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Abstract 

To release energy from chemically stored energy in the biomass was the new investigation in 

recent years. Utilizing of biomass for this purpose occur in two different ways, directly by 

burning (combustion) the biomass and indirectly by pyrolysis process which will convert the 

biomass to three main products, bio- tar, bio- char and synthetic gas.  

Biomass contains different amount of inorganic compound, especially alkali metals which 

causes some diverse impacts on combustion, pyrolysis and gasification process such as 

corrosion, agglomeration and fouling problems.   

This project aims to investigate the effect of K2CO3 on the pyrolysis and gasification processes 

of three different types of fuel; wood pellets, forest residue pellets and synthetic waste pellets 

at three different temperatures, 750 °C, 850 °C and 900 °C respectively. The purpose of this 

work to study and clarify the influence of K2CO3 on char yield, tar yield and tar compositions 

and the gasification rate and the reactivity of different fuels char. 

The pyrolysis process was carried out in a fluidized bed reactor during 2 minutes and the 

products were tar, char and synthetic gas. In this project interested in char and tar only. Char 

yield calculated and the results shows the char yield increase with increasing of [K2CO3]. While 

the tar analysis carried on GC- MS instrument at HB to study the tar yield and compositions. 

The results showed that potassium carbonate has not so much effect on tar yield and its 

composition.  

The last part was gasified the char in TGA with steam and CO2 as oxidizing media to study the 

influence of [K2CO3] on gasification rate and the reactivity of char samples at different 

temperatures. The result showed the [K2CO3] has inhibitory effect on gasification rate and the 

reactivity.  

Keywords: Biomass, pyrolysis, steam and CO2 gasification, fluidized bed reactor, alkali 

metals, reaction rate, reactivity, GC- MS, TGA, bio- char and bio- tar.  
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1. Introduction  

1.1 Background and problem description 

With the development and spread of the industry worldwide and with the rapid increase in 

population growth there has been a natural demand for fuels which is important to expand 

industry and meet the demands of an ever increasing population (Song, et al. (2015). The 

problems with these fuels are that they contribute to the emissions of carbon dioxide which 

leads to global warming (Abhishek, et al. 2015). Eventually, most of the scientific community 

realized that the use of fossil fuels was a problem they need to solve by other alternatives for 

fuel. The new fuel must be environmentally friendly and have less negative effects (Maiko, et 

al. 2009). 

Biomass is a carbon- based raw material which is considered as an extremely important 

renewable energy source with the benefit of reducing the emissions of the harmful gases such 

as NOX and SOX and furthermore it is a carbon neutral source (Abhishek, et al. 2015; 

Chenguang, et al. 2011; Song, et al. 2015). 

Biomass consists of hydrocarbon elements such as carbon, hydrogen, oxygen with a little 

amount of sulphur and nitrogen. Biomass materials can be wood and herbaceous species, 

bagasse, sawdust, agricultural residues, forest residues (dead trees, branches and tree stumps), 

grass, aquatic plants, wood chips and municipal solid waste. Biomass mainly consist of three 

groups of polymeric materials: cellulose with around 50% on dry basis, hemi- cellulose with 

10– 40 % on dry basis and lignin with 20– 40 % on dry basis (Abhishek, et al. 2015). They also 

contain little amount of small organic molecules or polymers and inorganic compounds such as 

alkali earth metals (potassium, calcium, sodium, silicon, phosphorus and magnesium) (Song, et 

al. 2015). These amounts can vary from less than 1% up to 25% depending on the type of 

biomass raw material (Abhishek, et al. 2015). 

The biomass can be utilized in different ways to liberate energy and the biomass contributed 

around 13% of the world’s energy supply in recent years (Abhishek, et al. 2015). Biomass can 

be utilized directly in combustion to produce thermal energy for production of electricity, or 

for Combined Heat and Power (CHP) production plants. It can also be utilized indirectly in 

pyrolysis and gasification processes where the biomass will convert to gaseous, solid and liquid 

fuels. Biofuel from a gasification process can be uses for production of electricity and vehicle 

fuel. The pyrolysis products are used in biofuels, chemicals and charcoal production (Abhishek, 

et al. 2015; Chenguang, et al. 2011; Antero, 2006; Daniel & Jenny 2008).  

The demand for renewable energy sources was a key factor for developing the gasification 

technology. Gasification is useful technology for produce a valueable gas which can be uses in 

heat and different other purposes from biomass and for establishment of municipal solid waste 

by energy recovery technology (Belgiorno, et al. (2003).  

Pyrolysis is the first step in the gasification process (indirect gasification); where a thermal 

decomposition of biomass or solid waste material occurs under no presence of oxygen. The 

pyrolysis of biomass and solid waste are investigated under different conditions and proven to 

be efficient for production of valuable chemical and biofuels. The pyrolysis process can be 

affected by different parameters such as type and size of feedstock, physical- chemical 

properties of biomass and solid waste, operating time, temperature, reactor type and the 

catalytic effect (Abhishek, et al. 2015, Song, et al. 2015).  
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The major final products of this process are three (Belgiorno, et al. 2003): 

1. Gas phase as H2, CO2 and CO 

2. Liquid phase as tars and bio- oil  

3. Solid phase as char which consist of pure carbon and inert material that present in 

original feedstock. 

Although biomass and solid waste have good properties for renewable energy production, they 

also contain some components which may cause problem during gasification and pyrolysis 

processes, namely inorganic compounds. Inorganic compounds (alkali and alkaline earth 

metals) are presented naturally in feedstock such as potassium, calcium, sodium, silicon, 

phosphorus and magnesium (Chenguang, et al. 2011; Song, et al. 2015). They may cause some 

adverse effects as fouling and corrosion of reactors different parts as furnace, in bed material, 

turbine and other devices (Chenguang, et al. 2011; Turn, et al. 2000).  

The alkali metal and especially potassium and sodium have been used as catalytic material in 

the gasification/combustion process for decades. Potassium plays an important role and 

influence the thermal conversion properties in different steps during pyrolysis and the 

gasification/combustion processes (Daniel & Jenny 2008; Turn, et al. 2000). The studies of the 

effect of alkali as a catalyst showed that the addition of alkali on feedstock led to a decrease in 

tar production and an increase in gas and char yield (Maiko, et al. 2009).  

Previous studies and experiments have been conducted in order to learn the effects and the 

influence of potassium in the biomass pyrolysis and gasification process. The aim was to 

increase the char and gas yield and to decrease the tar forming and its composition. In their 

reseach they could achieve the target (Anna, et al. 2015; Maiko, et al. 2009).  

Pyrolysis of wood particles in a packed bed reactor, where the biofuel was impregnated with 

an aqueous solution of KOH, was investigated to observe the catalytic effect of potassium. The 

concentration of KOH which uses in this experiment was 0.2- 0.6 % and the heating temperature 

from 600 to 900 K. The experiment showed that at 800 K and with a KOH concentration below 

1 % the pyrolysis characteristics obsereved the maximum variations. The char and gas yield 

increased from 47% to 81% while the tar products decreased from about 43% to 8% (Colomba, 

et al. 2009). 

Another experiment was performed in a double-bed reactor. The aim of this project was to study 

the carbon conversion efficiency and the hydrogen yield in the presence of K-based and Ni-

based catalyst in a steam gasification process. The result showed that at 800 °C and with 82% 

of K-based catalyst and 74% of Ni-based catalyst the conversion efficiency of carbon increased 

by 4.8%, while the hydrogen yield increased up to 50.5% (Xiao, et al. 2014). 

Hyewon, et al. (2015), studied the influence of potassium on fast pyrolysis in TGA. Their result 

showed that an increased potassium concentration will decrease the decomposition temperature 

of biomass from 373.9 to 359.0 °C. The experiment showed that the presence of potassium in 

biomass has a good effect on tar properties. The analysis of tar performed in Gas 

chromatography/mass spectroscopy (GC/MS). 

KCl is one of the important alkali salts which are developed in studying the pyrolysis process 

by thermogravimetric analysis (TGA). One study showed that the addition of KCl on different 

rice husk samples has an extraordinary influence on pyrolysis. The results were increasing char 

yield and decreasing weight loss rate of cellulose (HAO, et al. 2015).   
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Chenguang, et al. (2011) studied the influences of six kinds of inorganic catalysts ((Fe (NO3)3, 

Al (NO3)3, Ca (NO3)2, K2CO3, Mg (NO3)2, Na2CO3) on the pyrolysis process of pine bark as a 

biofuel in TGA. The result showed that at a temperature below 350 °C the addition of additives 

can speed up the pyrolysis process while the additives on pyrolysis above 400 °C have no 

effects.  

Other researchers have focused on potassium carbonate salts as catalyst during pyrolysis and 

gasification processes. One of these studies performed the sequential pyrolysis and 

steam−oxygen gasification of cedar biomass in steady state two stage reactor under catalytic of 

K2CO3. They sprayed an aqueous solution of K2CO3 onto the wood chips and the final 

concentration of catalytic reached 1.54 wt. % on dry cedars. Then the samples were pyrolysis 

in an atmospheric screw-conveyer reactor at 550 °C. After pyrolysis the gasification was carried 

out in an atmospheric continuous two-stage reactor system. The results of this experiment were 

increasing carbon conversion yield with more than 99% and decreasing tar yield less than 100 

mg/ Nm3 (Tomoyuki, et al. 2014). 

Maiko, et al. (2009) had investigated the influence of potassium carbonate (K2CO3) on cellulose 

pyrolysis. The experiment had been carried out with/without catalytic at different concentration 

of K2CO3 and temperatures from 300 °C up to 1000 °C. The potassium carbonate was added 

onto wood biomass by soaking the paper in K2CO3 solution. The results of this experiment 

when the addition of K2CO3 in concentration 14.7 wt. % on cellulose biomass and at 

temperatures range from 300 to 400 °C was increasing of yields of gases, especially H2, CO2, 

decreasing of tar yield and decreasing of the pyrolysis initiation temperature. They also found 

that K2CO3 was important in the pyrolysis process of cleavage of hydrogen bond and cleavage 

of glyosidic bond of C–C and C–H bonds in the cellulose structure to which leads to decreasing 

tar yield and changed its composition.  

Other investigations studied the alkali metals and especially potassium effect on gasification’s 

kinetic. For example Anna et al. 2015 did tests of pyrolysis and gasification processes on 

cellulose biomass in a fluidized-bed reactor at 500 °C and with 0.5% mass fraction potassium. 

They found that the potassium catalyzed the formation of char, the yield was 12.1% and the gas 

yield was 33.9%. At the same time the tar yield decreasing from 87.9% to 54.0%. These results 

are valuable for predicting the fast pyrolysis under available conditions).  

Since the presence of alkali metals and especially potassium carbonate play an important role 

during pyrolysis and gasification of biomass it would be interesting to further study the effects. 

In the present project we will investigate the influence of potassium carbonate on the pyrolysis 

and the gasification process of different type of biomass such as wood pellets, forest residue 

pellets and synthesized waste. The different types of fuels will be pyrolysed in a fluidized-bed 

reactor and gasified in a thermogravimetric analysis (TGA) with steam/CO2 as a medium while 

the tar analysis will be perform in a Gas Chromatography-Mass Spectroscopy (GC-MS). 

The goal of this work is to study the potassium carbonate behavior as catalyst on pyrolysis and 

gasification kinetic, to increase the char production and to decrease the formation of the tar.   
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1.2 Purpose 

The main aim and the more specific purposes of this project are:  

 Increase the profitability by gasification process. 

 Study how potassium (inorganic compound) can affect the tar yield, the tar 

composition, and the char yield of pyrolysis and kinetics of gasification. 

 

1.3 Limitations 

The project will not comment on:  

 Other fuel than those suggested. 

 Other reactors than the used fluid bed reactor. 

 The chemical mechanisms in terms of elementary reactions. 

2. Literature review 

2.1 Thermochemical conversion technology 

Thermochemical conversion technology consists of three main different processes; combustion, 

gasification and pyrolysis. Combustion of biomass is a widely, easy and familiar process and 

used for longer time than the other processes for heat generation. While the pyrolysis and the 

gasification used for conversion of many different types of biomass to valuable products such 

as fuels, electricity, heat and other useful chemicals products (Aino 2013). 

As other technologies have thermochemical conversion technologies some benefits and 

drawbacks. The most important benefit of these technologies is using of different type of 

biomass such as organic municipal solid waste, residues from agriculture and forest and the by 

products from food industry and from any bioprocess facility. The other useful things are the 

ability to convert the gas product to other fuels and chemicals. 

The drawbacks of these technologies include the high cost of cleaning of the gas product from 

bio- oil (tar) and other unwanted compound such as alkali. The uncertainly of using of some 

products as syngas and bio-oil for transportation fuels and the requirement of high temperature 

are also major drawbacks in these processes (Ajay, et al. 2009). 

2.1.1 Pyrolysis 

Pyrolysis is a thermochemical decomposing complex process and a first step in gasification 

process. In this process heated and converted the feedstock such as biomass or other type of 

organic material into other types of final products in the absence of oxygen (Leea 2011; Prabir 

2010; Vishnu, et al. 2015).  

2.1.1.1 Pyrolysis final Products 

The fuels and especially biomass contain some amounts of moisture and when the feedstock 

particles are heated up the moisture is vaporized. To vaporize the moisture in biomass requires 

more energy which leads to reducing of the gasifier temperature and the heating value of the 
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final product of the gas. Therefore it was necessary to induce a pre- step for drying the biomass 

before the pyrolysis process is started to reduce the moisture content in the fuel (Leea 2011).  

The pyrolysis products can be divided into three types and their amount depends on a number 

of factors: 

 Solid phase product: char or called bio- char is a solid product of pyrolysis process with 

high carbon content nearly 85% and may include a little amount of oxygen and hydrogen 

(Prabir 2010; Vishnu, et al. 2015). 

 Liquid phase product: the volatile fraction in pyrolysis process can consist of tar (or 

called bio- oil), heavier hydrocarbons, and water. Tar from biomss has black color with 

nearly 20 % of water. The compound in tar or bio- oil consider as a mixture of the non-

condensable gases and can divide into five categories (Prabir 2010; Vishnu, et al. 2015): 

1. Hydroxyaldehydes 

2. Hydroxyketones 

3. Sugars and dehydrosugars 

4. Carboxylic acids 

5. Phenolic compounds 

 Gas phase Product: the gas product of pyrolysis process can produces in form of both 

vapors which are condensable gases and primary gases which are not condensable. The 

condensable gases consist of heavier molecules while the primary gases consist of lower 

molecules weight such as carbon dioxide, carbon monoxide, methane, ethane, and 

ethylene (Prabir 2010). 

2.1.1.2 Types of Pyrolysis 

There are several types of pyrolysis such as slow pyrolysis, fast pyrolysis Flash Pyrolysis and 

Ultra-Rapid Pyrolysis. Here will describe the most known types: 

 Slow pyrolysis: this is oldest type of pyrolysis and found for thousand years ago. The 

goal of this type is produced higher amount of char and to achieve this goal the biomass 

is slowly heated to a temperature around 673K (400 °C) under long time maybe several 

days (Prabir 2010; Vishnu, et al. 2015).  

 Fast pyrolysis: the interested product of this type of pyrolysis is the tar. In this type, the 

fuels will be heated up rapidly at high temperature below 650 °C and with higher heating 

rate around 1000 to 10,000 °C/s (Prabir 2010).  

2.1.1.3 Pyrolysis process parameters 

There are several important operating parameters there have influences on the products type 

and yield during pyrolysis such as (Vishnu, et al. 2015): 

 Heating rate 

 Temperature 

 The volatiles residence time 

 Pressure 

 Particle size 

 The shape and orientation 
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 The physic-chemical properties 

 The reactor configuration 

 Etc.… 

2.1.2 Gasification process 

Gasification is a thermochemical process to convert different types of feedstocks solid or 

liquid which contain carbon such as coal or biomass into useful products as combustible gas, 

volatiles and ash.  The process occurs according to the following reaction (Samy 2008):  

      Char + limited oxygen → Gas +Tar + Ashes 

In the gasification process, many kinds of feedstocks can be utilized such as coal, oil, MSW, 

agriculture residues, by-products as chlorinated hydrocarbon, biomass and crops. The 

oxidation of feedstock occurs with different type of oxidizing agent such as air, O2, steam or 

CO2. 

During gasification, the biomass or other type of fuels are heated up with less oxygen than the 

stoichiometric condition for full combustion. The temperature is ranging between 600 and 

1500 o C. The results of heating of the fuels are several physical and chemical changes in 

feedstocks structure which leads to produce gaseous fuel or other chemical feedstock (Aino 

2013; Steffen 2015; Samy 2008; Prabir 2010). 

Gasification main products depend on several factors as the type of feedstock, the operation 

conditions, gasifiers and using of different type of oxidizing agent (Aino 2013).  

The gas production of gasification of the biomass char contain mainly of CO2, CO, H2 CH4, 

and other hydrocarbons. The syngas which consist mainly of H2 and CO can be used to 

produce energy in form of heat, electricity and for production of chemicals and transport fuels 

such as ethanol and diesel (Prabir 2010; Aino 2013). 

 

Basic gasification reactions are reversible and depend on many factors such as pressure, 

temperature and the concentration of oxygen in the gasifier. The reactions include (Alexander 

2002): 

1) C + O2 → CO2                     -393 kJ/ mole (exothermic) 

2) C + H2O → CO + H2            +131 kJ / mole (endothermic) 

3) C + CO2 → 2CO                   +172 kJ/ mole (endothermic) 

4) C + 2H2→ CH4                     -74 kJ/ mole (exothermic) 

5) CO + H2O → CO2 + H2         -41 kJ/ mole (exothermic) 

6) CO + 3H2 → CH4 + H2O      -205 kJ/ mole (exothermic) 

 

The gasification of biomass char is interesting technology among the modern technologies 

there occur several reactions between the biomass char and the oxidizing agents.  Following 

are the summary of these reactions (Prabir 2010): 

Char +O2 → CO2 and CO  

Char + CO2 → CO 

Char + H2O → CH4 and CO  

Char + H2 → CH4 

 

The gasification process  consists of both endothermic reactions where the carbon in the 

biomass char react with CO2 and steam as well as  exothermic reactions when the carbon in 

the biomass char react O2 and H2 (Prabir 2010). Gasification of biomass can be included four 

different steps which are (Samy 2008): 
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1. Drying.  

2. Pyrolysis of the feedstocks. 

3. Gasification of char with varies of a gasifying medium. 

4. Secondary reactions of pyrolysis products as primary tar and gas. 

2.1.2.1 Gasifier Designs 

Gasifier is a type of reactor which used for the gasification process. The processes of these 

gasifiers differ from a few kW up to more than 100 MW. There are more than 17 types of 

gasifiers in recent years but the three main types are fixed bed, fluidized bed, and entrained 

flow which used mainly for the gasification of biomass and waste (Antero 2006; Jens et al. 

2011; Alexander 2002). 

 Fixed bed 

Fixed bed gasifiers are easy to design and operate, and uses for small-scale processes for less 

than 10 MW. In fixed bed gasifiers there are no bed material but only the feedstock material is 

exiting their flow by gravity into reactor. The difficulties of this type of reactor are keeping the 

constant operating temperatures, certifying the mixing of the gas flow in the reaction region 

and the feedstock should be very small and homogenous to be able to be gasified. There are 

three primary types of fixed bed (Antero 2006; Jens et al. 2011; Alexander 2002): 

 Updraft 

 Downdraft 

 Cross draft direction 

 

 

           

Figure 1 The three main types of fixed bed gasifiers, from the left: updraft, downdraft and cross draft 
(Jens et al. 2011). 

 Fluidized Beds  

Fluid bed reactor usually fills with a bed of solid fuel and material such as sand, powder 

minerals and limestone while the feedstock as biomass will be added directly to these bed 

materials (Jens et al. 2011; Alexander 2002). This type of gasifier is suitable for waste 
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gasification due to the feedstock do not require being homogeneous and that enough to crash 

them to several centimeters in size and this is a drawback of this type of reactor. The fluid bed 

reactor is very expensive if used in small scale. The process of this reactor can be up to hundreds 

megawatts (Antero 2006; Jens et al. 2011). There are two different types of fluid bed reactor: 

 Bubbling Fluidized Bed (BFB) 

 Circulating Fluidized Bed (CFB) 

In the first type the bed material will be stationary and the gas velocity should be very high to 

be able to comprise the bed material. While the second type verifies to be appropriated for fuel 

that contain a high levels of alkali metal (Antero 2006; Jens et al. 2011; Alexander 2002).  

 

                                                                          

Figure 2 The two types of fluidized bed gasification, bubbling bed and circulating fluidized bed (Jens 

et al. 2011).  

 Entrained flow  

In the third type of fluid bed gasifier the residence time is very short therefore the feedstock 

should be enough pulverized (ground) for get more contact surface and this type is more suitable 

for liquid fuel. The temperature must be very high to reduce the formation of the tar but it is 

not economy in small scale. The benefit of entrained- flow reactor is the high formation of H2 

and CO which they use in bio fuels production (Jens et al. 2011).   
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Figure 3 designs of entrained flow gasifier (Jens et al. 2011) 

2.2 Biomass as a biofuel feedstock 

Biomass basically and mostly is plants and some animal waste which can convert the energy 

from sun with help of CO2 in the atmosphere into chemical energy through photosynthesis and 

the energy which produces from biomass is called bioenergy (Ajay et al. 2007; Prabir 2010). 

Biomass is considered an environmental friendly and renewable energy resource due to it does 

not contribute to increase the emission of CO2 because the biomass can use it during the 

growing and it does not need to take millions years to regenerate as like fossil fuels (Antero 

2006; Prabir 2010).  

Antero (2006) mentioned that the biomass can chemically contain of two types of materials, 

organic materials as like cellulose, lignin, hemicelluloses, lipids, proteins, starches and sugars 

and inorganic materials as like water, alkali and alkaline earth metals, nitrogen, chlorine, 

phosphorus, sulphur, silicon and little amount of heavy metals. He could also classify the 

biomass which belong to vegetal biomass into different categories such as woody, herbaceous, 

byproducts from agricultural, energy crops, and byproduct from forest industry as black liquor. 

While Prabir (2010) wrote in his research that the biomass consists of three main components 

cellulosic, starch and sugar. He mentioned also that the biomass is the entire harvested crop 

such as corn and it is fruit is a starch while the lingo cellulose is the rest of the harvested and 

can uses for gasification processes. The main processes technologies which use to convert the 

feedstock to energy are thermo-chemical and bio-chemical/biological (Guo et al. 2007) and the 

amount of the biomass which usages for this purpose is just about 5 % and provide for around 

26 % of the whole world energy consumption (Prabir 2010).  

The biomass feedstock has different type of characteristics which influence the gasification 

process in the gasifier as well as the feedstock’s size, shape density and the moisture amount in 

biomass, the homogeneity, the chemical composition and the ash content. 

Ash in the biomass feedstock is an inorganic compound which also contains some amount of 

minerals. The amount of ash in biomass is different from different type of the fuels with ranges 

from less than 1 % in the fuel as wood up to more than 20 % in some other fuels as animal 

manures and herbaceous crops. While the best fuels that they contain less than 5 % of ash 

(NNFCC 2009). The ash in the solid feedstock consists of altered elements such as Si, Al, Fe, 

Ca, Mg, K, Na, Ti, S and P. While in the biomass fuel the ash can be formed as salts compounds, 

organically bound compounds and some minor of other materials as well as sand and soil 

(Antero 2006).  

2.2.1 Alkali metal properties and reactivity 

Alkali metals consist of sex elements: Lithium Sodium, Potassium, Caesium, Rubidium and 

Francium which are present in the first group in the periodic table. These elements exist in 

nature as compounds and not as elements due to the high reactivity of alkali metals with other 

compounds or elements (non-metallic) as water and oxygen to form hydroxides and oxides 

respectively. When the hydroxides and oxides of these elements dissolve in water strong bases 

are formed. Alkali metals are very soft elements and their melting points and density are low 

(Monica & Brian 2010).  
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2.2.2 The mechanism of alkali carbonate during the thermochemical process 

There are many studies about the mechanism behind the alkali metal during pyrolysis and 

gasification process. They found the alkali carbonate enhanced the rate of the steam and 

carbon dioxide gasification. Alkali metals can be potassium, sodium or cesium carbonate 

there they have an oxidation- reduction catalytic effect on the process with formation of 

hydroxide as an intermediate (see figure 4 below).  

In this project the potassium carbonate was investigated as a catalytic to study the influence of 

it on pyrolysis and gasification rate of the biomass as a fuel. For gasification with steam the 

mechanism can be summarized as the chemical reactions which is given by (Mohammad et al. 

2015): 

K2CO3(s) + 2C(s) ↔ 2K(g)+ 3CO(g) 

2K(g) + 2H2O (g) ↔ 2KOH (s, l) + H2(g) 

2KOH (s, l) + CO(g) ↔ K2CO3 (s) + H2(g) 

 

Figure 4 The oxidation-reduction catalytic mechanism of potassium carbonate on steam 

gasification process (Mohammad et al. 2015). 

And the same for gasification with carbon dioxide (Kevin 2008): 

K2CO3(s) + 2C(s) ↔ 2K(g)+ 3CO(g) 

2K(g) + CO2 (g) ↔ K2O + CO(g) 

K2O + CO2(g) ↔ K2CO3 (s)  

2.3 Thermogravimetric analysis (TGA) 

TGA is a method of thermal analysis there measured the mass change of material as function 

of temperature or time. The measurement of TGA curve give different information of material 

https://www.google.se/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwin5sj5sOTLAhVGOJoKHWa-BVwQjRwIBw&url=https://www.researchgate.net/figure/278725566_fig1_Fig-1-Oxidation-reduction-catalytic-mechanism-of-potassium-carbonate-on-carbonaceous&psig=AFQjCNGRneR713ABORvhWzts5d0B8WCcMw&ust=1459288896854344
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such as the change in the composition of the samples, the thermal stability and the kinetic of 

the chemical reaction.  

The mass change in the TGA can be caused by changing in physical and chemical properties 

of the material (Kalsoom 2014). 

In this project the thermogravimetric analyzer (TGA), Dyntherm HP by Rubotherm  at 

university of Borås was used to study the char gasification reactivity of three different 

biofuels at three different temperatures (see figure 5).  

 

 

Figure 5 Thermogravimetric (TGA), Rubotherm 2324- NI. 2B/217/322948 at university of 

Borås 

2.4 Gas chromatography/mass spectroscopy analysis (GC/MS) 

Gas Chromatography and Mass Spectrometry is a combination of two different analytical 

techniques which is commonly used for half a century. The GC-MS is used in different 

branches in science and technology. With GC it is possible to separate the  components in the 

sample. But the GC has not ability to quantify and identify the structures of the components 

therefore the requirement of the mass spectrometric detector MS was needed. The MS 

detector can give information on the molecular weight, primary composition, and more (Elena 

& Jairo René 2014).  

In this project GS-MS analysis for analyze the tar yield and the composition of different tar 

samples was used for three biofuels types at university of Borås.  
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3. Hypotheses 

This project will test the following hypotheses (H1-3) 

H1: Increased content of potassium in the fuel will produce less amount of tar and / or affect 

the composition of pyrolysis. 

H2: Increased content of potassium in the fuel will increase the amount of char in pyrolysis. 

H3: Increased content of potassium in the fuel will increase char gasification’s reaction rate. 

4. Methods 

The method which used in this project are: 

 Pyrolysis of three different biomass (wood pellets, forest residue pellets and synthetic 

waste pellets) in fluied bed reactor which is an electric heated cylindrical fluidized bed 

reactor with a diameter of 7 cm and a height of about 1 m. The pyrolysis occurs at three 

different temperatures and with three different potassium carbonate content. 

 Analysis of tar product in gas chromatograph-mass spectrometer (GC-MS). 

 Gasification of char biomass in in a thermal gravimetric analysis (TGA). 

4.1 Materials 

The materials (bio- fuels) which were used in this project are wood pellets with natural levels 

of potassium, forest residue pellets and synthesized waste. The choice of pellets is due to the 

cost effectively and that it is a known fuel in gasification processes and the synthesized waste 

has a known composition of the different compounds. 

4.2 Experiments 

The experimental matrix is shown in Table 1. The temperature used in this project varied 

between 750 and 900 °C. The purpose was to study the influence of potassium carbonate in 

lower and higher temperature than the base case, which is relevant to the gasification 

processes in fluid bed. Below 750 °C, the process is slow and above 900 °C the risk for bed 

agglomeration increases. 

 

Table 1 Trials with the number of experiments. All experiments were pyrolysed at inert atomsphare 

under 2 minutes. 

Fuel Potassium 

levels 

[K2CO3] 

(%) 

750 °C 850 °C 900 °C TGA 

(H2O) 

TGA 

(CO2) 

GC-

MS 

wood pellets Normal 0.05 1 1a 1 3 1 3 

Wood pellets Medium 2 1 2b 1 4 2 4 

Wood pellets High 4 1 1 1 3 1 3 
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forest residue 

pellets 

Normal 0.19  1 1 2 1 2 

forest residue 

pellets 

Medium 2  2b 1 3 2 3 

forest residue 

pellets 

High 4  1 1 2 1 2 

Waste pellets Normal 0.12  1  1 1 1 

a base case, b duplicate 

4.2.1 Char production 

4.2.1.1 Pyrolysis of waste pellet 

The experiments started with pyrolysis of the synthetic waste pellets with normal content of 

potassium carbonate. The first step was to cut up the waste pellet to small fraction about 1- 1.2 

cm long. Then the pellets were weighed. For measuring the moisture content in waste fuels and 

to pyrolysis in best conditions the pellets was dried in dry machine at 105 °C for 3.5 h and 

weighed again. Calculation of moisture content in the fuels measured according to formula 

below. 

Before drying: 

Mass (fuel pellet net) = mass (waste pellet+ tray) – mass (tray)  

Drying in 3.5 h at 105 °C 

After drying: 

Mass (fuel pellet net) = mass (fuel pellet+ tray) – mass (tray)  

The lose weight = mass (fuel pellet before drying) – mass (fuel pellet after drying)  

The mass of moisture = the lost weight  

The moisture content in waste pellet in present= (the lost weight / Mass (fuel pellet net)) * 100 

 After that 14.986 g of dried waste pellets weighed and pyrolysis in fluid bed reactor at 850 °C 

with 20 L/min of N2 flow to hinder the fuels to react with oxygen. The pyrolysis took place 2 

min and the product was char. The char cooled down by N2 flow and covered with Aluminum 

foil for several minutes. The collected char, weighed and kept in sample holder to gasify and 

analysis in the TGA later. The char yield of the fuels was calculated by: 

Char yield (%)= [Char weight (after pyrolysis) / Initial sample weight (before pyrolysis)] * 100 

4.2.1.2 Pyrolysis of wood pellet 

Wood pellet mixed with three different amount of potassium carbonate, normal, medium and 

high levels. All of these three types of fuels weighed, dried and weighed again to measure the 

moisture content in the fuels. The drying conditions and equipment was the same as for waste 

pellet. 15 ± 2 g of every type of wood pellet was carried out and pyrolysis in fluid bed reactor 

with three different temperatures 750 °C, 850 °C and 900 °C respectively with 20 L/min of N2 

flow under 2 min. The char was cooled down by N2 and covered with Aluminum foil for several 
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minutes. After each experiment the collected char sample was weighed and stored to gasify and 

analysis it in the TGA later.  

4.2.1.3 Pyrolysis of forest residue pellet 

A similar experimental procedure and conditions as used for wood pellet was used for the forest 

residue pellet. However, the forest residue pellet pyrolysis with only made at two different 

temperatures, 850 °C and 900 °C.  

4.2.2 Tar formation 

All experiments which performed for production of char was repeated for tar formation for that 

was diffecult to collect both products (char and tar ) at same time and for optimum collection. 

Same pyrolysis procedures, conditions, parameters and steps followed with all types of fuels. 

From each experiment the samples of tar were formed in two bottles where dissolved with 

organic compound which called isopropanol. The temperature near the bottles was higher than 

400°C. For calculated the quantity and quality of tar and how it was affected by potassium 

carbonate all the samples collected and kept for later analysis in GC-MS.  

4.2.3 Tar analysis by GC-MS 

4.2.3.1 Preparation of Internal Standard (ISTD) 

The internal standard (ISTD) with concentration 0.38 mg/ml prepared from pure Limonene 

with alcohol compound isopropanol. All steps of preparation of ISTD as explanation below 

(John, et al. 2008): 

i. In the 25 ml volumetric flask a little amount of isopropanol is added. 

ii. 9 µl of Limonene weighed and then added to the solvent in volumetric flask. The weight 

of Limonene was 9.6 mg. 

iii. The internal standard was diluted with isopropanol up to 25 ml then mixed them well 

by overturning.  

iv. Calculated the concentration of ISTD in micrograms per microliter, it was 0.38 µg/µl. 

v. The ISTD was kept in a refrigerator. 

4.2.3.2 Experimental Set-Up and procedures 

All tar samples were analyzed by GC-MS in the University of Borås laboratory to quantify the 

composition of the tar components. 1 µl of tar solution (The solution contains 1000 µl of tar 

sample+ 100 µl of Internal Standard (ISTD) which mixed in HPCL viral) was injected into the 

injection port in the GC device.  GC column from Phenomenex (Zebron ZB- 5 MS) has length, 

30 m; internal diameter, 0.25 mm and film thickness, 0.25 µm. The GC- MS conditions and 

operating parameters which used for tar analysis is showed in table 2 (John, et al. 2008): 

                          Table 2 GC-MS conditions and operating parameters 

 

Initial Temperature 

(Isothermal) 

50 °C 

Initial Time 5 min 
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Heating ramp 8 °C/min from 50 °C up to 

300 C. Hold 300 °C for 2 

min 

Final Temperature 300 °C 

Run Time 38.25 min 

Carrier Gas Helium 

Split Ratio 1/15 

Column ZB- 5 

Column Length 30 m 

Column Diameter 0.25 mm 

Column Film Thickness 0.25 µm 

Injection Temperature 250 °C 

Injection Volume 1µl 

Note: Modified (in the reference only ramp to 250 C, increased the temp to be sure to remove 

all compounds in column). 

4.2.3.3 Identification of compounds by mass spectrometry 

For researching the specified components in tar samples used the calibration software. The set 

up for this software is based on the components retention time and their mass spectrum. For 

identification of the compounds in the tar sample, the mass spectrum of unknown compound 

(present in the total ion chromatogram) was compared with the mass spectral library.   

4.2.3.4 Classification of tars components 

The tar components which present in the nature are largely aromatic compounds therefore 

classified into five classes depends on their condensing behavior and water solubility. The five 

classes shown in the table 3 (Song, et al. 2015; Gopal, et al. 2011): 

Table 3 Classification of tar compounds 

Classification Tar compounds 

Class 1 (primary) GC- undetectable tars.  

Class 2 (secondary) Compounds containing hetero atoms and 

highly water soluble tars 

Class 3 (Alkyl Tertiary) Light hydrocarbons with mono rings 

(methyl derivatives of aromatics) 
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Class 4 (Condensed Tertiary) Polycyclic aromatic hydrocarbons (PAHs), 

containing 2- 3 rings 

Class 5 Heavy aromatics hydrocarbons, containing 

4- 7 rings PAHs.  

 

4.2.4 Gasification of the biomass char in TGA 

Each char sample as a product from pyrolysis process was oxidized and gasified by 

thermogravimetric analysis (TGA) with steam as oxidizing media (50 % steam and 50 % N2).  

First step the sample was heated in the inert atmosphere of pure nitrogen at ramp15 K/ min until 

the required oxidation temperature. The temperature which used for gasification of char was 

the same pyrolysis temperature 750 °C, 850 °C and 900 °C respectively. The second step when 

the optimum temperature reached occur reaction between the char sample and the oxidation 

media under isothermal conditions until the reaction will be finished.  

Some of the biomass char samples gasified also with carbon dioxide (100 %) as an oxidizing 

media. The same steps and conditions followed in these experiments as for gasification with 

steam. All the experiments showed in the table 4 and 5. 

 

 
Table 4 Experimental matrix of TGA, oxidation with 50 % steam agent and 50 % N2. 

 

No. Fuel Potassium 

content 

Temperature 

(°C) 

Initial mass (g) 

1 Wood char 

 

Normal 750 0.056740 

2 Wood char 

 

Normal 850 0.043839 

3 Wood char 

 

Normal 900 0.026016 

4 Wood char 

 

Medium 750 0.052028 

5 Wood char 

 

Medium 850 0.074570 

6 Wood char 

 

Medium 850 0.114163 

7 Wood char 

 

Medium 900 0.090551 

8 Wood char 

 

High 750 0.067113 

9 Wood char 

 

High 850 0.022507 

10 Wood char 

 

High 900 0.041180 

11 Forest residue 

char 

Normal 850 0.042255 

12 Forest residue 

char 

Normal 900 0.055570 
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13 Forest residue 

char 

Medium 850 0.071522 

14 Forest residue 

char 

Medium 850 0.089821 

15 Forest residue 

char 

Medium 900 0.059085 

16 Forest residue 

char 

High 850 0.083439 

17 Forest residue 

char 

High 900 0.070926 

18 Waste char 

 

Normal 850 0.194000 

 

Table 5 Experimental matrix of TGA, oxidation with CO2 agent 

 

No. Fuel 

 

Potassium 

content 

Temperature 

(°C) 

Initial mass (g) 

1 Wood char 

 

Normal 850 0.061500 

2 Wood char 

 

Medium 850 0.133597 

3 Wood char 

 

Medium 900 0.088723 

4 Wood char 

 

High 850 0.045999 

5 Forest residue 

char 

Normal 850 0.060479 

6 Forest residue 

char 

Medium 850 0.085521 

7 Forest residue 

char 

Medium 900 0.103469 

8 Forest residue 

char 

High 850 0.046781 

9 Waste char 

 

Normal 850 0.215434 

4.2.5 Data analysis of the char reactivity and gasification rate 

To study the gasification rate of the bio- char (different fuels) in the TGA and how it affected 

by different potassium carbonate concentration at three different temperatures, used the mass 

reduction (weight loss) as a function of the gasification time [s]. The data that uses for these 

calculation took from TGA data analysis. 

For calculation the reactivity of the bio- char in TGA using the following equations and 

definition (Louise et al. 2015): 

For calculation the degree of char conversion used the equation: 

X (t)= m0- m(t)/ m0 

Where m0 is the initial mass at beginning of the gasification, m(t) is the mass at a specific time. 
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And for calculation the conversion rate, Rm, which is stabilised with the initial mass of the 

char particle, used the equation: 

Rm= 
𝑑𝑋(𝑡)

𝑑𝑡
 =-[dm(t) /dt]/m0 

5. Result and discussion  

5.1 Result of char production 

Table 6 shows the experimental conditions and the parameters which was used in the pyrolysis 

and investigated in a fluidised bed reactor for char production from different bio- fuels types 

and at different temperatures. The results of all experiments showed in the same table. All the 

results are explained in the graphs which showed the char yield in percent. 

Table 6 Char production experiments and results in pyrolysis during 2 minutes.  

Fuel K levels Temperature 

(°C) 

Run 

Initial 

mass 

(g) 

Final 

mass (g) 

Moisture 

(%) 

Char 

yield 

(%) 

Waste 

pellets 

 

Normal 

 

850 1 14.98 4.166 

 

7.66 27.8 

Wood 

pellets 

Normal 

750 1 14.92 1.598 

10.50 

10.7 

 Normal 750 2 15.01 2.138 10.50 14.2 

 Normal 850 1 15.09 2.026 10.50 13.4 

 Normal 900 1 15.05 2.12 10.50 14.1 

Wood 

pellets 

Medium 

750 1 15.17   3.743 

14.65 

24.7 

 Medium 750 2 14.97 3.63 14.65 24.2 

 Medium 850 1 15.11 3.623 14.65 23.9 

 Medium 850 2 14.95 3.618 14.65 24.2 

 Medium 900 1 15.05 3.813 14.65 25.3 

 Medium 900 2 15.19 3.74 14.65 24.6 

Wood 

pellets 

High 

750 1 14.39 4.418 

12.08 

30.7 

 High 750 2 14.91 4.418 12.08 29.6 
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 High 850 1 14.93 4.111 12.08 27.5 

 High 850 2 15.05 4.137 12.08 27.5 

 High 900 1 15.12 4.225 12.08 27.9 

 High 900 2 15.10 4.249 12.08 28.1 

Forest 

residue 

pellets 

Normal 

850 1 15.24 2.852 

 

15.90 18.7 

 Normal 900 1 15.03 2.825 15.90 18.8 

 Normal 900 2 14.94 2.761 15.90 18.5 

Forest 

residue 

pellets 

Medium 

850 1 15.01 3.721 

15.84 

24.8 

 Medium 850 2 15.11 3.72 15.84 24.6 

 Medium 900 1 15.00 3.612 15.84 24.1 

 Medium 900 2 15.03 3.584 15.84 23.8 

Forest 

residue 

pellets 

High 

850 1 15.08 4.14 

17.03 

27.5 

 High 900 1 15.27 4.171 17.03 27.3 

 High 900 2 15.04 4.095 17.03 27.2 

 

Figure 6 and 7 presented the char yield results of wood pellets and forest residue pellets 

respectively at three different temperatures, 750 °C, 850 °C and 900 °C and with three 

different concentrations of K2CO3, 0.05 %, 2 % and 4 % for wood pellets and 0.19 %, 2 % 

and 4 % for forest residue pellets. In these figures the effect of potassium carbonate and the 

temperature on char yield of pyrolysis of wood pellets in fluid bed reactor is showed. It can be 

observed that the temperatures have almost no effect on char yield, just at 900 °C in figure 6 

the char yield decreased somehow and that due to the reaction of the carbon in the fuel with 

oxygen to form carbon dioxide in the bed reactor.  While the effect of the concentration of 

potassium carbonate on char yield in both figures was observed. The char yield increased with 

increasing of [K2CO3] at the same temperature. 
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Figure 6 The char yield of pyrolysis of wood pellets at different temperatures and different 

[K2CO3]. 

 

Figure 7 The char yield of pyrolysis of forest residue pellets at different temperatures and 

different [K2CO3]. 

The results of these experiments explains the char yield without calcoulation the ash content in 

the bed reactor after pyrolysis and the reaction which can be occur during the process between 

the potassium and other components in the fuels or with bed materials. The results based on ash 

free reaction. 
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Figure 8 showed the comparison of the char yield of three types of bio- fuels, wood pellets, 

forest residue pellets and synthetic waste pellets at 850 °C and at normal [K2CO3]. The results 

of this graph can be observed that the highest char yield was from the synthetic waste pellet, 

then followed by the forest residue pellets and in the last was wood pellets at same conditions. 

 

Figure 8 The char yield of pyrolysis of different fuels pellets at 850 °C and normal [K2CO3]. 

5.2 Results of tar analysis by GC-MS  

Tars product of pyrolysis of three types of bio- fuels in the fluid bed reactor was analysed by 

GC- MS instrument. By GC-MS could be detected, defined and characterized the component 

in the tar product. The tar yield calculated in form of relative area in present and compared with 

different fuels tar and at different temperatures and different [K2CO3]. 

Table 7 shows the conditions in each experiment as well as the tar components and their 

classification of the forest residue pellets.  

Table 7 Tar components and classification of forest residues pellet  

                                     Normal [K2CO3]                          Medium [K2CO3]                           High [K2CO3]                           

Class Compound                Relative area (%)                     Relative area (%)                          Relative area (%)      

                                                 850°C    900°C                           850°C   850°C1   900°C                 850°C    900° 

  

 4        Benzene                        65          56                               37.1       42.5       77.6                       61.8        73.8 

 3        Toluene                         22.4       15.8                           18.2        22.5       11.5                       23.8        17.7 

 3        2-Methyl-2,4-                  -             -                                   -             -             -                          -              -                     

           Dimethoxybutane 

 3        Styrene                             -             -                                9.3           7             -                          -              - 

 3        Benzene,1-ethynyl-4-    5.6         7.5                               9.5           10           -                        7.3          2.9 

           Methyl- 

 4        Naphthalene                    7           20.7                             18            16         10.9                    7.1          5.6 

 4        Acenaphthylene               -             -                                 2              2             -                          -             - 

 4       Benzocycloheptatriene      -             -                                 2.6            -             -                         -             - 

 4        Benzofuran                       -             -                                 3.3            -             -                         -             -               

Forest residue normal

K2CO3
Wood normal K2CO3 Waste normal K2CO3

Char yield [%] 18,7151 13,4306 27,7974
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1 Double try at 850°C with medium [K2CO3]  

As shown in table 9 and figures 9 and 10 from the GC-MS analysis of forest residue tar at 850 

°C with different potassium content, the 2 % of [K2CO3] leads to decrease of tar yield of benzene 

while increase tar yield of other components and for the spices of components increasing in 

medium concentration of potassium carbonate in the both test 1 and 2. In other hand was 

observed the potassium carbonate with normal 0.19 % and high 4 % had no so much effect on 

tar yield and the number of the components.  

 

Figure 9 Tar components and tar yield of pyrolysis of forest residue pellets at 850 °C with 

different [K2CO3]. 

 

Figure 10 Tar components and tar yield of pyrolysis of forest residue pellets at 850 °C with 

different [K2CO3]. 

Figure 11 shows the results of GC- MS analysis of forest residue tar at 900 °C with different 

potassium carbonate content. At this temperature it can be observed that increasing of the tar 
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yield of benzene with increasing of [K2CO3]. For toluene was decreased with medium [K2CO3] 

while increased with normal and high [K2CO3]. For other components as benzene,1- ethynyl- 

4- methyl- and naphthalene decreased with increasing of [K2CO3] except for benzene,1- 

ethynyl- 4- methyl- which had the lowest yield with medium concentration of potassium 

carbonate content. In other hand there were not change for the number of components at this 

temperature and with different [K2CO3] except at medium [K2CO3] which had least species of 

the components. 

 

Figure 11 Tar components and tar yield of pyrolysis of forest residue pellets at 900 °C with 

different [K2CO3]. 

The comparing of graphs 9 and 10 at 850 °C with graph 11 at 900 °C showed the species of 

detectable tar component and the tar yield decreased with rising of the temperature. The reason 

behind it can be that the high temperature enhances the reactions of depolymerisation and 

aromatization of the aromatic compounds with higher reactivity oxygen (Song et al. 2015).  

 Table 8 shows the experimental conditions and the tar components and their classification of 

the wood pellets tar.  

Table 8 Tar components and classification of wood pellet  

                                   Normal [K2CO3]                    Medium [K2CO3]                              High [K2CO3]                         
Class Compound             Relative area (%)               Relative area (%)                            Relative area (%)      

                                         750°C    850°C    900°C     750°C    850°C   850°C1   900°C       750°C    850°C    900°C 

   4   Benzene                    43.8       39.8        70.6         43.7       51        29.4        64.2            35.7       63.1        66.8 

   3   Toluene                     27.9       18.7        15            28.1       21        20.9        11.1            26.3       27.3       17.8 

   3   2-Methyl-2,4-                -        4.5           -                -            -             -               -                -            -             -                   

        Dimethoxybutane 

   3   Styrene                      9.1        7.3            -              8.1         4          11.4            -              19.4         -             -         

   3   Benzene,1-                9.4        11.3          -              10.5         -         12.6        5.5               8.8          5             5        

        ethynyl-4-              

        Methyl- 

   4   Naphthalene               9.8       16.2        14.4           9.6         13        20          19.2              9.8        4.6          10.4 

   4   Acenaphthylene             -         2.2           -               -            2           3                -                 -           -              -         

   4   Benzocycloheptatriene   -           -             -              -           -           2.7               -                 -           -              -          

1 Double try at 850°C with medium [K2CO3] 
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The figure 12 below presented the results of wood pellets tar analysis in GC- MS instrument at 

750 °C. In this figure the spices and the yield of components of wood pellets with three different 

levels of the potassium content 0.05 %, 2 % and 4 % respectively was compared. The results 

showed not so much change of the spices and the yield of the components except for benzene 

and styrene which had changed in the yield. The differently of the yield of components in this 

way is Uncertain because the experiments were done just one time due to the limited of the 

time. As showed below the potassium carbonate has not much effect on tar yield and the number 

of the components for wood pellets at this temperature. 

 

Figure 12 Tar components and tar yield of pyrolysis of wood pellets at 750 °C with different 

[K2CO3]. 

The next analysis which was done in the GC/ MS was the tar analysis of wood pellets at 850 

°C and with three different levels of potassium carbonate.  

 

Figure 13 Tar components and tar yield of pyrolysis of wood pellets at 850 °C with different 

[K2CO3]. 
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In figure 14 showed the results of the wood pellets tar analysis with three different [K2CO3] at 

900 °C. The figure showed some differently in the tar yield the numbers of the components but 

there were not so much changing at this temperature except for Benzene, 1- ethynyl-4- methyl- 

which decreasing with normal [K2CO3].  

 

Figure 14 Tar components and tar yield of pyrolysis of wood pellets at 900 °C with different 

[K2CO3]. 

The comparing of the results analysis for wood pellets tar at three different temperatures and 

with three different potassium carbonate showed the least numbers of components which exist 

in wood tar were at 900 °C. In other hand the benzene and naphthalene were highest in the tar 

yield at 900 °C. As mentioned in the discussion of the tar analysis of forest residue part that the 

high temperatures enhanced the yield the numbers of the components in the tar fuels. 

In figure 15 showed the results and the classification of the third fuel type which investigated 

in this project. The analysis presented the tar analysis of synthetic waste in GC- MS also at 850 

°C with normal potassium carbonate content 0.12 %.  
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Figure 15 Tar components and tar yield of pyrolysis of synthetic waste pellets at 850 °C with 

normal [K2CO3]. 

To get the review of how the potassium carbonate with normal concentration influence the three 

fuels at same temperature 850 °C, had done a graph which showed the three fuels tar analysis 

at same conditions. The forest residue had least numbers of components followed by synthetic 

waste and at the last was the wood tar while the comparing of the tar yield was difficult to study 

how they changed.  

 

Figure 16 Tar components and tar yield of pyrolysis of different fuels pellets at 850 °C with 

normal [K2CO3]. 

Benzene Toluene Styrene

Benzene,

1-

ethynyl-

4-methyl-

Naphthal

ene

Acenapht

hylene

Waste char at 850 °C with

normal K2CO3
51,3 13,4 10,7 5,3 17,4 1,9

0

10

20

30

40

50

60
R

el
a
ti

ve
 a

re
a
[%

]

Waste tar at 850 °C with normal K2CO3



27 

5.3 Results of the gasification of biomass char in TGA 

5.3.1 Biomass char gasification rate 

The third part in this project was to study the influence of potassium carbonate on gasification 

rate and the reactivity of char gasification for three bio- fuels in TGA. The gasification process 

occurs with two different oxidizing media, first with steam and N2 (50:50) and for some samples 

of biomass char were oxidizing with carbon dioxide (100 %). For studying the gasification rate 

plots several diagram which show the mass reduction of fuel type as a function of the time of 

the gasification process.  

Biomass char gasification rate with steam 

In figure 17 presented the results of mass reduction of wood pellets char at 750 °C with normal, 

medium and high potassium carbonate content in TGA.  The results of this graph showed that 

the time for mass reduction of wood char was increased which means the gasification rate be 

slower with increasing of potassium carbonate content in the biomass char at this temperature. 

 

Figure 17 The gasification rate for steam gasification of wood char at 750 °C with different 

[K2CO3]. 

The next figures 18 and 20 presented the results of the mass reduction of wood pellets char at 

850 °C and 900 °C with normal, medium and high potassium carbonate content. The figures 

showed that the time for mass reduction in gasification process in TGA was increased with 

increasing of potassium carbonate content at given temperature.  

But if would be compared the three diagrams (graphs) with each other for wood char at these 

three temperatures got that the time of the mass reduction of wood char was decreasing with 

increasing the temperature. That’s mean the gasification rate for wood char influence by 

increasing the temperature. In other words, the higher temperature enhances the gasification 

rate of wood char.   
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Figure 18 The gasification rate for steam gasification of wood char at 850 °C with different 

[K2CO3]. 

In the following figures (diagrams) 19 and 20 presented the results analysis of the other fuels 

type which used in this project, forest residue pellets char. The last analysis in TGA with steam 

as oxidizing media and the graphs showed the mass reduction as a function of the time. The 

results showed the time of gasification process for mass reduction of char samples were 

increased with increasing of [K2CO3] at given temperature 850 °C and 900 °C respectively. 

That’s mean the gasification rate of this type of fuel and at these temperatures decreases with 

increases of [K2CO3]. 

While the gasification rate increases with increases the temperature, so the rate of gasification 

of forest residue at 900 °C faster than the same fuel at 850 °C. That lead to that the high 

temperature enhanced the gasification rate.  

 

 

Figure 19 The gasification rate for steam gasification of forest residue char at 850 °C with 

different [K2CO3]. 
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Figure 20 The gasification rate for steam gasification of forest residue char and wood char at 

900 °C and with different [K2CO3]. 

At figure 21 presented the results of the three types of fuels at 850 °C with normal [K2CO3]. 

The target of this graph to compare the gasification rate for these bio- fuels at specific 

conditions. The results showed the gasification rate of forest residue char was the faster then 

followed by wood char and the slowest was the synthetic waste char.  

 

Figure 21 The gasification rate for steam gasification of forest residue char, wood char and 

synthetic waste char at 850 °C and with normal [K2CO3]. 
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Biomass char gasification rate with CO2 

As mentioned before that the three types of fuels with three different potassium carbonate levels 

at certain temperatures were gasified in TGA instrument with CO2 as an oxidizing media.  

In figure 22 showed the results of gasification rate of all types of fuels at 850 °C with different 

[K2CO3]. The graph showed that the time for mass reduction decreases with increases of 

concentration of potassium carbonate for all type of bio- fuels char. So the gasification rate 

increases with increasing of [K2CO3]. 

 

Figure 22 The gasification rate for CO2 gasification of forest residue char, wood char and 

synthetic waste at 850 °C with different [K2CO3]. 

In figure 23 the result of the gasification rate which describe in graphs with mass reduction as 
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char the gasification rate decreases with increases the temperature while the gasification rate 

for forest residue increases with increases the temperature. The results were not certainly due 

to the experiment had be done just one time. 
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Figure 23 The gasification rate for CO2 gasification of forest residue char and wood char at 

850 °C and 900 °C with medium [K2CO3]. 

5.3.2 Biomass char reactivity 

Biomass char reactivity of steam gasification 

The second part in the third part in this project to study the influence of [K2CO3] on the 

reactivity of the char gasification at different temperatures. In the following graphs were shown 

the results of char gasification analysis in TGA with steam as an oxidizing media. The graphs 

present the Rm, the conversion rate at (X= 49 %- 51 %) as a function of [K2CO3] with normal, 

medium and high levels. 

The conversion rates for three types of fuels at 850 °C with different [K2CO3] presented in 

figure 24. The reactivity of char biomass decreases with increases of [K2CO3]. However, the 

concentration of potassium carbonate has not significantly impact on reactivity of the fuels with 

medium and high [K2CO3].  

While for the synthetic waste the graph shows it has lowest reactivity compare with other fuels 

at same conditions. 
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Figure 24 The biomass conversion rate, Rm (X=49- 51 %) for steam gasification of forest 

residue char, wood char and synthetic waste char at 850 °C as a function of different [K2CO3]. 

Next figure 25 shows the results of steam gasification of forest residue pellets char and wood 

pellets char in TGA at 900 °C with different [K2CO3]. The reactivity of wood char decreases 

with increases of [K2CO3] while the reactivity of forest residue char increases at medium 

[K2CO3] then decreases at high [K2CO3] at same temperature.  

In other side the reactivity increases with increases the temperature. So the higher reactivity of 

char gasification at higher temperature for both fuels types, wood and forest residue. In other 

words, the conversion rate is higher at higher temperatures.  

 

Figure 25 The biomass conversion rate, Rm (X=49- 51 %) for steam gasification of Forest 

residue and wood char in steam gasification at 900 °C as a function of different [K2CO3]. 
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Figure 26 presents the conversion rate and the reactivity of wood pellets char at three different 

temperatures and three potassium carbonate content. The graph shows the reactivity of wood 

pellets char with normal [K2CO3] increases with decreases of temperature. While with 

medium [K2CO3] the reactivity increases with increases the temperature except at 850 °C 

which has lower reactivity then normal [K2CO3]. For high [K2CO3] the reactivity for wood 

pellets char has highest at 850 °C and the same reactivity at 750 °C and 900 °C.  

 

Figure 26 The biomass conversion rate, Rm (X=49- 51 %) for steam gasification of wood char 

at different temperatures as a function of different [K2CO3]. 

Biomass char reactivity of CO2 gasification 

The last part in the third parts of this project was studying the reactivity of the fuels of CO2 

gasification in TGA at different temperatures. The conditions, the methods and the calculations 

were the same as for steam gasification.  

The conversion rates for three types of fuels at 850 °C and 900 °C with different [K2CO3] 

presented in figure 27. The reactivity of forest residue pellets char decreases with increases of 

[K2CO3] at certain temperature and decreases with increases of temperature. Either the 

reactivity of wood pellets char decreases with increases of [K2CO3] while increases of reactivity 

with increases of temperature. However, the reactivity of synthetic waste at 850 °C with normal 

[K2CO3] has the lowest reactivity than the other fuels type in this project with same conditions 

but better than the reactivity with steam gasification. 

It was clear that the reactivity of fuels char with CO2 gasification is better and higher than with 

steam gasification at same conditions.  
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Figure 27 The biomass conversion rate, Rm (X=49- 51 %) for CO2 gasification of forest residue 

char, wood char and synthetic waste char at 850 °C and 900 °C as a function of different 

[K2CO3]. 

All results in this project and from different part and for different analysis and instruments were 
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analysis.  
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the fuel will not produce less amount of the tar and the effect on the tar composition of pyrolysis 

was not clear. At some experiments the [K2CO3] has not effect of tar yield and tar composition 

at certain concentration and temperature and somehow, at same experiment increase some tar 

yield of certain components and decrease for other.  

Third parts of this project was to analysis biomass char in TGA for studying the influence of 

[K2CO3] on the gasification rate and the char gasification reactivity of all bio- fuels types. The 

conclusion of these experiments was the [K2CO3] has an inhibitory effect on the reactivity and 

the gasification rate of the fuels. 

The aims of the project had acheived and the study of the effect of potassium carbonate as alkali 

metal on gasification and pyrolysis processes as catalyst material had done. 
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