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INTRODUCTION 
 

Topicality of the theme 
Reed, wheat straw and wood are renewable energy sources, which are 
considered to be CO2 neutral. Reed is a widely spread plant among others in the 
Estonian and southern Finnish coastal areas, both on- and offshore, and its 
species are well-known all over the world. Reed has gradually encroached upon 
the coastline, and its expansion has been accelerated by human activities: 
eutrophication, climate change, and the cessation of coastal meadow 
management. Being a rotting stationary biomass, reed beds reduce water quality, 
deplete oxygen supplies in water, and release methane into the atmosphere. The 
expanse of reed beds also has an adverse effect on landscape and jeopardizes 
nature’s biodiversity. When dry, reed has quite a low weight, and therefore, 
without preliminary treatment, its transportation costs are high. Reed has been 
used to provide energy in various parts of Europe, such as Estonia, Finland, the 
Netherlands, Hungary, and Romania [1]. The annual reed energy production 
potential is modest (for instance in Estonia 292 GWh/y [1]), and therefore, it 
could be used by blending with other types of biomasses, such as wood. For 30 
years the Douglas fir has been widely planted in Europe, especially in France 
and Germany, and nowadays, this wood represents an emerging resource for 
sawing logs, thinning logs, top logs and sawmill chips. It is estimated that the 
French annual harvest of Douglas fir will be around 6 million m3 by the year of 
2015 [2]. In Europe as well as around the world, the wood pellet production 
extends to the tens of millions of tons per year [3]. Wheat straw is one of the 
most promising agricultural residues as a fuel source, suitable for energy 
production in the Mediterranean region [4] as well as in Europe and worldwide. 
The wheat production worldwide in 2009 was 685 614 thousand tonnes [5]. For 
instance, in EU-27 countries the annual production of wheat in 2008/2009 was 
138 954 thousand tonnes. France, Germany and Great Britain produce together 
56% of wheat of EU-27 countries, but Italy, Greece and Spain together over 9% 
[6]. 

In addition, fuel alternative such as biofuel utilization saves otherwise 
depleting resources of fossil fuels. The usage of residues originating from the 
reed treatment processes as a roof material, and wheat straw - a residue of 
harvesting as an energy source, together with the wood residue, serve the goals 
of European Union policy for wastes and environment. 

Power production from biomass, including from different agricultural and 
forest residues, has been an issue over the last few decades. Generally, power 
production from biomass in small-scale applications is in most cases under 
discussion. In principal, the application of the gasification technology together 
with combined heat and power production gives an opportunity to utilize fuels 
with higher efficiency. The application of the integrated gasification combined 
cycle (IGCC) is commonly considered to have higher efficiency compared to the 
Rankine cycle.  
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Pyrolysis and gasification are thermochemical conversion routes to recover 
energy from biomass. Pyrolysis is not only an independent conversion 
technology but also part of the gasification process, which can be broadly 
separated into two main stages, solid devolatilization (pyrolysis) and char 
conversion (gasification). Char reactivity in the second stage is dependent upon 
the formation conditions (essentially temperature and heating rate) and the 
amount and composition of the inorganic content. In addition, the type of 
biomass (chemical composition and physical properties) also largely affects both 
biomass devolatilization and char conversion [7]. The char conversion stage, 
following the pyrolysis step in the gasification process, is generally much slower 
than the pyrolysis itself and is therefore the rate-determining step [8]. 

Gasification rates are influenced by a number of process variables, such as 
particle size and size distribution, char porosity and pretreatment, mineral 
content of char, and temperature and partial pressures of the gasifying agents [9]. 

Several studies have focused on the influence of wood type in CO2 
gasification process. In general, the mineral matter content, composition and its 
catalytic properties explain the differences of reactivity among the fuels [10]. 
The presence of inorganic constituents in chars plays an important role in 
oxidation kinetics because of their catalytic effects. Sodium, potassium and 
calcium, which are commonly present in biomass, show a significant activity as 
gasification catalysts [11,12,13]. It was shown that alkali metals are 
approximately 10 times more active catalyzing the char gasification than alkali 
earth metals [14]. According to Kannan et al. [15], the catalytic effect of 
potassium was reduced by reaction with silica to form silicate during pyrolysis, 
but catalysis of gasification by Ca does not appear to be significantly reduced by 
silica. The CO2 gasification rate depends upon the silicon content in the parent 
fuel and, when the silicon content is low, also the sum of K and Ca contents. The 
gasification rate dependency upon parent fuel silicon content was also discussed 
by Moilanen [16]. Experimental and theoretical studies made by Sørensen et al. 
[17] have shown that the reactivity of char is dependent upon the silicon as well 
as the potassium contents and the form of the potassium compound. As can be 
seen in the literature, the catalytic effect of mineral matter content on biomass 
char reactivity is mainly related to alkali and alkali earth metals versus silicon 
content.  

Di Blasi et al. [18] have investigated the reactivity of wheat straw, olive 
husks and grape residue chars in air, and have found that the grape residue char 
is less reactive than the wheat straw and olive husk chars. The aim of their paper 
has been the  determination of reaction parameters, not explanation of 
distinctions in the reactivity of the chars. 

Zanzi et al. [19] have studied the reactivity of rapid pyrolysis chars of olive 
waste, wheat straw and birch. They have concluded that due to the higher ash 
content of agricultural residues, the chars originating from agricultural residues 
are more reactive compared to wood. Additionally, wood gives more volatiles 
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and less char than straw and olive waste. The high ash content in agricultural 
residues favours the charring reactions, increasing the char yield.  

Marquez-Montesinos et al. [20] have studied the CO2 gasification of 
grapefruit skin char. They have washed the char with H2SO4 to decrease the ash 
content. The results show that the reactivity of washed char is significantly lower 
compared to original, but the surface area values are comparable.  

Risnes et al. [14] have investigated CO2 reactivity of chars from wheat straw 
and spruce. The main aim of the study was to determine the kinetic parameters. 
They have found that the wheat straw and spruce exhibited almost identical 
reactivity.  

Guerrero et al. [21] have investigated the chars of rice husk and eucalyptus, 
and have concluded that the greater reactivity of rice husk char was imputed to 
the higher surface area as well as higher O/C and H/C ratio compared to 
eucalyptus char.  

Ikenaga et al. [22] have studied various chars originated from Japanese 
biomass, such as Japanese cedar wood, fig tree, umemodoki (Ilex serrata), 
Japanese oak, mukuge (Hibiscus syriacus), eucalyptus, cherry tree, satsuki 
(Rhododendron indicum), chopstick (Betula platyphylla), nandina, pine, bean 
curd, coffee bean residue, tea leaves and rice straw. According to the study, the 
gasification rate is affected by the indigenous mineral matter content of calcium 
and potassium. Though, the discussion about the distinctions in reactivity 
between various biomass chars was missing. 

Zhang et al. [23] have investigated the leaching pretreatment with distilled 
water, HCl and HF acids on the reactivity of manure chars. The reactivity of the 
resultant char is affected greatly by the pretreatment processes, except water 
washing. The oxidation reactivity of the char from the raw manure is much 
higher than that of the char prepared from de-mineralized manure sample.  

According to the literature, the char reactivity depends on a number of 
variables. The biomass chars investigated by several authors as described above 
were prepared under different conditions, and the characterization methods of 
the chars were different as well. Despite of the comprehensive literature related 
to the gasification reactivity of biomass chars, there is no literature available for 
instance about the reactivity of the reed char. 

Lots of researches have been done on the effect of inorganic matter on the 
biomass char reactivity and the favourable effect of inorganic matter on char 
reactivity has been found. However, little work has been done on characterizing 
the char reactivity with a wide range of methods available for characterizing the 
properties of chars and using different fuels with the same particle size under the 
same pyrolysis conditions, while both the particle size and pyrolysis conditions 
affect the reactivity of chars. Very often the decrease in reactivity by leaching 
pretreatment or demineralization have been characterized with words “much 
lower”, “greatly lower”, “significantly lower”, etc. compared to the untreated 
sample, but no quantity has been given. 
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Goal of the work 
• The goal of the work is the determination of substantial properties and 

char gasification reactivity of selected materials.  
• To compare the outcome of the gasification test, i.e. reactivity of 

different chars, with the determined properties. 
• Estimate the effect of leaching pretreatment method on the gasification 

reactivity of char. 
 

Activities to be planned 
For the purpose of achieving the above posed goal the following activities were 
carried out: 
− preparation of fuels and chars (cutting, milling, pyrolysis, leaching); 
− characterization of the materials (proximate analysis, ultimate analysis, gross 

calorific value, ash chemical analysis, nuclear magnetic resonance 
spectroscopy, N2 and CO2 adsorption techniques, scanning electron 
microscopy/energy dispersive X-ray spectroscopy); 

− reactivity measurements of the chars at different temperatures; 
− comparison of the data on material characterization and reactivity 

measurements, and drawing a conclusion on differences in the reactivity of 
studied chars.  
 

Methodology of research 
In general, the researches on determining the reactivity of chars are based on the 
mass loss measurements over time in different oxidative environments, but in 
this work CO2 is used. Besides the conventional fuel characterization methods 
such as (proximate analysis, ultimate analysis, gross calorific value, ash 
chemical analysis etc.), additionally 13C and 23Na nuclear magnetic resonance 
spectroscopy was applied. The selected method for the characterization have 
been applied before quite extensively (except 23Na NMR), but not at the same 
time on the chars prepared under same pyrolysis conditions. A scanning electron 
microscopy was used for investigating the morphological changes that occur 
during the pyrolysis and finding the differences between the materials. An 
energy dispersive X-ray spectroscopy was used for investigating the variations 
of inorganic chemistry on the surfaces of materials due to pyrolysis and again, 
the distinctions between the selected materials. Though, when the reactivity is 
measured in CO2 environment, for the specific surface area and porosity 
determination, both gases N2 and CO2 are used widely. In this work, the N2 
isotherm is used for determining the total porosity of the char samples, incl. 
micoporosity, mesoporosity, macroporosity. 

Additionally, the properties of the materials were determined and reactivity 
test results compared with the properties of the chars. Finally, the distinctions in 
reactivity were explained by different properties of the materials. The properties 
of the materials vary in a wide range, but in this work we have concentrated on 
the main issues related to reactivity. 
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Scientific novelty 
− Comprehensive review of different methods characterizing the char 

properties; all applied to the chars originating from biofuels with a wide 
range of properties and produced under the same conditions. 

− Assessment of the pyrolysis char reactivity with 13C and 23Na solid-state 
NMR spectroscopy in combination with other conventional methods.  

− Impact of the applied leaching pretreatment method on char reactivity.  
− Utilization of reed for gasification has not been studied in relation to 

reactivity before. 
− Oxidative reactivity of biomass chars is complicated by a number of 

different factors, which are explored in this study with the aim to shed light 
on reactivity of the materials not studied extensively before. 

− The chosen materials are different by the properties, which allow to 
compare and explain the reasons of different char reactivities and draw 
better conclusions. 

− An attempt was made to explain the distinctions in the N2 BET surface area 
between the untreated and pre-treated wheat straw char sample. 

 
Practical significance 
High char reactivity is needed in order to obtain higher energy outputs from the 
reactors [24], and the distinctions in reactivity results in different reactor outputs 
in the case of different fuels. Additionally, the presence of inorganic constituents 
in biomass fuels is associated with several problems, such as deposition, 
sintering, agglomeration, corrosion, and/or erosion occurring during the 
operation of gasification plants [25]. The leaching pretreatment process is an 
option to eliminate the alkali metals and chlorine from biomass. On the other 
hand, the lower content of alkali metals may affect the char gasification 
reactivity.  
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ABBREVIATIONS, TERMS AND SYMBOLS 
 
Roman symbols 
Mo  – the initial mass of the char  
M(t) – the mass of the char at time t 
Mf  – the mass of the residue 
pCO2

sat  – saturation pressure of CO2 
p   – adsorbate pressure  
p0   – saturation pressure 
r   – char gasification reaction rate 
t   – time 
X   – char conversion 
 
Abbreviations 
AAEM   – Alkali and Alkali Earth Metals 
ASTM   – American Society for Testing and Materials 
BET   – Brunauer-Emmett-Teller 
CPMAS  – Cross Polarization Magic-Angle Spinning 
DF   – Douglas Fir wood chips 
DF800   – Douglas Fir wood chips char pyrolyzed at 800 °C 
DFT   – Density Functional Theory 
DMT   – Deutsche Montan Technologie 
DR   – Dubinin-Radushkevich 
EDX   – Energy Dispersive X-Ray 
HPTGA  – High-Pressure Thermogravimetric Apparatus 
IGCC   – Integrated Gasification Combined Cycle 
IUPAC  – International Union of Pure and Applied Chemistry 
MAS   – Magic-Angle Spinning 
NICPB   – The National Institute of Chemical Physics and Biophysics 
NMR   – Nuclear Magnetic Resonance 
PSD   – Pore Size Distribution 
PP   – Pine Pellets 
PP   – Pine Pellets char pyrolyzed at 800 °C 
R    – Reed 
R800   – Reed char pyrolyzed at 800 °C 
SEM   – Scanning Electron Microscopy 
TGA   – Thermogravimetric Analyser 
WSU   – Untreated Wheat Straw 
WSU800  – Untreated Wheat Straw char pyrolyzed at 800 °C 
WSL   – Leached Wheat Straw 
WSL800  – Leached Wheat Straw char pyrolyzed at 800 °C 
daf   – Dry and Ash-Free 
n.d.   – Not Determined  
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1 EXPERIMENTAL 

1.1 Materials 
The materials for the study were chosen quite different by the properties leading 
to the distinctions in reactivities. The samples selected for the investigation were 
the following: pelagian reed (phragmites australis) coming from the western 
coast shorelines and islands of Estonia, wheat straw coming from the area of 
Thessaly in Greece, and commercial pine pellets and Douglas fir wood chips, 
both originating from the area of Munich in Germany (see also Figure 1.1). 

 

 
Reed Pine pellets 

 
Douglas fir wood chips Wheat straw [26] 

Figure 1.1 Illustrative pictures of the used materials 

The reed, untreated and leached wheat straw, Douglas fir wood chips and 
pine pellets samples, as well as their char samples (hereafter referred as R, 
WSU, WSL, DF, and PP and char samples R800, WSU800, WSL800, DF800, 
and PP800) were analysed and characterized regarding their proximate and 
ultimate composition analyses, gross calorific value, and ash chemical analysis 
(in all cases, the oxidation for the ash chemical analysis was performed at the 
temperature of 600 °C) in accordance with the American Society for Testing and 
Materials (ASTM) methods, such as D 1102-84, D 3175-89a, D 5142-90, 
D5373-93, D 4208-88, D 2015-95, as shown in Table 2.1 and Table 2.2. Because 
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of the relatively low char yield of pine pellets in the pyrolysis experiments, the 
proximate analysis of pine pellet char was performed by a SDT Q600 
thermogravimetric analyser (TGA). In these TGA experiments, first the sample 
was heated 20 °C min-1 from ambient temperature to 105 °C in nitrogen gas flow 
of 90 mL min-1 to determine the moisture content. Then the temperature was 
increased with the heating rate of 50 °C min-1 up to 900 °C where it was kept for 
7 min to determine the volatile content of the sample. Thereafter the temperature 
was lowered to 600 °C in 20 minutes followed by supplying air at the flow rate 
of 100 mL min-1 to initiate burning and determine the ash content. 

The cellulose, hemicellulose and lignin contents for the wheat straw sample 
were also determined according to the ASTM standard method D 1106-8 as 
shown in Table 2.3, and for reed according to the Foss Analytical methods such 
as ASN 3429, ASN 3431 and ASN 3430. For pine pellets and Douglas fir wood 
chips, the cellulose, hemicellulose, and lignin contents were evaluated according 
to the literature [27]. 

After each direct reactivity measurement of the char sample, the gasification 
residue remained. Because of the limited amount of the gasification residue 
(some milligrams), the ash content of this residue was determined applying the 
Setaram TGA apparatus. The heating rate of 10 °C min-1 to 600 °C and the air 
flow rate of 50 mL min-1 were used. The ash content was calculated according to 
the mass loss data. Because of the insufficient amount of gasification residue of 
the pine pellet sample, the ash content determination was not performed. 

1.2 Leaching 
The wheat straw sample was also pre-treated using the leaching pretreatment 
process. The pretreatment targeted on the elimination of the amounts of alkali 
metals, chlorine and sulphur in the biomass sample, which are considered to be 
responsible for the ash-related problems during the combustion and gasification 
of biomass. The leaching was performed with tap water according to the method 
developed by Arvelakis et al [25]. The used mass-to-water ratio of leaching was 
66.6 g/l. 

1.3 Pyrolysis 
An atmospheric fixed-bed reactor was used for the preparation of char samples. 
The pyrolysis set-up shown in Figure 1.2 consists of the gas controlling system, 
the reactor-heater, and the data acquisition and controlling system. The mass 
flow of nitrogen was controlled using a calibrated mass flow controller. 

A cylindrical electric heater is placed inside the reactor. Inside the heater is 
placed a quartz pipe that protects the heating wire against corrosive compounds 
possibly present in the evolved gas mixture. A temperature controller and 
thermocouple were used to heat the set-up and keep the required temperature. 

The sample was loaded into the sample holder made of a stainless steel 
SS316 bound net with 80µm openings, as shown in Figure 1.3. 

The sample holder was filled with biomass. Nitrogen was used as a carrier 
gas with a flow rate of 1 l/min in the case of all tests. 
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The applied heating procedure was the following: (i) hold the sample for 45 
minutes at 50 ºC, (ii) heat the sample to the end-temperature of 800 ºC using the 
heating rate of 20 °C/min, (iii) hold the sample 15 minutes at end-temperature, 
and (iv) cooling down to the room temperature. 

 

Figure 1.2 Simplified schema of the pyrolysis reactor-heater 

 

Figure 1.3 Sample holder 
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1.4 Solid state NMR spectroscopy 
For the NMR spectroscopy, a Bruker Avance 300 spectrometer located at the 
Wageningen NMR Centre, operating at a carbon resonance frequency of 
75.5 MHz, or at a sodium frequency of 79.4 MHz, at the temperature of 20 °C, 
was used. The spinning speed was 5 kHz and 7 mm rotors of ZrO2 were used. 
The obtained data were analysed with TOPSPIN software provided by Bruker. 

The carbon-13 cross polarization magic-angle spinning (CPMAS) solid-state 
NMR was used for the characterization of the biomass samples. The cross-
polarization contact time was 1 ms; the delay time was 4 s; and the 90 degree 
pulse for proton was 5 µs. 

The carbon-13 single-pulse solid-state MAS NMR was used for the 
characterization of various biomass char samples. The pulse length was 2 µs and 
delay time 2 s. 

The original biomass samples and char samples were also analysed with the 
23Na single-pulse solid-state MAS NMR. The pulse length was 1 µs and delay 
time 1 s. The chemical shifts were calibrated to separately measured solid NaCl 
(7.0 ppm). 

1.5 Morphology 
The morphology of the parent and char material examined by scanning electron 
microscopy (SEM), and energy dispersive X-ray (EDX) spectroscopy was used 
for determining the inorganic matter on the surface of the chars. All the 
SEM/EDX spectroscopy work was performed with a Leo 1530 Gemini at the 
voltage of 15 kV. 

1.6 Surface area and porosity 
The nitrogen adsorption isotherms at -196 °C and carbon dioxide isotherms at 0 
°C were obtained from all the char samples by a volumetric technique using a 
Quantachrome Autosorb-1 instrument. Prior to the surface area analysis, all the 
char samples were outgassed at 280 °C overnight under vacuum to ensure 
complete removal of surface contaminants. Because of the pressure limitation of 
the instrument, the maximum relative pressure of 0.03 was obtained when CO2 
isotherms at 0 °C were recorded (pCO2

sat= 3484.8 kPa at 0 °C). The adsorption 
uptake data at partial pressures of N2 from 10-6 up to 1 were requested to obtain 
the full N2 isotherms. The specific Brunauer-Emmett-Teller (BET) surface areas 
from the N2 isotherms of the char samples were determined over the partial 
pressure (p/p0) range where the BET equation had the highest correlation 
coefficient (at least 0.9999) [28,29]. For most non-microporous samples, the 
commonly accepted range of p/p0 for the BET equation is from 0.05 to 0.3 (N2 
isotherms). However, because of the highly microporous nature of the char 
samples, the relative pressure range of the isotherms for BET area determination 
requires adjustment. Therefore, the BET areas were, in this work, defined at 
significantly lower relative pressure p/p0 values, down to 0.01 to 0.05. The 
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microporosity specific surface areas were determined from the CO2 isotherm 
using the Dubinin-Radushkevich (DR) model [29] as well. 

The porosity values presented in this work were calculated using the N2 
adsorption isotherms of the char samples. The microporosity of the char samples 
was determined using the DR model. The mesoporosity of the char samples was 
determined by subtracting the DR microporosity value from the total porosity at 
an isotherm relative pressure of p/p0=0.95. The macroporosity of the char sample 
was calculated by subtracting the total porosity at the relative pressure p/p0 = 
0.95 from the porosity value at the relative pressure p/p0 = 0.99. 

The pore size distribution (PSD) of the char samples was determined from 
the N2 adsorption isotherms at -196 °C and from the CO2 adsorption isotherms at 
0 °C using the density functional theory (DFT) [30,31]. The PSDs of the char 
samples were reported according to the classification of International Union of 
Pure and Applied Chemistry (IUPAC), which defines the micropores as pores 
less than 20 Å, mesopores as pores in the range of 20-500 Å and macropores as 
pores above 500 Å. 

1.7 Char reactivity measurement 
The Deutsche Montan Technologie (DMT) high-pressure thermogravimetric 
apparatus (HPTGA) operating at the atmospheric pressure was applied in the 
char reactivity tests as shown in Figure 1.4. The HPTGA has a maximum 
operating pressure of 100 bar and a maximum temperature of 1100 °C. Up to 
five gases can be fed into the reactor, and by means of a bypass line around the 
reactor, the gas composition can be quickly changed. A water-cooled, helium-
purged sample lock is located above the reactor and the sample is placed into 
HPTGA via an opening in the lock. A small, electrically-driven winch lowers 
and raises the sample into and out of the heated section of the reactor. 

 

Figure 1.4 High pressure thermogravimetric apparatus 

Sample
holder
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At first, the sample was held in the reactor under the He gas flow. Then the 
desired reaction temperature was selected, and the reactor was heated to the 
target temperature (reactivity tests were performed at 750, 800, 850, and 900 
°C). After the reactor reached the target temperature, the sample holder was 
lowered to the preheated reactor. A steady sample mass was achieved in 150-300 
s (Phase I), after which a gasification agent CO2 with the flow rate of 1 L min-1 
was introduced into the reactor (Phase II). A schematic diagram together with 
the detailed description of the system is reported elsewhere [32]. 

1.8 Reactivity data analysis 
A typical HPTGA mass loss curve is shown in Figure 1.5. Mo represents the 
initial mass of char; M(t) is the mass of char at the time t, and Mf is the mass of 
residue. 

 

Figure 1.5 A typical HPTGA weight-loss curve 

Different definitions are used for the determination of reactivity [10]. In this 
work, the reactivity results are presented in the figures via the char gasification 
rate as a function of char conversion. The char gasification rate in units of min-1 
at any particular conversion value is defined as shown below: 

r=dX/dt         (1) 
where r is the reaction rate, 
X=(Mo-M(t))/(Mo-Mf).       (2) 
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2 RESULTS AND DISCUSSION 

2.1 Material Characterization 
The PP exhibited relatively low ash content (0.22 wt % on a dry basis, and the 
ash contained mainly calcium oxide (37.3 wt %), which corresponds to 0.08 
wt % in the parent fuel (see also Table 2.1 and Table 2.2). The DF had the ash 
content of 6.73 wt % (on a dry basis) and contained mainly silica (55.5 wt %). 
The ash content of reed was 3.21 wt % (on a dry basis), and the ash consisted 
mainly of silica (73.7 wt %), which corresponds to 2.37 wt % of the parent 
material, compared to the 3.74 wt % for the DF sample. The potassium oxide 
content of DF parent fuel was 0.28 wt %, which is comparable with the leached 
wheat straw sample (0.24 wt %), but higher than the reed sample (0.19 wt %). 

In the case of wheat straw, the influence of leaching pretreatment on the 
properties of parent material could be observed. The removal of the mineral 
matter by leaching increased the volatile matter content as expected, but 
decreased the potassium and chlorine content. The increase in volatile matter 
content by demineralization via leaching or other techniques has also been 
observed by others [33]. The potassium oxide content of untreated wheat straw 
was 1.59 wt % calculated from the parent fuel, which is the highest among the 
studied materials. After leaching the potassium content in the parent fuel 
lowered approximately 7 times. According to the chemical analysis of ash, the 
chlorine content in the parent fuel decreased by nine times after leaching in the 
case of wheat straw.  

The reed sample exhibited the highest cellulose and hemicelluloses content 
(see also Table 2.3). Woody materials have the highest content of lignin. 

The O/C and H/C ratios on molar basis of the char samples are shown in 
Table 2.4. The PP800 and WSU800 have the highest O/C ratio. The ratio of H/C 
is the highest for WSU800 as well. 

2.2 Char Yields 
The char yields of the R, DF, PP, WSU, and WSL samples shown in Table 2.5 
were calculated on a dry and ash-free (daf) basis. The WSU and DF exhibited 
the highest char yield on both dry and daf bases. The results of the char yields 
during pyrolysis calculated on dry and daf bases refer to higher volatile matter 
content of the R, PP, and WSL in parent materials compared to the DF and WSU 
samples. 
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Table 2.3 Chemical analysis of biomass samples, dry basis (wt%) 

 Extractives Lignin Cellulose and hemicellulose 
Reed 15.5 12.2 72.3 
Douglas fir wood chips 6.0 29.0 65.0 
Pine pellets 5.0 30.0 65.0 
WS 15.5 16.6 60.3 

Table 2.4 O/C and H/C ratio on molar basis of char samples 

 O/C H/C 
R800 0.28 0.25 
DF800 0.27 0.19 
PP800 0.35 0.22 
WSU800 0.37 0.29 
WSL800 0.27 0.21 

Table 2.5 Char Yields (wt%) 

 R DF PP WSU WSL 
Dry 19.73 29.35 17.27 30.05 27.13 
Dry and ash free 15.75 23.02 15.67 21.11 16.64 

2.3 Morphology 
The scanning electron microscopy (SEM) technique is widely applied on the 
investigation of biomass char samples [20,24,34,35,36,37,38,39,40,41]. In 
addition to the SEM technique, an energy dispersive X-ray (EDX) spectroscopy 
technique has been also applied to obtain better background information about 
the particles observed by SEM. 

The reed parent material shown in Figure 2.1 a and b. Figure 2.1a exhibits an 
oblong particle with the fibrous structure. The particles with irregular shape 
representing leafs and flowers of the plant can be seen as well. On the surface 
slits, holes and white particles containing Si could be observed. Figure 2.1b 
exhibits oblong particle with strongly bound solid cells representing the stem 
part of the reed plant. White bubbles containing Si could be observed on the 
surface. Also some empty holes are visible, i.e. Si bubbles have been removed 
due to mechanical treatment during the sample preparation. The EDX 
spectroscopy analysis indicates the inorganic matter on the reed surfaces 
containing 95-100% of SiO2.  

The pyrolyzed reed sample shown in Figure 2.1 c and d. Figure 2.1c 
represents irregular char particles with the scabrous surface. In Figure 2.1d the 
oblong shape of char particles can be seen, indicating that after thermal 
treatment the reed sample has maintained its shape, but Si bubbles have lost their 
sharp edges. According to EDX spectroscopy analysis, the mineral matter on the 
surfaces of oblong char particles contains mainly SiO2, but on the surfaces the 
heterogeneous particles, K2O and CaO could be detected as well. For instance in 
Figure 2.1 c, 7% and 5% of mineral matter, respectively. 
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Reed Reed char 

  
a) Oblong particle having the fibrous 

structure with slits and holes. 
c) Irregular char particle with scabrous 

surface 

  
b) Oblong stem particle with strongly 

bound solid cells. White bubbles 
representing Si 

d) Oblong shape of a char particle. Si 
bubbles have smoothed edges 

Figure 2.1 SEM images of reed and reed char (R800) 

The sample of Douglas fir parent material is presented in Figure 2.2. In 
Figure 2.2a oblong and irregular shape of particles with holes, slits and fissures 
on the surface can be seen. In Figure 2.2b an oblong particle with longitudinal 
cavities can be observed. In Figure 2.2c the particles with oblong and irregular 
shape can be detected. In Figure 2.2d the oblong and irregular shape of particles 
with holes and fissures on the surface can be seen. In all pictures, the inorganic 
matter on the particles is visible. The main inorganic elements detected on the 
surfaces of Douglas fir samples are Si, Ca and K. 

A pyrolyzed Douglas fir sample is shown in Figure 2.3. Figure 2.3a 
represents oblong- and irregular-shaped particles. The scabrous edges can be 
detected as well. In Figure 2.3b a smooth char particle with of irregular shape is 
presented. In Figure 2.3c a particle with the scabrous surface is shown together 
with smaller particles of irregular shape. Figure 2.3d shows different size of 
oblong and irregular particles. The morphology of the surface can be seen 
changed due to thermal treatment. In all the pictures the mineral matter on the 
surfaces could be detected. However, after pyrolysis the part of mineral matter 
contains still mainly Si, Ca and K on the surface. 
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a) Oblong and irregular shape of 

particles with holes, slits and fissures 
b) Oblong particle with longitudinal 

cavities 

  
c) Particles with oblong and irregular 

shape 
d) Oblong and irregular shape of 

particles with holes and fissures 

Figure 2.2 SEM images of Douglas fir sample (DF). 

A parent material of pine pellet sample is shown in Figure 2.4 a and b. Figure 
2.4a shows an oblong particle with fissures and cavities on the surface and 
scabrous edges of the particle together with smaller particles of irregular shape. 
In Figure 2.4b a particle of irregular shape with fissures and holes on the surface 
is shown. The holes on the surface constitute the network of cells. Mainly Ca 
was detected on the surfaces of particles of pine pellet sample. 

The pine pellet char sample is shown in Figure 2.4 c and d. In Figure 2.4c, an 
oblong particle with fissures and cavities could be seen, as well as a thin particle 
with orders of magnitude larger in length and width than thickness. In Figure 
2.4d shows a number of small thin particles with orders of magnitude larger in 
length and width than thickness having scabrous edges. In general, there could 
be detected particles which have the length and width many times larger than 
thickness, representing the so-called irregular thin-plate-shape particles. K and 
Ca were mainly detected on the particle surfaces. While the parent material of 
pine pellet sample exhibited almost no K on the surface, it could be assumed that 
K migrated to the surface during pyrolysis. 
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a) Oblong and irregular shape of 

particles 
b) Smooth char particle with irregular 

shape 

 

c) Scabrous particles 
d) Different size of oblong and 

irregular particles 

Figure 2.3 SEM images of Douglas fir char sample (DF800) 

The parent material of untreated wheat straw sample is shown in Figure 2.5 
a-c. In Figure 2.5a an oblong particle with holes, and similarly to the reed parent 
material sample, silicon bubbles on the surface are visible as well. In Figure 2.5b 
an oblong particle with fissures, cavities, holes and scabrous surface can be seen. 
Figure 2.5c represents the oblong, oval and irregular shape of the particles with 
longitudinal cavities, holes and fissures on the surface. The EDX spectroscopy 
analysis indicated a variety of inorganic matter on the surface, however mainly 
Si, K, Ca, and less Na, Cl and Mg. 

The pyrolyzed untreated wheat straw sample is shown in Figure 2.5 d-f 
where the morphological differences compared to parent material could be 
observed. In Figure 2.5d an oval char particle can be seen, while the surface 
could be characterized as a network of cells. In Figure 2.5e an oblong char 
particle is represented. The circular silicon particles observed on the surface of 
parent material have lost their initial morphology with the edges smoothed. 
Inorganic particles could be observed on the surface as well. In Figure 2.5f an 
oblong char particle with the scabrous surface nature as well as with a network 
of cells is visible. The migration of inorganic matter on the surface during 
pyrolysis could be seen. Mainly Si and K were detected on the surface. 
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Pine pellets Pine pellet char 

  
a) Oblong particle with fissures, 

cavities and scabrous edges 
c) Oblong particle with fissures and 

cavities 

  
b) Irregular-shaped particle with 

fissures and holes constituting the 
network of cells 

d) Numbers of small thin particles with 
orders of magnitude larger in length 
and width than thickness 

Figure 2.4 SEM images of pine pellets (PP) and pine pellets char sample (PP800) 

The parent material of leached wheat straw sample is shown in Figure 2.6. In 
Figure 2.6a a fuel particle with silicon bubbles can be seen. In Figure 2.6b the 
irregular shape of the particle with fissures and holes on the surface is presented. 
In Figure 2.6c the different shape of particles with longitudinal cavities and 
network of holes are visible. In Figure 2.6d represents the scabrous surface of 
the particle with holes. In the WSL case the inorganic matter on the surfaces 
contains mainly Si and Ca, i.e. K has been removed from the surface via 
leaching pretreatment.  
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Untreated wheat straw Untreated wheat straw char 

  
a) Oblong particle with holes and 

silicon bubbles 
d) Oval particle with a network of cells 

on the surface 

  

b) Oblong particle with fissures, 
cavities, holes and scabrous surface 

e) Oblong particle with circular silicon 
particles with smoothed edges and 
inorganic particles on the surface. 

  
c) Oblong, oval and irregular shape of 

particles with longitudinal cavities, 
holes and fissures 

f) Oblong particle with scabrous 
surface nature as well as with a 
network of cells 

Figure 2.5 SEM images of untreated wheat straw (WSU) and wheat straw char 
sample (WSU800) 
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a) Particle with silicon bubbles 
b) Irregular shape of the particle with 

fissures and holes 

  
c) Different shape of particles with 

longitudinal cavities and network of 
holes 

d) Scabrous surface of the particle with 
holes 

Figure 2.6 SEM images of leached wheat straw (WSL) 

The pyrolyzed leached wheat straw sample is shown in Figure 2.7. Figure 
2.7a represents an oblong particle with the cellular structure inside and softened 
walls of longitudinal cavities and smoothed edges of silicon bubbles on the 
surface. In Figure 2.7b a char particle with the smooth surface and holes in the 
surface of cross-section is presented. The irregular shape of char particle with 
fissures and scabrous edges can be seen in Figure 2.7c. In Figure 2.7d different 
size of scabrous particles could be detected. The EDX spectroscopy analysis 
indicated mainly Si on the surface, but in the moderate amount Ca and K as well. 
Compared to the parent material, K migrated to the surface during pyrolysis. 

Reed had the highest cellulose and hemicellulose content among the studied 
fuels, and therefore the higher fibrous nature of this material is expected 
compared to others. While wood and straw samples exhibited higher lignin 
content, more irregular shapes of those fuel particles can be expected [41]. 
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a) Oblong particle with the cellular 

structure inside and softened 
walls of longitudinal cavities and 
smoothed edges of silicon 
bubbles 

b) Smooth surface and holes in the 
surface of cross-section 

 
c) Irregular shape of a char particle 

with fissures and scabrous edges 
d) Different size of scabrous 

particles 

Figure 2.7 SEM images of leached wheat straw char (WSL800) 

Holes, fissures and superficial porosity represent the way for volatile 
products to escape from the internal zones of fuel particles during pyrolysis and 
for gaseous reactants to reach the active sites inside the char particle for 
oxidation or gasification [41]. 

The images of char samples indicate that the changes during pyrolysis are 
quite evident resulting from the change of structure and/or mineral matter 
deposits on the char surface. It could be seen that the carbon morphology was 
not affected by the leaching process. The migration of inorganic constituents to 
the surface observed in this study, as a consequence of thermal treatment 
process, has also taken place with other types of biomass [21,34,42]. 

2.4 Specific surface area and porosity 
The N2-specific BET (Brunauer-Emmett-Teller) surface area ranges from 25 to 
485 m2 g-1 while that of CO2-specific BET reaches from 348 to 536 m2 g-1, which 
is slightly lower compared to the values of CO2 specific DR (Dubinin-
Radushkevich) surface area (from 429 to 736 m2 g-1) as shown in Table 2.6. The 
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N2-specific BET surface area of the WSU800 exhibits a relatively low value – 
25 m2 g-1. It could be presumed that the micropores present on the wheat straw 
char samples, are not always accessible to N2, but the leaching pretreatment 
makes some of the char pores available for the N2 adsrobate. One reason for this 
could be blocking of the pores by alkalis on the surface and thus N2 diffusion 
through those pores is partially restricted or the pores are fully blocked [43] as 
visualized in Figure 2.8. The specific BET and DR surface areas are clearly 
higher for the PP800 sample compared to other studied chars. According to Bar-
Ziv et al. [44], the subtraction of volatile matter during pyrolysis is responsible 
for the formation of new pores. The PP sample exhibits the highest volatile 
matter content together with the highest specific surface area of char. 

Table 2.6 Specific Surface Areas (m2 g-1) 

 BET 
N2 

BET 
CO2 

DR 
CO2 

R800 357 435 583 
DF800 316 398 545 
PP800 485 536 736 
WSU800 25 348 429 
WSL800 152 354 454 

 

 

Figure 2.8 Simplified depiction of unblocking the pores after leaching pretreatment 

In the literature, Matsumoto et al. [45] report that the cedar char N2-specific 
BET surface area is 184 m2 g-1, and Zhou et al. [46] report that the pine tree char 
N2-specific BET surface area is 379 m2 g-1. Other studies also suggest that the 
N2-specific BET surface areas of other types of wood chars are in the same 
range of area values when compared to N2-specific BET surface areas presented 
in Table 2.6.  

The porosity values in Table 2.7 show that the reed and woody fuel chars are 
mostly microporous, approximately 70-80% of the pores in these chars account 
for the micropores (pore sizes below 20 Å). In the case of WSU800 the 
macroporosity is prevailing, and in the case of WSL, the mesoporosity as well. 

The results in Table 2.7 also show that the DR CO2 microporosity is higher 
than that of DR N2.  

N2
Alkali metal particle Leaching pretreatment N2
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Table 2.7 Porosities obtained from N2 and CO2 Isotherms (mL g-1) 

 
DR (CO2) 

Microporosity 
DR (N2) 

Microporosity 
(N2) 

Mesoporosity 
(N2) 

Macroporosity 

(N2) 
Total 

porosity 
R800 0.203 0.137 0.033 0.031 0.200 
DF800 0.190 0.121 0.039 0.017 0.176 
PP800 0.257 0.184 0.038 0.010 0.231 
WSU800 0.150 0.009 0.010 0.015 0.034 
WSL800 0.158 0.051 0.082 0.035 0.168 

Based on the results, it could be concluded that for some biochars some of 
the published literature on the values of N2 adsorption BET area might be 
slightly underestimated. It seems quite evident that the use of both adsorbates N2 
and CO2 is needed when the adsorption characteristics of carbonaceous samples 
with significant microporosity are investigated [31,35]  since the micropores 
contain most of the internal surface area and therefore play the main role in the 
reactivity of carbons [44]. 

The results of DFT PSD analysis for R800, DF800, PP800 are shown in 
Figure 2.9 and Figure 2.10. The results clearly indicate that the PSDs are all 
quite similar, and therefore completely independent of char origin, whether it is 
reed or wood. 

The WSL800 sample had a network of micropores (Figure 2.11), pores with 
sizes 8 Å and 16 Å, and a wide network of mesopores 25 Å to 55 Å. The 
WSU800 exhibits little microporosity (pore sizes around 16 Å), and almost zero 
mesoporosity compared to the WSL800 sample. Figure 2.12 indicates that all the 
micropores are accessible for carbon dioxide, and both wheat straw chars have a 
wide range of supermicropores (pores smaller than 8 Å ) as well as reed and 
woody fuels (not seen with N2 adsorption DFT analysis). 

 

Figure 2.9 DFT/Monte-Carlo differential pore volume distribution of R800, DF800 
and PP800. DFT Kernel used: N2 at –196 °C on carbon 
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Figure 2.10 DFT/Monte-Carlo differential pore volume distribution of R800, DF800 
and PP800. DFT Kernel used: CO2 at 0 °C on carbon 

 

Figure 2.11 DFT/Monte-Carlo differential pore volume distribution of WSU800 
and WSL800. DFT Kernel used: N2 at –196 °C on carbon 

 

Figure 2.12 DFT/Monte-Carlo differential pore volume distribution of WSU800 
and WSL800. DFT Kernel used: CO2 at 0 °C on carbon 
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2.5 Carbon-13 NMR spectroscopy 
Carbon-13 nuclear magnetic resonance (NMR) spectroscopy was used to 
identify the various carbon groups in biomass and pyrolysis char samples, to 
investigate the carbon chemistry of pyrolysis. Also, the change of wheat straw 
sample after the leaching process was an aim of the investigation. 

The 13C CPMAS (Cross Polarization Magic-Angle Spinning) spectra were 
obtained from the biomass samples within a relatively short time (maximum 
number of scans was around 200). For the char samples, the needed number of 
scans was in the range of 4000-6000 due to the fact that chars are less crystalline 
compared to biomass samples. The single-pulse NMR method results in similar 
spectra with 3 times shorter period of time. Since the chars are less crystalline 
and their hydrogen content is lower compared to original fuels, the CPMAS 
method is relatively inefficient. The same conclusion was also drawn by Freitas 
et al. [47]. 

Biomass samples show a variety of carbon resonances, while those of the 
char samples reveal only a single resonance. 

2.5.1 Biomass samples 
The results obtained from the NMR spectra of original biomass samples shown 
in Figure 2.13 and Figure 2.14 show that: 

All of the original biomass samples have a peak at 22 ppm assigned to the 
acetyl methyl groups of hemicelluloses. 

At 56 ppm the appeared peak can be assigned to the methoxy groups of 
lignin. 

The peak at 65 ppm is assigned to the aliphatic C6 carbons of crystalline 
cellulose. 

In the region of 72 and 75 ppm, all biomass samples have the highest peak, 
assigned to the C2, C3, and C5 carbons of cellulose. 

All biomass samples have C4 amorphous and crystalline cellulose at 84 and 
89 ppm, respectively. Untreated wheat straw has an extra upfield shoulder at 84 
ppm that could be attributed to the Cβ lignin. 

All biomass samples have a sharp peak at 105 ppm assigned to the anomeric 
carbon of sugars. 

The signals in the region of 112 and 115 are assigned to lignin quaiacyl C-2 
and C-5, respectively. 

Lignin quaiacyl C-6 at 120 ppm is detected only in the case of pine pellets. 
Lignin syringyl C-1, syringyl C-5, and quaiacyl C-2 are detected for all 

biomass samples as a broad line in the region between 134 and 137 ppm. 
The signals at 153 ppm are assigned to syringyl C-3 and syringyl C-5. The 

signals at 148 ppm are assigned to syringyl C-3, syringyl C-5, quaiacyl C-1, and 
quaiacyl C-4. For the reed the signal at 148 ppm is an upfield shoulder of the 
signal at 153 ppm. In the case of pine pellets and Douglas fir wood chips, the 
signal at 153 ppm is a downfield shoulder of the signal at 148 ppm. Wheat straw 
has a single broad line in this region. 
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All biomass samples have the acetyl carbonyl groups of hemicelluloses 
detected at 173 ppm. Although in the case of pine pellets, the signal is very low 
and scarcely distinguishable from the noise. The carbonyl groups have high 
reactivity [48]. 

Ketones in the region of 190-220 ppm are detected only in the case of 
Douglas fir wood chips. It has to be mentioned that the intensities are very low.  

The Cα, Cβ, and Cγ carbons of lignin are not detectable because of the high 
signals of cellulose components in the region of 60-84 ppm. In most cases the 
peaks of Cα, Cβ, and Cγ are much lower, i.e., less intensive, than the peak of Ar-
OCH3 and -OCH3 functional groups of lignin, and the peaks of cellulose 
components are more intensive than the peak of Ar-OCH3 and -OCH3 
[48,49,50]. 

The broad signals refer to the unordered molecular structure of lignin and 
hemicelluloses and partly cellulose. Sharp signals at 105, 89, and 65 ppm stand 
for the ordered cellulose C1, C4, and C6 carbons, respectively [51]. 

Consequently, it could be said that all of the original biomass samples have 
basically the same composition with exceptions, only that of Douglas fir wood 
chips has ketones. 

The spectra obtained with the CPMAS method do not allow for any 
estimation of the contents of lignin, cellulose, or hemicellulose using integrated 
intensities of the signals because of the interfering peaks of different 
components. With the spin-locking technique, the spectrum of cellulose can be 
separated [52,53], but even then, the lignin and hemicellulose spectra remain 
indistinguishable [54]. 

When the 13C NMR spectra of the leached wheat straw sample are compared 
to the original one (Figure 2.14), it is evident that leaching has no effect. The 
small differences seen in the spectra could be attributed to noise. 

2.5.2 Biomass char samples 
Different authors have shown that the composition of wood changes during 
thermal treatment [55]. 

New carbon groups evolve, but finally at the end temperatures of pyrolysis at 
600 °C, there are only aromatic groups left [47,49,56]. 

Sharma et al. [49] have shown that the amount of aromatic carbons in a lignin 
char is less than in the original sample material. In their work, the concentration 
of aromatic lignin was decreased by 10% by weight at a heating temperature of 
600 °C compared to the original sample material. Thus, most of the weight loss 
of the original lignin sample was due to the volatilization of nonaromatic 
carbons. The aromatic component of lignin is very resistant to thermal 
degradation, and the resulting char is highly refractory. 
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Figure 2.14 Spectra of 13C CPMAS NMR of different biomass samples 
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Figure 2.15 Spectra of 13C single-pulse MAS NMR of different biomass char 
samples (*-spinning sideband)  



 

39 
 

Bardet et al. [56] have stated that the origin of biomass does not affect the 
nature of the solid residues formed during the thermal treatment. They all lose 
their ligno-cellulosic structure and are transformed to polycyclic material with a 
preponderance of aromatic structures with proton amounts that are decreased 
drastically as the temperature of treatment increases. It could be said that all 
cellulose and lingo-cellulosic materials under thermal treatment with the final 
temperatures between 800 and 1000 °C undergo structural transformation, 
resulting in a graphitic structure. 

All of the pyrolysis char samples (as seen in Figure 2.15) have one peak at 
124-126 ppm assigned to aromatic lignin, and no differences were found 
between various char samples. 

2.6 Sodium-23 MAS NMR spectroscopy 
Sodium-23 magic-angle spinning nuclear magnetic resonance (MAS NMR) 
spectra are usually un-informative as to the specific identity of environments 
surrounding the 23Na nuclei in amorphous systems, mainly because of the broad 
line shapes encountered. Another difficulty in 23Na NMR is the ability of MAS 
to completely average away the effects of second-order quadropolar interactions, 
leading to residual line broadening in 23Na MAS spectra [57]. The sodium 
content in the sample is extremely low and therefore limited to a very basic 
single-pulse technique. Considering also relatively modest magnetic field 
strength available for the study, a certain second-order line shift and broadening 
can be assumed. Therefore, we can make assumptions based only on peak line 
shifts, combined of comparable second-order quadrupole and isotropic chemical-
shift variations. A true chemical shift can be assumed to range from the peak to 
the left side foot of the line [58]. 

The tests with sodium compounds in which the oxygen atoms are bonded to 
various elements of the third row of the periodic table (Al, Si, P, S, and Cl) 
carried out by Koller et al. [59] have shown a systematic shift to high field with 
an increasing atomic number of the third-row elements. As a consequence, they 
have concluded that the isotropic chemical shift is related to the particular 
chemical environment of the oxygen atoms coordinated to sodium. The distinct 
chemical-shift effects observed for 23Na in different compounds have the same 
origin and the particular bonding situation of the oxygen atoms in the anions. 
This property can be described by the valence, i.e., the total bond valence of the 
oxygen atom. Of course, the chemical shift of the solids is further affected by 
Na-O distances and the coordination number of sodium. 

There are few data available about 23Na NMR of fuels and char in the 
literature. Burchill et al. [60] has investigated sodium with NMR in raw coals. 
They have shown that the sodium peak appears between 2.3 and -1.7 ppm, i.e., 
closely comparable to aqueous Na+, but in our case, the peaks are far away from 
this region. This allows for the assumption that there is no or few aqueous Na+ 
in the investigated biomass samples.  
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2.6.1 Biomass samples 
The results of the 23Na NMR spectroscopy of biomass samples are shown in 

Figure 2.16. For all samples, an isotropic peak at -11 ppm is identified in the 
spectra, except for Douglas fir and leached wheat straw where single resonances 
are found at -22 and -5 ppm, respectively. Wheat straw has an extra resonance at 
7 ppm, which can be attributed to crystalline NaCl. Although high amounts of 
scans were recorded for pine pellets (Table 2.8), the signal-to-noise ratio is poor, 
resulting in less reliable results. 

Table 2.8 Amounts and Number of Scans of the Biomass Samples, 23Na MAS NMR 
Spectroscopy 

 
Reed 

Pine 
pellets 

Douglas fir 
wood chips, 

Wheat 
straw 

Wheat straw 
leached 

Sample mass, g 0.2378 0.2416 0.2471 0.2172 0.2236 
Number of scans 2 237 63 235 4 400 1 225 1 225 

 

2.6.2 Biomass char samples 
The effect of pyrolysis and leaching pretreatment on the sodium environment of 
biomass samples is shown in Figure 2.17. 

The spectra of reed char sample resulted in an isotropic peak at the same 
region with the reed sample. This allows for the assumption that the sodium 
environment in the reed sample is resistant to the pyrolysis conditions described 
above. 

The pine pellet char sample displays a broad line in the region of 100 to -100 
ppm resembling to the original pine pellets sample. 

In comparison to the original Douglas fir wood chips sample, the changes in 
the line shape of the char samples could be detected. Instead of a relatively 
symmetrical shape of the peak in the case of original Douglas fir wood chips 
sample, the char sample of these wood chips exhibited relatively structured lines, 
which are compatible with a second-order quadrupole line shape, corresponding 
to a coupling constant of 2.1 MHz and chemical shift of -10 ppm. Equally 
plausible alternatives to this assumption are two chemical-shift-separated lines 
with a very low coupling constant at -10 and -25 ppm, respectively. 

In comparison to the original wheat straw sample, there is only a one peak in 
the region from -4 to -7 ppm for the char sample, instead of two peaks at 7 ppm 
assigned to crystalline NaCl and at -11 ppm for parent fuel. 

No difference could be detected between the spectra of wheat straw char 
samples and leached wheat straw char samples.  
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Figure 2.16 Spectra of 23Na single-pulse MAS NMR of different biomass samples 
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Figure 2.17 Spectra of 23Na single-pulse MAS NMR of different biomass char 
samples  
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2.7 Char reactivity 
The series of char reactivity measurement tests of the studied chars were 
performed at 750, 800, 850, and 900 °C. The weight signal curve shifted 
downward (Phase I; see also Figure 1.5), and increase in the sample weight at 
the beginning of Phase II was likely due to the buoyancy effect resulting from 
the change in the reactor feed gas. 

The reaction rates versus char conversion of the R800, DF800, PP800, 
WSU800, and WSL800 samples at different gasification temperatures are shown 
in Figure 2.18- Figure 2.22. In most cases the initial 10% and 50% of conversion 
is used for evaluating the kinetic parameters [14]. In this work 50% of 
conversion was chosen. 

The reaction rate of R800 was slightly increased up to the conversion rate of 
40% and then declined. The reaction rate of DF800 at the gasification 
temperatures of 850 and 900 °C decreased until the conversion rate of 40-50%, 
then remained constant up to the conversion rate of 60-70%, and then declined. 
The reaction rates of PP800 were constant, with the exception at the beginning 
in the temperature of 900 °C experiment, up to the conversion rates of 60-70%, 
and then the reaction rate decreased. Both WSU800 and WSL800 samples 
exhibited the maximum reaction rate between the char conversion rates of 20 
and 40%. 

 

 

Figure 2.18 Char gasification reactivity of the reed char sample R800 
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Figure 2.19 Char gasification reactivity of the Douglas fir char sample DF800 

 

Figure 2.20 Char gasification reactivity of the pine pellets char sample PP800 

 

Figure 2.21 Char gasification reactivity of the untreated wheat straw char sample 
WSU800 
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Figure 2.22 Char gasification reactivity of the leached wheat straw char sample 
WSL800 

It could be seen that the untreated wheat straw char exhibited the highest 
maximum reaction rate among other studied chars. The wood chars had higher 
reaction rate than the reed and leached wheat straw chars. The reed char 
exhibited the lowest reaction rate. For instance, the WSU800 reaction rate 
between the conversion rates of 20 and 40% was ~1.5 times higher compared to 
PP800 while PP800 reaction rate was approximately 4 times higher between the 
conversion rates of 20 and 40% compared to that of R800. The DF800 reaction 
rate was 3 times higher compared to R800. A clear distinction between the 
DF800 and PP800 reaction rates can be seen at the gasification temperature of 
900 °C. Compared to the untreated wheat straw the leached wheat straw chars 
exhibited from 2 to 4 times lower reaction rates depending on the conversion 
rate and temperature. 

As expected, the char reaction rates increase with the rise of temperature. The 
reaction rate of the R800 sample was enhanced 3 times between the conversion 
rates of 20 and 40%, while the temperature was increased by 50 °C. For wood 
and wheat straw, the rate increased from 2 to 4 times depending upon the fuel 
and gasification temperature. 

The conversion rate versus the time of gasification tests is shown in Figure 
2.23-Figure 2.25. PP800 and WSU800 exhibited the shortest gasification time 
while R800 exhibited the longest gasification time.  

According to Figure 2.18-Figure 2.28, the order of reactivity of the studied 
chars can be seen as following: WSU800≈PP800>DF800>WSL800>R800. 

The interaction between the compounds present in the mineral matter could 
inhibit the catalytic effect of alkali and alkali earth metals (AAEM), which could 
lead to the compound in which, for instance, potassium is totally inactive [61]. 
The catalytic deactivation reaction depends only upon time and not so much on 
temperature and pressure. At high conversion, the catalyst seems to lose its 
contact with carbon and, consequently, its activity [62]. The deactivation process 
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of catalysts takes place already in the pyrolysis step, which in this study is so-
called slow pyrolysis and continues in the gasification step. 

 

Figure 2.23 Conversion rate versus the time of gasification for the reed char sample 

 

Figure 2.24 Conversion rate versus the time of gasification for the Douglas fir char 
sample 

 

Figure 2.25 Conversion rate versus the time of gasification for the pine pellets char 
sample 
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Figure 2.26 Conversion rate versus the time of gasification for the untreated wheat 
straw char 

 

Figure 2.27 Conversion rate versus the time of the gasification for the leached 
wheat straw char sample 

 

Figure 2.28 Conversion rate versus the time of gasification tests for the studied 
chars at the gasification temperature of 850 °C 
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According to Zevenhoven-Onderwater et al. [63], the next processes are 
expected to take place: (1) formation of calcium, potassium, magnesium, 
sodium, and aluminium silicates during thermal treatment is expected; (2) high 
silica content of reed and Douglas fir chars yielded potassium silicates, whereas 
high silica and high chlorine contents gave potassium silicate formation 
combined with the release of HCl and the formation of K2CO3 did not occur; (3) 
in the case of a pine pellet, which is low in silica content, K2CO3 was formed 
during the gasification (known as a better catalyst, for instance, compared to 
sodium and calcium carbonates [64]). The formation of KCl was expected as 
well. 

The formation of silicates reduces the amount of available AAEM taking part 
in the solid-gas reaction on active sites. According to Radovic et al. [65], the 
reactivity is rather more dependent upon carbon active sites than the total surface 
area. Van Heek et al. [61] have concluded that the extension of total surface area 
could not be alone the dominating factor, which is more likely to be the qualities 
of the surface, such as activity and accessibility, which give the possibility of 
blockage areas by minerals. Bar-Ziv et al. [44] concluded that the evolution of 
reactivity during conversion is influenced by changes in the porous structure, 
and coalescence of microcrystals can be used to represent the change in the 
concentration of the reactive sites. Livneh et al. [66] confirmed that the most 
significant change in reactivity occurs in the range of 0-30% conversion, and the 
slowdown of reactivity at the conversion rate above 55% can be explained by the 
consumption of small microcrystals, which are generally more reactive than 
large ones.  

The initial increase in the reaction rate in the case of R800 and wheat straw 
chars could be associated with the increase of the surface area as well as active 
sites in the early phase of gasification. The maximum in the reaction rate, 
considering porosity, is thought to arise from two opposing effects, namely, 
increase in the reaction surface area as micropores grow and their decline as 
pores collapse progressively at their intersection (coalescence) [67]. The 
decrease in the reaction rate is affected by the deactivation of catalysts, and 
therefore, less active sites are available along the process as well. 

The oxidation reactivity of chars is affected by the mineral matter content and 
composition, and according to the tests, we can order the char samples by 
different items as following:  

• Ash content:  
WSL800(36%)>WSU800(28%)>DF800(21%)>R800(16%)>PP800(4%).  

• Si content:  
WSL800(8.33%)>WSU(6,74%)>R800(6.15%)>DF800(5.03%). 

• K content:  
WSU800(4.22%)>WSL(1.37%)>DF800(0.82%)>R800(0.44%). 

• Ca content:  
WSL800(4.73%)>DF800(1.43%)>WSU800(1.27%)>R800(0.47%). 
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• AAEM content: 

WSL800(7.42%)>WSU800(5.95%)>DF800(3.42%)>R800(1.31%). 
• O/C ratio: 

WSU800(0.37)≈PP800(0.35)>DF800(0.27)≈WSL800(0.27)≈R800(0.28). 
• H/C ratio: 

WSU800(0.29)> R800(0.25)>PP800(0.22)>WSL800(0.21)>DF800(0.19). 
The WSL800 sample exhibited the highest Si content in the chars as well as 

the highest AAEM content. The high AAEM content results from the highest ash 
content in the char where the main AAEM element is Ca. But for instance, the K 
content in the WSL800 sample is 3 times lower compared to WSU800. K is 
considered to be the most active catalyzing element for the char gasification 
[64,68,69]. 

The O/C and H/C ratio was the highest for WSU800. For WSU 800 and 
PP800 the O/C ratio was quite similar, but higher compared to the values for 
DF800, PP800 and R800. Last three samples had the similar O/C ratio values as 
well.  

The results in this work indicate that PP800 is more reactive compared to 
R800 and DF800, despite the fact that the pine pellet contains over 5 and 15 
times less elements acting as catalysts (K, Na, Ca, Mg, and Fe) compared to reed 
and Douglas fir wood chips, respectively. The ash content of pine pellet char is 
4%, and according to the parent material ash chemical analysis, it contains 
mainly Ca and K as well and is not rich in silicon. Therefore, according to the 
results, the high porosity of PP800, together with the structure of pores, nature of 
mineral matter and relatively high O/C ratio can be seen to be the reason, 
considering the total gasification time, for the high reactivity comparable with 
WSU800 and higher compared to the others. K and Ca did not form silicates, but 
rather compounds bound to the carbon matrix acting as an active site. 
Heteroatoms such as hydrogen and oxygen may act as adsorption sites and thus 
could be related to the availability of active sites in char and therefore influence 
its reactivity with different gases present in the combustion systems [70,71]. The 
SEM images have shown that the pine pellet char particles have the so-called 
thin plate shape, i.e. the length and width of the particle is an order of magnitude 
larger compared to thickness and the surface of particles is porous as well. One 
could consider that these plates are placed one by one and the space between the 
plates could be considered pores as presented in Figure 2.29 while these pores 
are also opened at both ends (through pore), as shown in Figure 2.30 [72]. The 
steady reaction rate of PP800 along the gasification process can be attributed to 
the nature of char particles, i.e., the gasification agent reacts with the char 
material on the so called plate wall and consumes the material, but the total and 
active surface areas together did not change along the process significantly. 
However, the evolution of the total surface area of studied chars along the 
gasification process needs further investigations. 
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The leaching pretreatment of parent fuel affects the char gasification 
reactivity. The char of leached wheat straw sample contains more AAEM and it 
is due to the higher ash content of the char sample, but higher Si content as well 
compared to the untreated wheat straw char. As mentioned above, K is the main 
catalyzing element, and the K content of leached wheat straw char is three times 
lower than the untreated one. The lowered amount of K and relatively high Si 
content in the leached wheat straw char reduces the catalytic effect of K. The 
O/C and H/C ratio of leached wheat straw char is lower than that of untreated 
wheat straw and this is also the reason for lower reactivity. 

 

Figure 2.29 Visualisation of pore walls of PP800 

 

 

Figure 2.30 Types of pores [72] 

active sites
pore/particle walls
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The results of the residue yields, i.e. ash and unconverted carbon, in the char 
gasification tests at the temperature of 850 °C and the total residue yields 
calculated from the initial parent material mass after the conversion because of 
pyrolysis and gasification are shown in Table 2.9 and Table 2.10. PP800 
exhibited the lowest residue yield after char gasification on a dry basis (see also 
Table 2.9). The residue yield from the gasification of DF800 was higher by 4.6% 
compared to that of R800, but when calculated on a dry and ash-free (daf) basis, 
R800 exhibited a 9 times higher residue yield compared to DF800. Accordingly, 
it can be seen that DF800 reached a higher carbon conversion during gasification 
than R800. 

Table 2.9 Residue yield of char gasification at 850 °C (%) 

 Dry basis Daf basis
R800 15.62 0.80 
DF800 20.26 0.09 
PP800 1.96 n.d. 
WSU800 23.72 6.47 
WSL800 38.60 6.11 

Table 2.10 Total residue yield after pyrolysis and char gasification with the 
gasification temperature of 850 °C (%) 

 Dry basis Daf basis
R800 3.08 0.17 
DF800 5.94 0.02 
PP800 0.34 n.d. 
WSU800 7.13 1.35 
WSL800 10.47 1.02 

The total residue yield shown in Table 2.10 has been calculated over the 
pyrolysis and gasification steps. A lower total residue yield of DF800 on a daf 
basis indicates better carbon conversion to a gaseous substance along the 
pyrolysis and gasification steps compared to R800. It could be considered that 
there is almost no carbon left in the gasification residue for PP800 (see also 
Figure 2.31), and therefore, the total residue yield on a daf basis is principally 
almost zero. 

The wheat straw samples exhibited the highest residue yield (daf basis), and 
compared to other studied chars the remained residue, i.e., the ash of wheat 
straw contains more carbon. 

For the activation energy determination in the gasification reaction, it is 
necessary to know when the process is in a kinetically controlled regime (see 
also Figure 2.32). The activation energies (were in the range of 199-229 kJ/mol) 
and the pre-exponential factors of the chars tested are shown in Table 8. 
According to Barrio et al. [73], most values of the activation energy for different 
biomasses, gathered from various studies for the CO2 gasification remain in the 
range of 196-250 kJ/mol, which is in good agreement with results of this work. 
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Figure 2.31. Sample of the light brown coloured gasification residue of pine pellet 
char sample PP800 

 

Figure 2.32. Arrhenius plots when gasifying the chars in CO2 (rates taken at 50% of 
conversion) 

Table 2.11 Gasification activation energies and pre-exponential factor at 50% of 
conversion 

 Activation energy Pre-exponential factor
 kJ/mol 1/s 
R800 199 1,30x106

DF800 208 9,95x106 
PP800 229 1,40x108 
WSU800 190 3,66x106 
WSL800 202 3,69x106 
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3 CONCLUSION 
• All the studied chars showed different reactivity under the CO2 gasification 

conditions. In general, based on this study, the order of the reactivity of 
chars can be seen as following: WSU800≈PP800>DF800>WSL800>R800. 

• The gasification time for reaching the conversion rate of 100% was the 
longest for the reed char and shortest for the pine pellet and untreated wheat 
straw chars. 

• The leaching pretreatment of parent fuel affects the char gasification 
reactivity. The gasification time for reaching the conversion rate of 100% 
was 3.5 times higher for the leached wheat straw char sample than for the 
untreated one. 

• According to the 23Na NMR spectroscopy, sodium chlorine present in the 
untreated wheat straw was removed via leaching. 

• According to the 13C nuclear magnetic resonance (NMR) spectroscopy, 
there is no difference between the chars, though the distinctions in the 
parent fuel are quite clear. All the chars contain aromatic lignin. 

• According to the 23Na NMR spectroscopy, there is no difference between 
the sodium environment of untreated and leached wheat straw chars. 
Though, in the future, using more sophisticated NMR methods, the 
distinctions could be visible. 

• Scanning electron microscopy (SEM) tests showed changes in the surface 
morphology and migration of inorganic matter onto the surface of char 
particle as a result of pyrolysis. 

• The specific BET (Brunauer-Emmett-Teller) and DR (Dubinin-
Radushkevich) surface areas are clearly higher for the PP800 sample than 
for other studied chars. 

• According to the SEM images, the pine pellet char (PP800) has plate like 
particles and when arranged tightly close to each other the spaces between 
them could also be considered pores. 

• The reaction rate of PP800 was quite stable along the gasification process 
behaving differently for other studied chars. This so-called stable reactivity 
has been explained in such a way that although the mass of char material 
declines during the reaction, the surface area or active surface where the gas 
reacts with char remains almost constant during the process. With the 
reaction on the plate like particle surface the plate thickness will be reduced 
when its length and width do not change significantly. To the end the 
material mass will be totally exhausted during the reaction process and with 
the loss of mass there will be no surface left for the reaction, thus the 
reactivity will drop to zero. 

• The short gasification time of PP800 is due to the nature of char particle, 
the high surface area, i.e., the active sites, high O/C ratio and low Si content 
in ash. The example of PP800 showed that the amount of inorganic matter 
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acting as catalyst in the material is not always the dominant factor towards 
higher reactivity. 

• The impact of alkali and alkali earth metals (AAEM) on the gasification 
catalysis was inhibited by high Si content in the case of Douglas fir wood 
chip, leached wheat straw and reed chars.  

• Relatively high Si content and lower AAEM content in the reed char are 
expected to be the main reason for the lowest gasification reactivity among 
the studied chars. 

• The high reactivity of untreated wheat straw char (WSU800) could be 
imputed to the higher O/C and H/C ratio compared to other chars as well as 
to the highest potassium content in the char, though the Si content is 
relatively high as well. 

• The lower reactivity of a leached wheat straw char sample could be 
attributed mainly to the lower K content together with the relatively high Si 
content and lower O/C ratio compared to untreated wheat straw char. 

• In practice, one must optimize or find a balance between the leaching costs, 
capacity loss of the reactor due to a less reactive fuel, and maintenance 
costs due to corrosion etc. 

• The N2-specific BET surface area of WSU800 exhibits a relatively low 
value – 25 m2 g-1, i.e., approximately eight times lower compared to 
WSL800. One reason for this could be blocking of pores by alkalis on the 
surface while the N2 diffusion is partially restricted through those pores or 
the pores are fully blocked. 

• On the basis of the results, pine pellets would be preferred as a fuel source 
compared to other studied materials. The pine pellets char showed high 
reactivity, which means a smaller size of the reactor requirement at the 
same output, and lower ash amount removal from the reactor to save on 
otherwise high ash landfilling costs. Lower alkali metal content leads to 
higher ash melting temperatures and less corrosive environment. The higher 
is the ash melting point, the higher temperature can be used in the reactor 
and the higher is the temperature in reactor, the better is the thermal 
cracking of tars evolved during gasification process. Additionally, 
according to the Arrhenius law the higher the temperature, the higher is 
reactivity as well. 

• The reed sample exhibited a relatively low gasification reactivity and 
therefore using reed as a fuel, the decrease in the reactor output could be 
associated, for instance, with other studied materials. 

• The evolvement of surface area on the studied char material during 
gasification process and its behaviour in the commercial gasifier needs 
further investigation. 
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KOKKUVÕTE 
 

Pilliroogu, nisupõhku ja puitu loetakse taastuvaks energiaallikaks ja nö CO2 
vabadeks kütusteks. Pilliroogu on kasutatud energeetilistel eesmärkidel 
erinevates Euroopa riikides nagu Eesti, Soome, Holland, Ungari ja Rumeenia 
[1]. Ebatsuugat on Euroopas kasvatatud laialdaselt kolmkümmend aastat, eriti 
just Prantsusmaal ja Saksamaal [2]. Nii Euroopas kui maailmas on puidupelleti 
toodang kasvanud kuni kümnete miljonite tonnideni aastas [3]. Nisupõhk on üks 
paljulubavaid põllumajanduslikke jääke ja seda on võimalik kasutada kütusena 
energia tootmiseks võttes arvesse nisu toodangut nii Vahemeremaades [4] kui ka 
Euroopas ja maailmas [5,6]. 

Pürolüüs ja gaasistamine on termokeemilise muundamise viisid kasutamaks 
biomassi energeetilistel eesmärkidel. Pürolüüs ei ole ainult eraldiseisev 
muundamise tehnoloogia, vaid ka üks gaasistamisprotsessi osa. Viimast võib 
laias laastus jagada kaheks etapiks: lendosade eraldumine (pürolüüs) ja koksi 
lagunemine (gaasistamine). Koksi reageerimisvõime, koksi muundamise faasis, 
mis järgneb gaasistusprotsessi pürolüüsifaasile, on üldjuhul kordades aeglasem 
kui pürolüüs ise ja seetõttu määrav kogu gaasistusprotsessi kiirusele [8]. 

Käesolev doktoritöö eesmärgiks on uurida pilliroo, nisupõhu ja kahe 
puitpõhise kütuse (ebatsuugahake ja männipellet) kokside reageerimisvõimet 
ning leostamise mõju koksi reageerimisvõimele. Selleks kasutatakse nö 
erinevaid kaudseid meetmeid, mille abil määratakse materjalide erinevad 
omadused ning neid tulemusi võrreldakse CO2 keskkonnas kokside 
gaasistamisel saadud reageerimisvõimetega.  

Kütuste ja kokside omaduste iseloomustamiseks kasutati järgnevaid 
meetodeid: 

• kütuse ja koksi materjali standard- ja keemiline analüüs, 
• kütuse ja koksi tuha keemiline analüüs, 
• tuuma magnetilise resonantsi spektroskoopia meetod (13C ja 23Na), 
• N2 and CO2 adsorptsiooni kaudu koksi poorsuse ja eripinna 

määramine, 
• Skaneeriva elektronmikroskoobiga kütuste ja kokside pindade 

morfoloogia uurimine ning täiendavalt energiadispersiivse 
röntgenkiire (EDX) spektroskoopia kasutamine koksi pinnal oleva 
anorgaanika määramiseks. 

Kokside reageerimisvõime määramaised viidi läbi kõrgrõhu 
termogravimeetrilises seadmes, mis võimaldab rakendada rõhkusid kuni 100 bar. 
Siiski, reageerimisvõime määramised teostati antud uurimuses atmosfäärirõhul. 
Esmalt hoiti proovi heeliumi keskkonnas nö eelkambris. Kui reaktori 
temperatuur oli saavutanud soovitud temperatuuri juhiti proov reaktorisse. Pärast 
150-300 sekundit oli proov kuivanud ning saavutanud stabiilse massi, misjärel 
vahetati gaas reaktoris CO2 vastu. Tulemuseks saadi massikaokõver, mille põhjal 
arvutati reageerimisvõime. 
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Töö teadusliku uudsuse koha pealt võib välja tuua järgmist: 

• laialdane ülevaade erinevatest meetoditest iseloomustamaks kokside 
omadusi, mis on samaaegselt rakendatud koksidele, mis pärinevad 
suhteliselt erinevate omadustega biokütustest, aga samas on koksid 
valmistatud samade pürolüüsitingimuste juures; 

• süsinik-13 ja naatrium-23 tuuma magnetilise resonantsi 
spektroskoopia kasutamine koos teiste üldkasutatavate meetoditega; 

• leostamise mõju uurimine koksi reageerimisvõimele; 
• pilliroo kui kütuse kasutamist gaasistamisel ei ole varem uuritud; 
• valitud materjalid on väga erinevate omadustega ning nende 

reageerimisvõime uurimine samadel tingimustel heidab uut valgust 
teguritele, mis mõjutavad kokside reageerimisvõimet; 

• lisaks eelnevale, esitatakse nägemus, miks erineb töötlemata 
nisupõhu koksi lämmastiku BET eripind hinnanguliselt kuni kaheksa 
korda võrreldes leostatud nisupõhu eripinnaga.  

Praktilisest seisukohast on reageerimisvõime oluline reaktori toodangu 
suhtes, st mida suurem on reageerimisvõime, seda rohkem toodangut (nt gaasi) 
ajaühikus tekib. Energeetiliselt võib seda piltlikult vaadelda kui, et mida suurem 
on reageerimisvõime, seda suurem on reaktori energeetiline võimsus. On teada, 
et leelismetallid mõjuvad seadme metallile korrodeeruvalt ning samuti 
alandavad tuha sulamistemperatuure. Samas on leelismetallid koksi ja gaasi 
vahelise reaktsiooni katalüsaatoriteks. Seega, leostamisega ühelt poolt 
vähendatakse mõju katla metallile ja tõuseb tuha sulamistemperatuur, kuid 
teiselt poolt kaotame kogu protsessi kulgemise kiiruses. 

Nisupõhu leostamiseks on kasutatud lihtsat ja suhteliselt odavat meetodit, kus 
leostamine toimub kraaniveega läbipesemise kaudu ning hilisem kuivatamine 
toimub päikese käes. 

Kütuste omadustest võib näha, et pilliroo tuhk sisaldab suhteliselt palju räni, 
kuid siiski on ebatsuugahakkes räni sisaldus suurem vaatamata madalamale räni 
sisaldusele tuhas, kuna ebatsuuga tuhasus on hinnanguliselt kaks korda suurem 
võrreldes pilliroo omaga. Männipelleti tuhasus on kõige madalam ning põhiliselt 
sisaldab tuhk kaltsiumi. Tuha keemiline analüüs ilmestab, et tänu leostamisele 
on nisupõhu kaaliumi sisaldus kütuses langenud hinnanguliselt 7 korda. 

SEM/EDX spektroskoopia meetodiga tehtud analüüside põhjal täheldati, nii 
pilliroo kui nisupõhu osakestel ringikujulisi räniosakesi, mille servad pärast 
pürolüüsi olid muutunud ümaramaks. Pärast pürolüüsi võis täheldada 
anorgaanika kontsentratsiooni suurenemist koksi pinnal võrreldes 
lähtematerjaliga. Männipelleti koksi osakeste korral võis täheldada 
iseloomulikku nö plaadikujulist kuju, kus osakese paksus on kordades väiksem 
võrreldes pikkuse ja laiusega. 

Eripinna määramised näitasid, et N2 BET eripind on väiksem võrreldes CO2 
BET eripinnaga, mistõttu lämmastik ei iseloomusta poorsust ja eripinda 
täielikult. Nisupõhu korral oli töötlemata nisupõhu koksi N2 BET eripind 



 

62 
 

kaheksa korda madalam leostatud nisupõhu koksi omast, mida võib seletada 
sellega, et leostamise tõttu ei blokeeri enam leelismetallide osakesed kütuse 
pooride avausi ning lämmastik on võimeline tungima pooridesse. CO2 BET 
korral seda probleemi ei esinenud, kuna CO2 on võimeline tungima 
väiksematesse pooridesse (st läbima kitsamaid avausi) võrreldes lämmastikuga 
antud meetodeid kasutades. CO2 tehtud katsed näitasid, et koksid on 
mikropoorsed. Märgatavalt kõrgemat CO2 eripinda näitas männipelletikoks, st 
viimast võib lugeda uuritud koksidest kõige suurema eripinnaga koksiks. 

Tuuma magnetilise resonantsi (TMR) spektroskoopia analüüside põhjal võib 
öelda, et sõltumata lähtekütustest on koksi süsiniku struktuur sama. Naatrium-23 
TMR spektroskoopia näitas selgesti, et töötlemata nisupõhk sisaldab NaCl, mis 
eemaldatakse leostamise käigus.  

Kõik vaadeldud koksid näitasid CO2 keskkonnas gaasistamisel erinevaid 
reageerimisvõimeid. Üldiselt, reageerimisvõime alusel võib koksid seada 
pingeritta järgmiselt: 1) töötlemata nisupõhk≈männipellet; 2) ebatsuugahake; 2) 
leostatud nisupõhk; 4) pilliroog. 

Üldiselt saab reageerimisvõimet seletada mineraalosa sisalduse ja koostisega, 
eripinnaga, aktiivpinnaga ja poorse struktuuri iseloomuga. Pilliroo, ebatsuuga ja 
lesotatud nispõhu korral kõrge räni sisaldus pärsib leelismetallide toimimist 
katalüsaatorina koksi reageerimisel gaasiga, rohkem kui töötlemata nisupõhu 
korral. Gaasistamise algfaasis suurenev reageerimisvõime pilliroo ja nisupõhu 
kokside korral on seletatav protsessi käigus suureneva eripinnaga, mis toob 
kaasa suurema aktiivpinna ning protsessi kulgemisel see väheneb põhjustades 
koos katalüsaatorite deaktiveerumisega reageerimisvõime languse.  

Kuigi leostamine vähendab leelismetallide sisaldust kütuses, on pärast 
pürolüüsi leostatud nisupõhu koksi leelismetallide ja räni sisaldus suurim 
vaadeldud kütuse koksidest, tänu suurimale tuha sisaldusele. Põhiliseks 
leelismetalliks on kaltsium ja kaaliumi sisaldus on leostatud koksis kolm korda 
madalam võrreldes töötlemata nisupõhu koskiga. Kuna leelismetalle hinnatakse 
kümme korda aktiivsemateks katalüsaatoriteks võrreldes muldleelismetallidega 
[14], siis sellest tulenevalt mõjutab see ka reageerimisvõimet. Kütuse leostamine 
alandab koksi reageerimisvõimet ning leostatud nisupõhu koksi 
reageerimisvõime on võrreldes leostamata nisupõhu koksiga, arvestades 
reageerimisele kulunud aega, kuni 4 korda madalam. Siiski on leostatud 
nisupõhu koksi reageerimisvõime näiteks suurem pilliroo koksi omast. 

Kuigi männipelletikoks sisaldab võrreldes teiste kütustega vähem 
leelismetalle, annab tulemuste põhjal parema reageerimisvõime madalam räni 
sisaldus, suhteliselt suur O/C suhe ning suurem aktiivpind, mis püsib tänu 
osakeste plaadikujulisele iseloomule kogu protsessi jooksul suhteliselt ühtlasena, 
mille tulemusena on männipelleti koksi kogu reageerimisaeg võrdeline 
töötlemata nisupõhu omaga. 

Tulemsute põhjal võib hinnata, et männipelleteid on soovitav eelistada 
kütusena võrreldes teiste vaadeldud materjalidega. Männipelletikoks omab 
kõrget reageerimisvõimet, mis tähendab konkreetse väljundvõimsuse juures 
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väiksemat reaktorit. Väikse tuhasuse tõttu on eemaldatav ja ladestatav tuha 
kogus, sh kulutused selleks, võrreldes teiste kütustega, madalamad. Madalama 
leelismetallide sisalduse tõttu on eeldada, et tuha sulamistemperatuur on kõrgem 
ja korrosioonioht seadme metallile väiksem. Mida kõrgem on tuha 
sulamistemperatuur, seda kõrgemat temperatuuri on võimalik reaktoris 
rakendada ning seda parem on gaasistamisel tekkivate tõrvaühendite termiline 
lagunemine. 

Pilliroo kasutamisel, tuleb arvestada suhteliselt madala koksi 
reageerimisvõimega, mis oli töös vaadeldud kütustest kõige madalam, ning 
seega ka madalama reaktori toodanguga/väljundvõimsusega. 
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ABSTRACT 
 

Reed, wheat straw and wood are renewable energy sources that are considered to 
be CO2 neutral. Reed has been used to provide energy in various parts of Europe 
[1]. The Douglas fir has been widely planted in Europe for 30 years, especially 
in France and Germany [2]. In Europe as well as around the world, the wood 
pellet production extends to tens of millions of tons per year [3]. Wheat straw is 
one of the most promising agricultural residues suitable for energy production in 
the Mediterranean region [4] as well as elsewhere in Europe [5,6]. 

Gasification is a thermochemical process, which can be broadly split into two 
main stages: solid devolatilization (pyrolysis) and char conversion (gasification). 
Char reactivity in the char conversion stage, following the pyrolysis step, is 
generally much slower than the pyrolysis itself and is therefore the rate-
determining step [8]. 

The goal of the work is the determination of substantial properties and 
gasification reactivity of selected materials, compare the outcome of the 
gasification test, i.e. reactivity of different materials, with the determined 
properties and estimate the effect of leaching pretreatment method on the 
gasification reactivity of char. 

The distinctions in reactivity can be explained by the differences in the 
mineral matter content, internal surface area, active sites, and nature of porous 
structure. 

According to the results of the 13C NMR spectroscopy, it can be anticipated 
that the carbon structure does not affect the reactivity of char. The 23Na NMR 
spectroscopy proves that leaching affects the fuel properties, i.e., sodium 
chemistry in a biomass sample. But, no difference could be detected between the 
spectra of 23Na NMR spectroscopy of the untreated and leached wheat straw 
char samples. 

The pine pellets char exhibited almost steady reaction rate along the 
gasification process and relatively high reactivity that could be imputed to the 
nature of material, i.e., high porosity, shape of char particle, high O/C ratio, high 
Ca and low Si content of ash. 

The leaching pretreatment of parent fuel affects the char gasification 
reactivity. The char of leached wheat straw sample exhibited lower reactivity 
and it could be attributed mainly to the lower K content together with relatively 
high Si content and lower O/C ratio compared to the untreated char. 

All the chars studied showed different reactivity under CO2 gasification 
conditions. In general, the order of reactivity of the studied chars can be 
observed as following: 1) untreated wheat straw≈pine pellets; 2) Douglas fir 
wood chips; 3) leached wheat straw; 4) reed. 
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�����������	��
��������������	�����
	�����
����	��	�������
�������	����������
�������
��������������������������������������������������� �
�����!��"#$�"#%��� ���������
��
����������������
����������������
	��������� ���
	�������������&'('(&)*+,-)+. -/01234514/6'#78�9�:89;����������	�	����	�<���
����� ����
��������=���������
��� ��
�������	��
	��������#78��	��������
���
	����<���������������	��
������
���������������
	���������
�������=�	�����#78�89;������������
�9�:�
�
��������� �������������������
����
��<
����>	���
�
������������
�����������
�����	��������
���������#78�9�:��������"�?���	������
��	��
�������������������@��������
����������������
� ��������������<�	���������>	���
������������
������ ����
������������=������������ ��������
������	��������������
��<
������������������
���������������	����A�����
����������!����	��<��
�������
���
����!������������
������
��
�����������
��<
����>	���	�
�������
��
�����������<����� ������
������	����������������������	����
�������
�������!�
������������

�
���������"BA������������
��	��
��
	�������������
@������
������
�����
 ���
	���������
����������
�
��������
��������C���:��D�:������E�������
	���F
���������#�� ���
�������������������
����=���������������������
����	����
���������<�
��������������
���>	����������� ��
���	������������
��
��������������������������
���������	������������� ��
�����
����
@������
���

���<������
�
��	��A������������������<������������
���� ���
�#78�������������
��
	����� ��������
�����������

������	����
��������	���
�
����
@������
����������
���A�����
������������������������ ����������������
����
�� ������
����
@������
��G��
	��������������������
�����
�������	���������������8��G����������������

�������
��	����
��
��	��A��������������� ���������
	�#78�89;
��	����������������������	���?	�����������#"����� ����������
��	�����89;������
����A����� ���
����������
��	����!��������������#�7����"�������������
�����
���������
�>	�
	�8�H��	���
	������������!�������������
���������
��A������
���
�������	����
�������������

�����>	�
	�8�H������� �����������
��������������
����������
��
��
�����
�����������������������
�����!C���������
��
�����E�����
������
���� ��������A�����	���
���
������������	��
������=������������������������	���
����������
������������
��
����A������
��
�����
���
�����������������������
�$%��#��IC������
A����"E����
��
���%������I�JKLKMKNOPQRSSTRQUVWSKA����$����������� ���������������	�����
	���
���������������	����
�������A�������	��������	����
������������������������������
��
����
�C������
A����#E���
��
�����������
�
������������
���
�������������A�����	���
����#78�89;������
��
��
���
����������������
�������	�����
����������������
��
������!���""�����������=����������������@�����
�X
	����=������������������������������������
����������
	�����##����������������� ����Y���������������@���C"�EZ����[�9�\9	]�����F�A�X������
����������=����
�
��
��
��
���
�	���
��
��	���	���
�
�
�����������������#78�9 8̂9;���"_`#78��D9�:89;�aKbcdSKecWQKN(fff�Mgh�B��iB��%�

jklm30n':������
�#78�������<�	���9�:89;
���������������
�����������C������\�������������\��X
	����=��

������\������������\�������������������\���������
���\���������
����������\��
�� ������	�\��
�� ������	��������E� jklm30o':������
�#78�������<�	���9�:89;
���������������
��������������������������������
����p���Cq�����������������\����������\�����������������\��X
	����=��

����������\����������������\�����������������������\���������
�������\���������
��������������\��
�� ������	�����\��
�� ������	������������E�

&r(n stWuvdwxyWVSz{PVKLLz|PK}zLgg~ �Ot�W�RVK



�����������	

�������������������������������������������������������������������������������
���
���������
��������������������������������������������
����������������������������������� !"!"!#$%&'(()*'+,'&-./(!�������������������������������������������������
������������������������0����������������������0���������
�����������������������
��������������
���������1223����������4������5677�����
�����������������������������������
���������������������
��
��8����������������������������
�����������������������
�������������������0��������������������
������������������
������������������������������0�����
���
�������������
������
�������������������������722��6722

������������������������
���
���������
���9����
�������������������:������;�������
����
����������������������
�������������
�������������������9���������������0�����������������
������
��8�������������:������;�������
����
������:������;�������
��������
����<�����������0�����������������������������
����������������������=�����
����������
��������

�
������������
��������������>�7?@A������������������672

��B=�����
�����������������0�������������
��������������������������
���������������0��������
��������������672���6>C

�����
����0����9����
������������������������������
������������������
��8���������������6���6	

�������������
��8���	

�������������������������������677

�����
����������������
�����0��
��8���������������6C��67D

��E�������������������
�������������
����������������������0�����������
��
���������>D��?�E�?F�
��������
��������������������0���������������
�����0��
��8���������������6C��672

��9����
����������������������
�������������
����������0�������������
��8��������������������������
�����0�������
��
���������>D?�E�?F�
��������
�������������������������������
������
������������0����
������4������1677������8����������������������������������������������>���������������������������
�����0����������������
������������������
��8�����������������������������������������������������
�������������������������
����������������������������
��������
�����������������
����������������
�����0���������
��8����������������������
�������������
���@��0�����������������
��8�����������������9�����������������������0���������������
��������������
����������������
���������������
���
��
�������������������������������������������������4��������0�����������������
�������������������������������������������75�G������B�HE���������HI�

����B�@���������������?F��=�����
���������������������������)*/&!J*K(!L/MM!NOPN�Q �>>5R>D>��>2�G������@�HB����������S�HG����������T�?�HE�����U�>D���?F�
��������
���������V9����
����������=�����
��������������
���������������������������W!J*K(!)*/&!NOOX�YQ�7C��R7CC7��>7�Z��������T�H@������[�\�HE����Z�U�?�E�?F�������������������������������������������������������]̂/.NOON�_̀�Da7RDaa�

bcdefgNhiE
�������>D���������
����?�E�?F����������������������������
���������������������723�j����k��
��������������H����������H��
���
����������H��:������;�������
�����H��������������H���������������������H��
��������������H��
���������������������H�����0������������H�����0��������������������� bcdefgNNiE
�������>D���������
����?�E�?F����������������������������
���������������������>23�j����k��
��������������H����������H��
���
����������H��:������;�������
�����H��������������H���������������������H��
��������������H��
���������������������H�����0������������H�����0���������������������

,%.$lm,M'M/n )'ol" p'pqr,-/sM+%(s%-K to/+uKv]̂/.(wx%.!""wp%!yw"̀ Q̀ z{|O



�������������	�
���	��
������
���	�����
�����
����������������� ����������������
���� 
����!"##$%&'
(�	�������������������

�
	��
�
����������	��������	����������(
������	������
�
)������'!)'")'*)'+),!)���,*)�������	#!��	������
�)	��
��������������(���
#*��	������
�)#-)#")���#+��	������
�)#.��	��
�������	������
�)�����/�����(
��������)����	������������������(
������	������
�	����������� 0���1�2�
��
�����	�������������	����(��	�

���
�������	����	����	��(�
��������������


��(��
����
����� (��
�
���� 
����!"#%&'�����
�
��
(������������������������

)������	����(��	�����)�����������������������������������	����	����	��(�
�������	���
����0�����
��������	���	����
���	���������(��
���
����	��0��
�������
�����(�������(�����������������������)��������)��
��������	�������	�����1������	�
�)���!"#3%4
(�	���
��2����������	
���	���������	��������������(���������5667#����������)��	�������	�(�����������	����
���	�������
�������	�������	��������	�������2����
���2
��(��)�������
����
��(��)�������
��(��)�����
����(���(�����

��(��������������(��8
��9!!((�)2��	�2��������	��������������	���������
���8�����3�	��(�����-"3�3%4
(�	���
	�(�(����
����������	��������	�
�������(��(�����
)����)
�����	����
����������


��(��)������������)��	������

�����������	������	�������
����	����:������������)���
����� (��
�%&'��;<%=>�
�������
��������-"3�3%4
(�	���
	�(��	��
�������
(�	����

���3%4
(�	���
	�(���
�
2������(��	�
������������������	���
��(��
����	����������������	���
���������������
�����������

���������������3%4
(�	���?��
���������(��(�����
���������
)
�	��
���	����	��	��(�
�����)
�����������������������3�@���A���������	
�
	�(�������)���A���������/������������(�������(������������������	����������������������
������������������	���
(��(����2�����������������������
����
�����������
��������2���
�(��
��	����3%4������
�B�
(����/(������������0	�����
)2�2���������
������0������������	�
������2�������
����
��
������	�� (����
�1��
����C����(�

��������������������	0���
�������
�(��
��	������	���C��
����
������������	�����)�����(�� C������ ����	 �����
(������D%E %&'F)-- ����������������DBG4F-"���(��������������������	��������������������
����������������������

��������	���
��(��
�H�	��
����
0�����
�����
��������/(��������
����)��
�	��(�����
�������
����������
����� �����	��(����
�
����������������������������	��(����
�I�J��K�LMNOL�P����
��
���	�2�

�((���������Q���(���#���������	������R���� '	���S�	�����T���������3%4#�����US$. -66* 6-.!.*D-66.9-66<FV�QS566"6+,D--F%���8)&�?S������)R�E�����(�������	����	��
�������
��	����	����>���-B�����(�� C������3%4
(�	���
	�(��WXYZ[\X]̂_̀\Xabbb)cde)-<5f"6;�D-"FT�)g�?'��)H�E�?$���
)&�?'���
��)&�?R�((���)Q�3%4�/(�������
2������2�����������WXYZ[\X]̂_̀\Xabbh)ei)-<;f"6<�

jkjh l\̂m[nopq̂r_st̀rXuusv̀Xwsuxxe yz\{̂|ZrX



 

77 
 

 
 
 
 
 
 
 
 

PAPER II 
 
 
 
 
 
 
 
 
 
 
Link, S., Arvelakis, S., Paist, A., Hupa, M., Yrjas, P., Külaots, I. Effect of 
leaching pretreatment on the char reactivity of pyrolyzed wheat straw. 17th 
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