 

in Chapter 2.6.4，it is believed that CO2 plays a role to widen micropores in the late 

stage and steam widen micropores in the early stage. 
234

 The effect of steam 

gasification was prominent resulting in more macropores and mesopores than that of 

CO2 gasification.
90

 However, kinetic studies of CO2 gasification of waste biomass 

fuels and the effect of mineral matter on specific reactivity are limited.
16, 134, 235

 

Thus this chapter aims to understand the evolution of carbon structure and specific 

reactivity during gasification and the influence of inorganic species on CO2 

gasification. Therefore, the behaviour of raw wood particle in pyrolysis/CO2 

gasification was studied. Apart from that, the roles of CO2 and H2O in the evolution 

of pore structure were analyzed. 

7.2 Chemical Reaction Control during CO2 Gasification 

To investigate the mechanism of the reaction between carbon and carbon dioxide, the 

reaction should be controlled in the regime of chemical reaction control so that the 

CO2 gas concentration is consistent and gasification takes place uniformly inside the 

particle. It was reported that smaller char particle sizes (<300 μm) and lower 

temperatures (below about 1000 ℃) will normally make the reaction of C-CO2 
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reaction in the regime of chemical reaction control. 
236,237

 The reaction takes place 

nearly uniformly throughout the interior surfaces of the char particles.
236,237

  

However , smaller pulverized char particles (<100 μm) and high temperatures 

(>1100 ℃) lead to pore diffusion.
238

 

Initially, a series of experiments were designed to prove the reaction was run in 

chemical reaction control. Such experiments were done by Vlad Curteanu in our 

research team (unpublished data). The experimental conditions included temperature 

750℃, two rates between CO2 and argon, and two sample sizes were used in tests: (1) 

sample size 100 µm ~250µm, CO2 at 0.19L/min diluted in 2.33L/min argon; (2) 

sample size 106~150µm CO2 at 0.093L/min diluted in 1.166L/min argon; (3) sample 

size 106~150µm CO2 at 0.19L/min diluted in 2.33L/min argon. Encinar
21

 found that 

for the particle size about 500µm and temperature below 1000℃ the gasification 

was reaction controlling. According to this result, the gasification under the flow rate 

of 3L/min of argon was chemical reaction control reaction.  

As discussed in Chapter 5.3, inherent of oxygen of biochar transformed during steam 

gasification. To make the results comparable between steam gasification and CO2 

gasification, biochar used for CO2 gasification should experience the same thermal 

decomposition history. Therefore, the same pyrolysis process as that used for steam 

gasification namely 750℃ and gas flow rate 3L/min were applied in this paper. The 

experimental work was carried out at atmospheric pressure. 

7.3 Biochar Reactivity during CO2 Gasification 

7.3.1 Process of CO2 Gasification 

During the process of gasification, the process of pyrolysis occurs concurrently. Two 

possible mechanisms of the reaction between carbon and carbon dioxide were put 

forward. One is the interface reaction through adsorption,
239

 the other is interface 
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reaction without the effect of adsorption.
240

 Ergun suggested a reasonable reaction 

mechanism: (1) certain carbon atoms can obtain oxygen atoms from CO2 molecule 

reducing CO2 to CO and form an occupied site. The reaction is reversible. CO can 

remove the oxygen from occupied sites to form CO2 and Cf (surface active site of 

biochar). 
239

 This process is shown in reaction (7-2). 

COOCCOC ff  )(2                                            (7-2) 

 (2) A carbon originating from occupied sites transfers from solid phase to gas 

phase: 

COCOC ff )(
.                                                (7-3) 

Cf  is surface active site of biochar. This is the slowest step of the reactions. Feng 

suggested the interface reaction was completed by collision of CO2 and carbon. 
240

 

The rate of interface reaction through adsorption was lower while the reaction 

without adsorption was quicker. The effect of adsorption disappeared in faster 

gasification stage.
241

 Chen believed that besides )(OC f , new compound 

)()( OCOC f  was formed. This structure was less stable than )(OC f  and 

decomposed at lower temperature easily. 
242

 

7.3.2 Variables Affecting the Specific Reactivity of CO2 Gasification 

Gasification rate heavily depends on the concentration of active sites and their 

accessibility to the reactant gas, as well as inorganic impurities.
214,215

 

 Interface reaction gasification energy 

As discussed above, chemical adsorption is concurrent with gasification. The 

adsorption rate may increase initially then decrease till disappear with the increase of 

carbon conversion. 

app:ds:concurrent
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Adsorption take place at the edge of microcrystal due to the higher adsorption ability 

of carbon atom or vacancy resulted from desorption of CO.
241

 As for the pure 

graphite (99.999%) the activated energy of adsorption was 23.7~40.2KJ mol
-1

 which 

was much lower than the gasification energy of interface reaction through adsorption 

183.5~213.5KJ mol
-1

. 
241

 Therefore, gasification rate is controlled by interface 

reaction through adsorption.With the consumption of adsorption sites, interface 

reaction plays a dominant role. The gasification energy of interface reaction was 

142.2 KJ.mol
-1

~187.4 KJ.mol
-1

 which is lower than the activated energy of interface 

reaction through adsorption at 183.3 KJ.mol
-1

 ~213.5 KJ.mol
-1

.
241

 Therefore, the 

gasification is controlled by interface reaction.  

 Temperature  

Temperature is one of the most important factors influencing the rate of chemical 

reaction. Theoretically, increase of temperature will accelerate the reaction between 

carbon and carbon dioxide. As discussed in Chapter 2.6.4, higher temperature is 

required for the reaction between carbon and carbon dioxide than that in steam 

gasification.  

Figure 7-2 shows the curves of specific reactivity as a function of carbon conversion 

of raw biomass biochar at 750℃ and 850℃. Both curves decrease initially then 

increase afterwards. One of the reasons for this phenomenon was due to the catalytic 

effects of catalysts (AAEM as shown in Table 7-1) in the biochar (described in 

Chapter 5.3.3). These catalysts were easy to contact with CO2; therefore, the initial 

rate of the reaction of carbon and carbon dioxide was higher. Another reason is the 

higher adsorption ability of carbon atom on the edge of microcrystal and vacancy 

resulted from desorption of CO. At this stage, the interface reaction through 

adsorption played a dominate role. With the process going, proportion of these very 

reactive carbons and vacancies decreased gradually, so that the specific reactivity 

starts to decrease. However, new catalytic active sites were left as the consequence of 

app:ds:microcrystal
app:ds:vacancy
app:ds:theoretically
app:ds:microcrystal
app:ds:vacancy
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removal of carbon atoms and reaction was at the interface, thus specific reactivity 

started to increase. 

Table 7-1: Properties AC under different carbon conversions  

Carbon conversion % 

( gasification time min) 

           AAEM content(%db)  

Na
b
 K

b
 Mg

b
 Ca

b
 

a1
1(1) 0.1807 0.5018 0.2697 1.0359 

a1
7(5) 0.1875 0.4963 0.2729 1.0923 

a1
15(13) 0.2049 0.5445 0.2869 1.0708 

a1
26(30) 0.2451 0.5927 0.3603 1.3693 

a1
41(58) 0.2652 0.7671 0.3538 1.2833 

a2
11(5) 0.2026 0.6209 0.3067 1.3038 

a2
59 (30) 0.4030 1.2929 0.4631 1.8940 

a1:750℃+750℃ means both temperature of pyrolysis and gasification were 750℃;  

a2 850℃+850℃; bAnalysed by IC. 
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Figure 7-2: Specific gasification reactivity of raw biochar as a function of carbon 

conversion for CO2 gasification at 750℃ and 850℃ with CO2 concentration of 

7.6%  

It is obvious that at higher temperature at 850℃, as expected, the specific reactivity 

increased.
243

 There is a relatively higher value 0.033min
-1 

of specific reactivity and a 

steeper increase at higher carbon conversion compared with the curve at 750℃ with 



                                                           CHAPTER 7 

 

Study of the Mechanism of Pyrolysis and Gasification of Mallee Biomass 144 

specific reactivity at 0.012min
-1

. The possible reason was higher ash content of 

biochar obtained at 850℃ which will be discussed in Chapter 7.4.1. 

AAEM content  

Figure 7-3 shows the curves of specific reactivity as a function of carbon conversion 

of raw biomass biochar and acid washed biochar at 750℃. The curve of raw biochar 

decreases initially till 30% carbon conversion then increases afterwards. The shape of 

curve indicates the catalytic effect is not saturated. 
10 

In contrast, the curve of acid 

washed biochar decreased slightly in the initial stage until about 8% carbon 

conversion, then increased afterwards and remained nearly stable during the course 

of CO2 gasification. Generally speaking, acid washed biochar showed much lower 

specific reactivity, as expected. These results suggest the important catalytic effect of 

inorganic matter. The AAEM content of AC obtained via CO2 gasification at 750℃ 

and 850℃ are shown in Table 7-1. From Table 7-1, the AAEM content of AC at 

750℃ presents the higher content of potassium and calcium, and the order of 

content of AAEM is Ca> K >Mg> Na. Generally, AAEM content increases slightly 

before 15% carbon conversion followed by a quicker increase to 26% carbon 

conversion. Figure 7-2 also shows the increase of specific reactivity started at around 

29% indicating more intensive catalytic effect of AAEM due to the increase of rate 

between AAEM and carbon. 
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Figure 7-3: Specific gasification reactivity of raw wood char (a) and acid washed 

biochar (b) as a function of carbon conversion for CO2 gasification at 750℃ 

7.3.3 Evolution of Intrinsic Gasification Reactivity  

The above specific reactivity is based on the “overall ” reactivity of all active sites. 

To obtain the effect of carbon structure on the specific reactivity, the specificity of 

biochar was normalized by surface area as shown in Figure 7-4. It was believed for 

highly disordered carbon material the surface area could be approximately the 

number of active sites. 
244,245,246, 247

 

Specific reactivity per unit pore surface area (g.min
-1

m
-2

) of wood biochar could be 

treated as intrinsic reactivity of biochar. 
132, 221-224

 Figure 7-4 described the reactivity 

per unit pore surface area of wood biochar and retention of AAEM contents (Na, K, 

Mg, and Ca). It shows the reactivity per unit pore surface area decreased rapidly 

below 15% carbon conversion but remained unchanged per unit pore surface area at 

higher carbon conversion. The initial peak of reactivity per unit pore surface area is 

attributed to the “fresh” active site and vacancy. The slight change of reactivity per 

unit pore surface area with carbon conversion suggested carbon structure changed 

app:ds:vacancy
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slightly with the increase of carbon conversion at the current carbon conversion 

range. The figure also shows the AAEM retention during the course of CO2 

gasification. It can be seen the AAEM retention was virtually right through all the 

carbon conversion (up to 40% carbon conversion). It proves again the activate sites 

attribute more to the specific reactivity. Despite of slight decrease of Mg and Ca (as 

shown in Table 7-1), the specific reactivity still increased during the course of 

gasification. Therefore, it may be deduced that K and Na play more important 

catalytic roles. 
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Figure 7-4: Reactivity per unit pore surface area of wood biochar (a) and retention of 

AAEM contents (Na, K, Mg, and Ca) (b); (750℃ pyrolysis, holding 15min and CO2 gasification at 

750℃). 

7.3.4 Mallee Leaf Biochar Reactivity during CO2 Gasification   

Figure 7-5 gives the curve of specific reactivity against carbon conversion of leaf 

biochar at 750℃. It can be seen that the shape of the curve is different for the curve 

of wood biochar (see Figure 7-2). Unlike the curve of wood biochar, the specific 

reactivity of leaf biochar increases continuously with the increase of carbon 

conversion. As expected, leaf biochar has higher specific reactivity as the 

consequence of higher ash content of biochar (see Table 5-1). The ash content of leaf 
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biochar is 14.9% which is three times higher than that of wood char. Therefore the 

catalytic effect of AAEM played a dominate role and the effect of adsorption can be 

ignored. Therefore, it should be noted the important role played by the inorganics in 

the char reactivity. 
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Figure 7-5: Specific gasification reactivity against carbon conversion of leaf at 750℃  

7.4 Evolution of Mallee Biochar Structure during CO2 Gasification 

7.4.1 Evolution of Chemical Composition of Biochar 

AC produced under different carbon conversions were collected and analyzed to 

obtain the evolution of their chemical compositions. Table 7-2 shows elemental 

analyses and proximate analysis of AC. Generally, moisture and ash contents are 

nearly the same while fixed carbon content decreases slightly. During the gasification 

both incorporation and elimination of carbon atom is happening with one 

dominating.
165

 In Table 7-2, the increase of the gasification time from 1 to 58 min at 

temperature 750℃ led to the decrease of the carbon content of AC from 87.3% to 

83.5%. However, hydrogen content increased with the process of gasification from 

0.55% to 1.14%. Such decrease of carbon content is attributed to the increase of 

consumption of carbon resulting in correspondent increases of the fraction of the 

nitrogen and oxygen contents. Another reason for it could be the more oxygen 

introduced from CO2 into AC during the course of CO2 gasification could have led to 

http://www.sciencedirect.com/science/article/pii/S0927775700006518#TBL2
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higher content of oxygen.
50 ,118,124 

The two-site surface complex structure could be 

lactone-type as shown in Figure 7-6.
124

 

 

 

Figure 7-6: Examples of oxygen functional groups on carbon surfaces
124

 

The results in Table 7-2 also show the reaction of carbon and carbon dioxide 

occurring at both temperature 750 ℃ and 850℃. After 30 min gasification, the 

carbon content of AC was 84.29 % at 750 ℃ decreased to 78.7% at 850 ℃. Their 

carbon conversions were 59 % at 850 ℃ and only 26% carbon conversion was 

obtained at 750 ℃. 

As shown in Table 7-2, the ash content of AC obtained at 850℃ was generally 

higher than that of AC obtained at 750℃. As for AC obtained at 750℃ with 41% 

Table 7-2: Proximate properties of AC obtained under different carbon conversion  

Carbon conversion% 

( gasification time 

min) 

Moisture 

(% ad)  

Proximate(wt% db) Ultimate analysis 

(wt% daf)  

FC
b
 VM

c
 Ash C H N 

a1
 1 (1) 3.7 79.0 16.2 4.8 87.35 0.55 1.05 

a1
 7 (5) 3.6 77.4 17.7 4.9 86.70 0.70 0.77 

a1
 15 (13) 3.7 76.9 17.4 5.4 85.39 0.76 0.68 

a1
 26 (30) 3.8 75.8 19.3 4.9 84.29 0.62 0.42 

a1
 41 (58) 3.5 75.7 19.7 4.6 83.51 1.14 0.99 

a2
 11(5) 2.00 80.9 13.6 5.5 81.2 0.7 0.4 

a2
 59 (30) 2.91 77.5 13.0 9.5 78.7 0.4 0.4 

a1 750+750 AC obtained by the pyrolysis and CO2 gasification at 750℃; a2 850+850 AC obtained by the pyrolysis 

and CO2 gasification at 850℃;  bFixed carbon（FC）, cVolatile matter(VM).  
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carbon conversion and 850℃ with 59% carbon conversion, their ash contents were 

4.6% and 9.5 % respectively. 

To further understand the pore structure evolution of AC with the CO2 gasification, 

Raman spectroscopy and FTIR were used to obtain structural information of AC.  

 FTIR spectrum 

FTIR was applied to obtain the function groups of AC.  Results shown there were 

no obvious observable peaks in FTIR spectrum of AC obtained from CO2 

gasification at 750℃. This indicated only small amount of functional groups existed 

on the surface of AC.  

 Raman spectrum 

Figure 7-7 shows the D band, (Gr+Vr+Vl), and their ratio as a function of carbon 

conversion. Raman band assignment was summarized in Table 3-4.
178

  It can be 

seen from Figure 7-7, D band decreased slightly when carbon conversion was lower 

than 7%. A slight increase was also observed for D band from 0.19 to 0.22 with the 

increase of carbon conversion from 7% to 41%. Meanwhile, (Gr+Vr+Vl) band kept 

nearly stable. The increase of D bands indicated the development of the ordered 

structure during the course of CO2 gasification. As expected, the ratio of (Gr+Vr+Vl) 

to D decreased, although, slightly from 2.0 to 1.8 with increase of carbon conversion 

demonstrating the evolution of ordered structure of biochar. 
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Figure 7-7: Peak area of D band (a) and (Gr+Vr+Vf) band (b), and ratio of 

(Gr+Vr+Vf)/D (c) as a function of carbon conversion 

S band, another important band of biochar, represents Caromatic-Calky, aromatic 

(aliphatic) ether, C-C on hydro aromatic rings, and C-H on aromatic rings. Figure 7-8 

gives the peak area of S band against carbon conversion. There is a general decrease 

of S band with the process of CO2 gasification. The significant decrease in the initial 

stage is likely attributed to the pyrolysis of biochar.  
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Figure 7-8: Peak area of S band as a function of carbon conversion 

G band represents the graphite structure, aromatic ring quadrant breathing, and 

alkene C=C. Figure 7-9 shows the peak area of D and G/D. G band increased from 

0.09 at carbon conversion 1% to 0.11 at carbon conversion 7%. After that, G band 
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decreased and increased again from 0.08 to 0.11 with the increase of carbon 

conversion from 15 to 41%. Similarly, the rate of G/D increased from 0.45 to 0.59 

followed by a decrease to 0.39 then increased to 0.53. The tendency of G/D after 

10% carbon conversion is similar with others.
248
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Figure 7-9: G band area (a) and the ratio of G/D (b) as a function of carbon 

conversion 

7.4.2 Evolution of Surface Structure of Biochar 

To investigate the evolution of pore structure, CO2 gasification experiments with 

various conversion levels were carried out. Figures 7-10(a) and 7-10(b) show the 

adsorption-desorption isotherms of AC obtained at 750℃ and 850℃ respectively. It 

is clearly visible that the porosity developed well as indicated in Table 7-3. Figure 

7-11 presents BET surface area of AC produced. Similar to the isotherm obtained 

under steam gasification of biochar, all isotherm of AC are of the same type. The 

knees of the isotherm are broader, and the plateaus are steep. It is obvious that 

hysteresis loops were present (see Figure 7-10). 
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Figure 7-10: N2 adsorption-desorption isotherm at 77K of AC produced from biochar 

via CO2 gasification with various carbon conversion (a) 750℃, (b) 850℃ 

  (A means adsorption, D means desorption; the same shape of symbol means the 

same sample while open one means desorption curves and solid one means 

adsorption curves); ×A(D) means adsorption(desorption) curve of AC obtained with 

× carbon conversion or × gasification time 

Under current experimental conditions, surface area of AC increased firstly with 

increase of carbon conversion, however, it decreased with further increase of carbon 

conversion. This is shown in Table 7-3 and Figure 7-11, surface area of AC increased 

from 584 m
2
/g to 639 m

2
/g after 30min CO2 gasification but followed by decrease 

back to 581m
2
/g with around 80min gasification. It suggested that there is an 

optimum gasification time and further gasification may have a negative effect on the 

evolution of pore structure. Table 7-3 shows the increase of both Vd and SBET 

indicating the development of pore structure with increasing carbon conversion. The 

micropore volume increased from 0.1cc/g to 0.29 cc/g when the carbon conversion 

increased from 1% to 41%. The continuous increase of percentage of micropore 

occurred during the course of CO2 gasification. On the other hand, the value of the 

mesopore changed slightly. The increase of both micropores and mesopores indicate 

the occurrence of widening micropores and creating new micropores. 
249

 The opening 

up of closed micropores and the enlargement of opened micropores are the 

consequence of the gasification which removes carbon atoms from the interior of the 

particle.
168

 Table 7-4 also shows activated carbon obtained with shorter gasification 
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time 30 min at higher temperature 850℃ had lower the average pore diameter of 

7.98Å, higher micropore volume of 0.32 cc/g, and higher total volume of 0.49 cc/g 

compared with that of AC obtained at 750℃ with 60 min gasification whose 

corresponding values were 8.28Å, 0.29 cc/g, and 0.45cc/g. It suggested that higher 

temperatures favored exothermic reducing reactions and pore development. 

It is believed the value of pore size and pore size distribution is one of the most 

important parameters which can describe the nature of adsorbate.
250

 During the 

adsorption process of AC, pore size distribution determines the accessibility of 

adsorbent to the surface of adsorbate.
251

 Therefore, Figure 7-12 presents the pore size 

distribution by the quenching solid density function theory (QSDFT). 

As shown in Table 7-3, there is no obvious change of surface area at similar carbon 

conversion for gasification temperatures of 750℃ and 850℃. However, the average 

pore diameter calculated from DR decreased slightly from 7.61Å to 7.39Å with the 

increase of temperature. This result suggested that pore deepening may be the 

predominant mechanism at high temperatures.
91

 

Table 7-3: Characteristics of AC obtained at the different level of carbon conversion 

Carbon Conversion 

(%)(TIME) 

SBET 

( m
2
/g) 

DR Total volume 

( cc/g) AHPW(Å) Vd (cc/g) 

 
a1

1(1) 285 10.33 0.10 0.31   
a1

7(5) 427 7.39 0.19 0.36   
a1

15(13) 446 7.61 0.21 0.35   
a1

26(30) 584 8.27 0.27 0.44   
a1

41(58) 639 8.68 0.29 0.45   
a2

11(5) 422 7.39 0.19 0.36 
a2

59 (30) 670/697 7.98 0.32 0.49 

a1 750+750 AC obtained by the pyrolysis and CO2 gasification at 750℃; a2 850+850 AC obtained by the 

pyrolysis and CO2 gasification at 850℃;   SBET: surface area (m2/g) based on Stephen Brunauer, Paul Hugh 

Emmett, and Edward Teller equation SBET; DR: Dubinin-Radushkevich equation; Total volume obtained at 

p/p0=0.9998(cc/g); Vd: micropore volume from DR plot (cc/g) ; AHPW: average half pore width from DR plot 

(Å). 

http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
http://en.wikipedia.org/wiki/Paul_H._Emmett
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Figure 7-11: Surface areas as the function of carbon conversion during the course of 

carbon dioxide gasification (750℃ pyrolysis holding 15min, 750℃ CO2 gasification)  

It can be seen in Figure 7-12 that the peak points occurring at around 2.5 Å half pore 

width clearly indicating the fact that micropores made an important contribution to 

the overall pore structure.
163

 However, longer gasification time led to the decrease of 

the BET surface area. The decrease of surface area was due to the widening
252

 and 

eventual collapse of pore walls ,
235

 and a shrinkage of the carbon structure as well.
192
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Figure 7-12: Pore size distribution by QSDFT for AC under low carbon conversion 

(× %)  ( (a) 750℃ pyrolysis holding 15min, 750℃ CO2 gasification (b) 850℃pyrolysis holding 

15min, 850℃CO2 gasification) 
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7.5 Gas Evolved during CO2 Gasification 

During CO2 gasification at 750℃, pyrolysis took place concurrently. However, CO is 

the main product from the reaction of carbon dioxide and carbon. Due to the low 

concentration of H2 and CO2 produced from pyrolysis, only the evolution of CO was 

discussed in this chapter.   

Figure 7-14 presents the carbon monoxide concentration of leaf biochar at 750℃ 

and wood biochar at 750 ℃  during CO2 gasification. Both curves showed 

dramatically increases of CO in the initial stage but decrease afterwards. This shape 

of curve is similar with the pyrolysis/gasification of olive bagasse.
21

 Chapter 5.3.3 

(a) (b) 

Figure 7-13: Morphology of AC images of AC obtained under different carbon 

conversions at 750℃ CO2 gasification: (a) 1% (b) 7% (c) 15% (d) 41% 

 

(c) (d) 

(c) (d) 
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described the well dispersed AAEM on the biochar. The catalyst effect of AAEM 

favoured the reaction of carbon and carbon dioxide. Therefore there is a peak 

production rate in the initial stage. In the case of leaf, CO decreased gently after its 

peak. This was the consequence of higher AAEM content of leaf biochar. The 

reaction was in the fast gasification stage. 
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Figure 7-14: Carbon monoxide production rate during gasification of leaf biochar 

and wood biochar at 750 ℃; leaf (wood) 750 means AC obtained via pyrolysis and 

gasificaion of leaf (wood) at 750℃.  

7.6 Comparison of Mechanisms of Steam and CO2 Gasification 

7.6.1 Specific Reactivity  

Figure 7-15 presents specific gasification reactivities as a function of carbon 

conversion with CO2 and steam gasification at 750℃. It can be seen that the specific 

reactivity obtained using different gasification agent were similar at low carbon 

conversions up to 10%. The specific reactivity of CO2 gasification was lower than 

H2O gasification at higher carbon conversion. The difference between both curves 

became more significant with increase of carbon conversion. The curve of steam 
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gasification started to increase from around 10% carbon conversion while the curve 

of CO2 gasification started to increase only from around 27% carbon conversion. 
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Figure 7-15: Specific gasification reactivity as a function of carbon conversion for 

CO2 gasification and steam gasification at 750℃; symbol CO2 (H2O) 750 means AC 

obtained via pyrolysis and CO2 (H2O) gasificaion at 750℃.   

As discussed in Chapter 5.3.3, the active sites and well dispersive AAEM on the 

surface of biochar led to good contacts between carbon and gasification agents. 

Higher specific reactivity of both CO2 and steam gasification were obtained at the 

early stage of gasification. With the consumption of active sites, there were less 

active sites available resulting in decrease of the specific reactivity. With the 

progress of gasification, new active sites could be available as a result of depletion of 

carbon and the ratio between AAEM and carbon increase. Therefore specific 

reactivity started to increase again. Unlike steam gasification, CO2 gasification 

experienced a longer decreasing period and the specific reactivity increased 

relatively slowly after turning around at 27% carbon conversion. At higher carbon 

conversions, lower reactivity of carbon dioxide could be due to three reasons: 

(1)750℃ is relatively lower for CO2 gasification; (2) the diffusion effect caused by 

the bigger size of carbon dioxide molecule
91

 which is difficult to enter into 1.5nm 

pore; (3) more stable oxygen groups were formed during carbon dioxide gasification 
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than that in steam gasification, these groups can remain longer on the carbon surface 

during thus leading to the lower reactivity.
98

 

7.6.2 Evolution of Surface of Biochar 

Figure7-16 presents the surface area as function of carbon conversion during the 

course of steam gasification and carbon dioxide gasification. One can see at similar 

carbon conversion steam gasification led to higher BET surface area than CO2 

gasification especially under higher carbon conversion. For instance, when carbon 

conversion is 7%, the BET surface area obtained under CO2 gasification and H2O 

gasification are 427 m
2
/g and 526m

2
/g, while at around 30% carbon conversion the 

value is 584 m
2
/g and 785 m

2
/g. 
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Figure 7-16: Surface areas as the function of carbon conversion during the course of 

steam gasification and carbon dioxide gasification 

Figure 7-17 shows the pore size distribution by QSDFT for AC via CO2 and H2O 

gasification at different carbon conversions. It shows that both CO2 and steam 

gasification led to a large volume of micropore by continuously creating new 

micropores when carbon conversion was below around 30%. When steam 

gasification carbon conversions were 6%, 17%, and 31%, the peaks of curves were 

0.086, 0.102, and 0.115 cc (Å)
-1

 g
-1

 respectively. While for CO2 gasification carbon 

conversions were 7%, 15%, and 26%, the peaks were 0.048, 0.06, and 0.073 cc (Å)
-1

. 

It suggests steam gasification produced a higher portion of micropore compared with 
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carbon dioxide. As shown in Figure 7-17 (b), both CO2 and steam gasification gave 

rise to larger increase of mesopores. The main fraction of mesopore was at the range 

of 2nm~5nm. Generally, steam gasification resulted in more mesopores than CO2 

gasification at similar carbon conversions. It suggested that the role of steam was 

widening of the micropores. Under current experimental condition, CO2 gasification 

did not result in more micropores than that in steam gasification. It is the 

consequence of relatively lower temperature of 750℃ for CO2 gasification. Finally 

the decrease of micropore was due to the breaking through of pore walls.
253, 254

  

There are two reasons for the above phenomena. The first reason is that CO2 

gasification required higher temperature than steam gasification. In other words, 

750℃ was not high enough for faster CO2 gasification. The second reason is that 

steam could enter into 0.6nm pores easily. This is why steam gasification favoured 

the development of mesopores.  
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Figure 7-17: Pore size distribution by QSDFT for AC via CO2 and H2O gasification 

at different carbon conversion (open note means steam gasification, close note means 

CO2 gasification (× %)) (b) is magnified area of part curve (a).  

7.6.3 Raman Spectrum 

The curves of D band area of both steam and carbon dioxide gasification show the 

same shape namely an initial decrease followed by an increase with increase of 

carbon conversion. The decrease of D band area is likely due to the molecular 
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fragments of lignin. With increase of gasification, more aromatics with no less than 6 

rings were formed resulting in the increase of D band. AC obtained from steam 

gasification had lower (Gr+Vr+Vf) band and higher D bands. It proved that steam 

gasification developed better than CO2 gasification. Generally steam gasification of 

biochar has higher S band area than that of CO2 gasification biochar. It gives the 

evidence that the steam gasification led to higher specific reactivity of biochar. As 

for G band, steam gasification gave rise to a slightly lower value. However, the ratio 

of G/D of biochar from both steam and carbon dioxide gasification was similar.    

7.7  Conclusion 

In this chapter, the mechanism of CO2 gasification of raw wood biochar and leaf 

biochar were researched. Additionally, acid washed biochar was applied to 

understand the catalytic effect of AAEM in CO2 gasification. Experiments were 

carried out under chemical reaction control and at 1 atmospheric pressure. The 

following conclusions can be drawn: 

(1) The majority of AAEM remains due to insignificant volatilization in the course of 

CO2 gasification. 

(2) The specific reactivity of wood biochar decreased initially and then increased 

with increase of carbon conversion. The curve of leaf at 750℃ kept increasing and 

was much higher than that of wood biochar during the course of CO2 gasification. 

This is mainly due to the effect of higher AAEM content in the leaf. 

(3) At 750 ℃, steam gasification showed higher specific reactivity compared with 

CO2 gasification. Steam gasification led to higher values of micropores and 

mesopores than that resulting from CO2 gasification. Both CO2 and H2O led to the 

development of predominant micropores. 
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(4) According to the spectrum of FTIR and Raman, there are small amounts of 

functional group of AC. The kind of surface group changed slightly with different 

gasification agents. 



                                                           CHAPTER 8 

 

Study of the Mechanism of Pyrolysis and Gasification of Mallee Biomass 162 

CHAPTER 8 CONLCUSIONS AND RECOMMENDATIONS  

8.1 Introduction 

This chapter summarizes the key results of this PhD study. Thermal decomposition 

behaviour of three mallee components (leaf, bark, and wood) was investigated. 

Biochar obtained can be either act as carbon sequestration and soil amendments or be 

further gasified to produce activated carbon. Partial gasification was then carried out 

to improve the properties of biochars  and understand gasification reaction 

mechanism, particularly at low conversion levels. Finally, based on the main results, 

some recommendations are provided for future work.  

8.2 Conclusions 

Pyrolysis and gasification of biomass were carried out in a fixed/fluidized bed reactor. 

Biomass used in this research includes raw mallee biomass (leaf, bark, and wood), 

acid washed mallee wood, and acid washed mallee wood biochar.  

8.2.1 Pyrolysis Characteristics of Mallee Biomass  

(1) Leaf and bark biochar is likely to be good soil conditioner and for recycling 

nutrients in biomass due to their high ash content. Wood biochar had the highest 

carbon content and lowest ash content which are good for activated carbon 

production. Experiments were carried out to investigate the effect of various 

operating parameters (e.g. particle size, temperature, heating rate, and holding time) 

on mallee biomass pyrolysis. It was found that a low temperatures (<500℃) and 

large particle size (1 mm ~2mm) favours biochar yield, with 1h holding time 

appearing to be enough for pyrolysis above 500℃.  
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(2) Temperature and heating rate had dramatic effect on the structure of biochar. The 

surface area of biochar obtained at 350℃~600℃ showed low surface areas (less 

than 50m
2
/g). Slowing-heating biochar (SB) kept botanical structure; however, 

fast-heating biochar (FB) showed obvious asperities and melting surface. FB (above 

350℃) had higher content of K, Mg, and Ca as well as higher content of H and O 

indicating more active sites.   

(3) Biochar can be used for potential applications of soil amendment. The addition of 

biochar to soil can sequestrate CO2 in atmosphere into the form of biochar in soil and 

also potentially recycling the inherent inorganic nutrients in biochar.  

8.2.2 Mechanism Study of Steam Gasification of Biochar   

 Effect of parameters on steam gasification 

(1) Both types of AC obtained from SB and FB of wood with 40min steam 

gasification showed higher BET surface at 943 m
2
/g and 991m

2
/g respectively. Thus 

both SB and FB had a potential to be feedstock of activated carbon preparation. 

(2) For 150~250 µm sample particle, the surface area of the partially-gasified wood 

biochar (with 15min holding time) increased to 526 m
2
/g even with only 5 min steam 

gasification (corresponding to a carbon conversion of 5.5 %) at 750℃. Higher 

carbon conversion led to higher surface area. For example, increasing carbon 

conversion of raw wood biochar from 5.5% to 50.0 % resulted in the increase of 

surface area from 526m
2
/g to 819m

2
/g.  

(3) The raw-wood biochar has lower surface area of 270 m
2
/g than that of 

acid-washed-wood biochar of 470 m
2
/g; although, they have similar biochar yield. 

However, the surface area of biochar which was obtained by acid washing wood 

biochar showed much lower surface area of 32m
2
/g. 
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 Steam gasification at low carbon conversion levels  

(1) FB showed much higher specific reactivity and gas formation than that of slow 

biochar at carbon conversion of below 10%. Based on syngas compositions during 

steam gasification, CO appeared to be more likely the primary product while CO2 

was probably derived from water-gas-shift reaction.  

(2) FIBSEM images gave one possible reason for higher reactivity of mallee wood. 

AAEM dispersed well on the surface of biochar especially around macropores of 

biochar. Higher reactivity of mallee biochar meant AC with higher surface area could 

be obtained within a shorter gasification time.  

 Transformation of inherent oxygen in biochar during steam gasification 

(1) Steam provided the major oxygen source during steam gasification, but some 

inherent oxygen of biochar (around 20%) also took part in the evolution of gaseous 

products especially in the initial stage of steam gasification. These indicated the 

existence of abundant heteroatoms of biochar and the inherent oxygen can play an 

important role in the steam gasification.  

8.2.3 CO2 Gasification of Mallee Biochar 

(1) Different optimal parameters are required to tune biochar pore structure under 

H2O gasification and CO2.  At 750℃, the specific reactivity of steam gasification 

was similar to that of CO2 gasification at below 15% carbon conversion but it became 

higher with increase of carbon conversion. Both CO2 gasification and H2O 

gasification at 750℃ led to the development of predominant micropores. However, 

AC with H2O gasification showed higher surface area and larger fraction of 

micropores and mesopores. CO2 gasification led to a slower increase in the BET 

surface area. An optimum time of about 60 min was required to obtain the maximum 

of BET surface area of AC.  
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(2) Based on the Raman spectrum, D band of activated carbon via gasification of 

steam and carbon dioxide showed the same tendency, namely, initial decrease but 

followed subsequent increase.  

(3) Unlike steam gasification, the carbon content of AC decreased with the increase 

of carbon conversion. The reason for that is likely to be that H2O gasification mainly 

takes place on the active sites of biochar while CO2 gasification takes place through 

the formation of oxygen complex. Oxygen was transformed form CO2 and formed 

bigger oxygen complex which was transformed to fixed carbon through 

decarburization.    

8.3 Recommendations 

Based on the above conclusions, the suggestions of future research are as follows: 

(1) Steam and CO2 gasification appear to follow different reaction pathways. It is 

desired to carry out future work to investigate the fundamental mechanism governing 

these, under both non-catalytic and catalytic reaction conditions. 

(2) In this study, controlling pore size of AC can be realized vis partial gasification. 

However, further study is required to examine the actual performance of AC in gas 

treatment or/and water treatment for the benefits of practical applications. 

(3) Mechanical properties are key consideration for applying biochar or its upgraded 

product for AC application. Therefore, future work is certainly required to test the 

strength of AC. If necessary, efforts should be taken to consider pelletizing 

with/without adding binding agents in order to achieve optimised objectives. 

(4) The use of biochar for soil applications are also important consideration. This 

study has shown that a small fraction of partial gasification can significantly improve 

the biochar properties. However, further work is required to investigate into the 

overall recyclability of inherent nutrient species in biochar and carry out the actual 
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experiments to obtain use data. 

(5) Future work is also required to investigate the leachability and leaching of 

various inherent nutrient species in biochar under various conditions. Particularly, 

efforts should be taken to understand how partial gasification of biochars can effect 

these important aspects of biochars prepared under different conditions. 
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