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1. Introduction 

 

Due to the growing utilization, the mineral oil and natural gas reserves of the Earth are 

shrinking and their extractions become more expensive day by day. Huge amounts of 

greenhouse gases (carbon dioxide, methane and nitrogen oxides) are produced by the 

combustion of the fuels. Alternative energy sources and new methods of their utilization can 

reduce the CO2 content of the air. Using energy carriers produced from biomass releases as 

much CO2 to the atmosphere as bound by the plants during their lifetime. Carbon dioxide can 

be utilized again by the plants during the photosynthesis. This closed carbon cycle is the 

reason of the CO2 neutrality of the biomass. Fuels with high energy content can be produced 

by the multiple-stage conversion of the biomass. The energy content of the biomass can be 

directly utilized by combustion. 

In order to maximize the effectiveness of the energy extraction, we need to 

characterize the biomass materials as much as possible. Thermoanalytical methods are 

capable of characterizing the structurally complex plant raw materials without separating the 

main fractions. Thermo- and biochemical processes are useful to produce energy or energy 

sources from biomass materials, industrial and agricultural byproducts, communal wastes and 

sewage sludge. In this work thermoanalytical and pyrolysis methods were applied to provide 

information about the composition and the thermal behavior of woody and herbaceous 

biomass samples and sewage sludge. 

 

2. Background 

 

2.1  Structure of the plant tissue 

 

The plant tissues consist of three main polymeric components: cellulose, hemicellulose 

and lignin. Cellulose has an important role in the construction of the plant cell wall. This 

homo-polysaccharide consists of glucose monomers connected with glycosidic (1-4) bonds. 

Hemicellulose is an important component of the plant cell wall, too.  Hemicellulose is a 

highly branched hetero-polysaccharide built of sugar molecules containing five and six carbon 

atoms (pentose and hexose). Lignin is a cross-linked biopolymer built of substituted 

methoxyphenol units. Lignin is responsible for the stability as well as the flexibility of the 

plant cell walls. In addition to the three main components, the plants contain extractable and 

inorganic materials as well as pectin, which is a linear biopolymer built from -D-

galacturonic acid units. Some plants contain proteins but they are utilized as food, and not as 

fuel. 

 

2.2  Thermal conversion of lignocellulosic biomass materials 

 

In Hungary the energy content of the most abundant agricultural and forest byproducts 

is utilized by direct combustion. Intensive research is carried out to develop thermal processes 

suitable for implementation in industrial scale, e. g., gasification and pyrolysis of biomass or 

the lower temperature torrefaction which can be used as a thermal pretreatment before the 

energetic utilization.  

Combustible gases are formed by the gasification process from the solid raw materials. 

During the gasification, the raw materials are heated at about 500-900°C in the presence of 

low concentration of oxygen or steam using fluidized bed. The carbonaceous residue is burn 

out at about 1000°C. The main products of the reactions are CO, CO2 and H2. Smaller yield of 

methane and nitrogen-containing products is also formed.  

The pyrolytical processes apply high temperature in oxygen free atmosphere.  Biooil 

with high energy content is formed by the pyrolysis which can be used in diesel engines 
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mixed with diesel fuel. The gas phase components and charcoal can be utilized as energy 

source. About 80 % of the biomass raw materials can be converted into decomposition 

products of liquid phase under these circumstances.  

Non-food biomass materials can be heat-treated at about 200-300°C under inert 

atmosphere (in the absence of oxygen) in order to stabilize the solid fuel. These pretreated 

fuels have better qualities than the raw materials. During the low-temperature heat treatment, 

the moisture content of the product decreases and the deteriorating biochemical processes are 

ceased. The torrefied biomass can be crushed and milled easier and has relatively higher 

energy content. One of the advantages of the torrefaction is that solid fuels of similar quality 

can be produced from biomass raw materials having different properties. 

The thermal decomposition of microcrystalline cellulose starts at about 300°C and 

ends between 400 and 420°C. The thermal stability can be affected by the circumstances of 

the thermal decomposition as well as the molecular weight, the degree of cystallinity and the 

morphology of the cellulose. During heating, cellulose decomposes by three mechanisms: 

depolymerization, elimination or fragmentation. Levoglucosan (1,6-anhydro--D-

glucopyranose) is formed by the depolymerizaton mechanism during pyrolysis. Pyranone 

derivatives can be formed when depolymerization and dehydration are occurring at the same 

time.  This decomposition mechanism is called elimination reaction. Lower molecular mass 

products (formaldehyde and acetaldehyde) and more carbonaceous residue are formed by the 

fragmentation due to the scission of the pyranose rings. The yields of the evolving gas phase 

products (CO, CO2 and H2O vapor) are also significant. Hydroxyacetaldehyde is formed by 

the retro-aldol reaction which is a typical fragmentation reaction of the thermal decomposition 

of cellulose.  

Compounds like anhydrosugars, lactons, pyran derivatives and 2-furanaldehyde are 

formed by dehydration during depolymerization and elimination reaction of hemicelluloses. 

Acetic acid, other oxo-derivatives and gaseous decomposition products are evolved by the 

fragmentation of O-acetyl-xylan monomers.   

The structure of lignin is built of C-, O- and H-atoms with various bonds, different 

binding energies, so these bonds are cleaved at different temperatures. These properties as 

well as the cross-linked structure of lignin contribute to the wide decomposition temperature 

range. The main step of the decomposition is the scission of the - and -alkyl-aryl ether 

bonds. Some methoxy groups on the aromatic rings are cleaved off (demethoxylation). 

Decarboxylation of the –COOH groups takes place on the aliphatic units. On the one hand, 

aliphatic hydroxyl groups are cleaved by dehydration releasing water, on the other hand, 

formaldehyde are evolved from the terminal –CH2OH groups. 

The thermal decomposition of plant materials, mostly the decomposition of cellulose 

is significantly affected by the presence of alkali ions. The fragmentation mechanism leading 

to high yield of carbonaceous residue is promoted by the high alkali ion concentration. 

Depolymerization resulting in decomposition products of high molecular mass is the preferred 

thermal decomposition mechanism in the absence of the alkali ions. Scission of the functional 

groups is catalyzed by the inorganic compounds during the thermal decomposition of lignin, 

too.  

 

3. Experimental 

 

Thermoanalytical and pyrolysis methods were applied to measure woody (black 

locust, willow, poplar and spruce) and herbaceous biomass (hemp, sweet sorghum bagasse, 

energy grass and wheat straw) samples and sewage sludge.  

Thermogravimetry/mass spectrometry (TG/MS) was used to determine the thermal 

stability of the biomass samples and the evolution profile of the decomposition products. 

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was applied to characterize 
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the volatile decomposition products under inert atmosphere using a fast heating rate. 

Concentrations of the inorganic components of the ashes of the samples were determined by 

inductively coupled plasma-optical emission spectroscopy (ICP-OES). The high and low 

heating values of a few samples were measured using bomb calorimeter.  

Principal component analysis (PCA) was applied to present the correlations between 

the measured data. PCA is a statistical method with the aim of grouping the samples, 

determining the different samples and reducing the numbers of variables. The results of the 

PCA can be illustrated by graphical methods with using the loading and score plots.  

 

4. Results 

 

4.1 Effect of alkaline pretreatment on the thermal decomposition of hemp 

 

Alkaline pretreated hemp samples have been studied using TG/MS. As the TG curves 

showed, the lowest yields of carbonaceous residues were produced during the decomposition 

of the washed samples (Fig. 1/a). The highest char yield was formed from the alkaline treated 

hemp samples. The charcoal yield of the untreated sample was between the data of these 

groups. The thermal decomposition of hemp samples starts at about 220-230°C according to 

the DTG curves (Fig. 1/b). The main DTG peak can be attributed to the decomposition of the 

cellulose. The lignin decomposition is not separated on the DTG curve due to its low 

decomposition rate and a broad temperature range of the decomposition (from 250 to 500°C) 

due to the diversity of the chemical bonds in the lignin structure. The shoulder on the 

cellulose peak can be attributed to the hemicellulose decomposition. The shoulder is the most 

significant in case of the untreated and the washed samples. This observation can be explained 

by two facts: On one hand, the hemicellulose fraction of the samples was untouched without 

the pretreatment. On the other hand, the cellulose decomposes in a higher temperature range 

so the hemicellulose shoulder wasn’t covered by the cellulose peak on the DTG curves in the 

absence of sodium and potassium ions. This shoulder on the DTG curves of the pretreated 

samples disappears, however, significant part of the hemicellulose fraction remains in the 

alkaline treated samples according to the HPLC measurements. This fact can be explained by 

the alteration of the hemicellulose structure. Since the hemicellulose content of the alkaline 

treated samples was not reduced significantly, we assume that the side groups (e.g. acetyl 

groups) of the hemicellulose were removed by the alkaline washing. Thus, the thermal 

stability of the hemicellulose was increased and it decomposes in a similar temperature range 

as cellulose. This assumption explains that the washed alkaline treated hemp has higher DTG 

peak than the washed untreated sample in spite of the similar alkali ion content.  

 
Figure 1 – TG (a) and DTG (b) curves of the untreated, washed and pretreated (2 % NaOH 

or KOH, 2 hours, 120°C) hemp samples in argon atmosphere 
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Fig. 2 presents the change of two thermogravimetric parameters as a function of the 

alkali ion contents. It is concluded that the change is very large in the alkali ion concentration 

range of 0.0 and 0.4 mmol/g. The data of the maximum decomposition temperature (Tpeak) 

changed in a 50°C temperature range (Fig. 2/a). Figure 2/b presents the yields of the 

carbonaceous residues at 900°C which is also influenced by the alkali ion content. The char 

yields of the washed and pretreated samples are about 13 and 23-26 % respectively. 

Fragmentation and char formation are the preferred decomposition mechanisms in the 

presence of higher alkali ion contents. 

 

 
Figure 2 – Thermogravimetric parameters as a function of the alkali ion content of the 

samples: temperature of the maximum decompositon rate (a), yield of the carbonaceous 

residue (b) 

 

The thermogravimetric parameters imply that the increased alkali ion content of the 

samples alters the decomposition mechanism. This conclusion is confirmed by the yield of the 

decomposition products. The char yield and the intensity of the lower molecular mass 

products increased, while less products of high molecular mass and lower yield of 

formaldehyde were formed with increasing alkali ion contents. Fig. 3 shows the integrated 

intensity of methane and formaldehyde as a function of the alkali ion contents. The yield of 

methane increased by about two times and the yield of formaldehyde decreased by two times 

with increasing the alkali ion content in the range of 0.0 and 0.4 mmol/g concentrations. 

 

 
Figure 3 – Mass spectrometric intensities as a function of the alkali ion contents of the 

samples: methane (a) and formaldehyde (b) 
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The relative yields of some mass spectrometric fragments and molecular ions and the 

alkali ion content of the samples were used in principal component analysis in order to 

classify and characterize variables and objects (Fig. 4). It can be seen that 60.0 and 18.8 % of 

the total variances were described by the first and the second principal components, 

respectively. The first principal component separates the alkali treated samples from the 

others, whereas the second component separates the washed samples from the untreated 

samples (Fig. 4/a). The loading plot (Fig. 4/b) reveals that the yield of CO, furanone, methane 

and water as well as the alkali ion contents play the most important role in determining the 

first principal component. The acetic acid, hydroxyacetaldehyde and CO2 contribute mostly to 

the second principal component. 

 

 
Figure 4 – Results of the principal component analysis: score (a) and loading plots (b) based 

on mass spectrometric intensities of the selected ions 

 

4.2  Thermal behavior of steam exploded woody and herbaceous biomass samples 

 

Chemical changes in the structure of various woody (willow and spruce) and 

herbaceous biomass samples (hemp, wheat straw and sweet sorghum bagasse) during the 

steam explosion have been studied using thermoanalytical and pyrolysis methods. 

 Fig. 5 shows the TG and DTG curves of native, washed and steam exploded willow 

and wheat straw. A considerable part of the alkali ion content was dissolved by the hot water 

washing so the lowest char yield was achieved (Fig. 5/a and 5/c). Although the potassium and 

sodium ion contents decreased significantly by the hot steam, the char content was not 

reduced, but even increased in the steam exploded willow. The main part of hemicellulose 

and a smaller part of cellulose content were removed by the steam explosion so the relative 

amount of lignin was increased in the sample and thus higher yield of carbonaceous residue 

was formed. Wheat straw has higher char content comparing to the willow. This fact can be 

explained by the higher inorganic contents and their effect to the decomposition mechanism. 

Fragmentation and char formation were the preferred mechanisms as opposed to the 

depolymerization in the native herbaceous plants. 

The main peak on the DTG curves (Fig. 5/b and 5/d) can be attributed to the thermal 

decomposition of the cellulose fraction. After the washing the thermal decomposition shifts to 

a higher temperature range with a higher decomposition rate. The shoulder on the main 

cellulose peak shows the mass loss rate during the decomposition of hemicellulose. This 

shoulder is more characteristic after the hot water washing. On the DTG curve of the steam 

exploded willow at about 400°C a small shoulder can be seen indicating the increased relative 

amount of lignin component. The maximum rate of the thermal decomposition is at about 
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330°C (at about 70°C lower) in case of steam exploded willow which can be explained by the 

altered morphology of cellulose. Owing to the decreased sodium and potassium ion contents, 

the thermal decomposition of washed and pretreated wheat straw starts at higher temperature 

with a higher maximum decomposition rate. The hemicellulose shoulder is covered by the 

cellulose peak in case of the native samples. This shoulder appears after the washing of the 

wheat straw. The hemicellulose fraction of the steam exploded samples is partially removed 

and some of the functional groups are removed by the hot steam so the characteristic shoulder 

is missing on the DTG curves. 

  

 
Figure 5 – TG (a and c) and DTG (b and d) curves of native washed and steam exploded 

willow and wheat straw 

 

Pyrolysis-gas chromatography/mass spectrometry has been applied to reveal the 

changes in the pyrolysis products distribution of the samples after washing and steam 

explosion. The yields of the decomposition products of low molecular mass evolved from the 

cellulose and the hemicellulose decreased after washing and even stronger reduced after 

steam explosion. The main decomposition product of cellulose under inert atmosphere is the 

levoglucosan. The relative amount of the released levoglucosan is about 8 % from the native 

hemp sample taking into account the area % values of the volatile products. This value is 

almost 4 times higher (29 %) from the washed hemp and 9 times higher (75 %) from the 

steam exploded sample. The removal of alkali ions by the hot water washing and steam 

explosion altered to the decomposition mechanism and enhanced the depolymerization 

reactions leading levoglucosan formation. The higher cellulose content of the steam exploded 

sample also contributes to the significantly higher levoglucosan yield. Higher yield of other 

carbohydrate products is observed from the treated hemp samples like pyranone and 

glucofuranose derivatives. The latter molecule is not formed in case of native and washed 

samples. This indicates the changes of the cellulose structure. 

Acetic acid, 3-hydroxypropanal and  4-hydroxy-5,6-dihydro-(2H)-pyran-2-one are the 

most typical decomposition products of hemicellulose component under inert atmosphere. 
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Furfural originates from both cellulose and hemicellulose; its intensity is also significantly 

diminished from the steam exploded sample due to the decreased hemicellulose components. 

Steam explosion changed the structure of lignin macromolecules as indicated by the 

altered intensity of several monomeric lignin products during pyrolysis. The oxidation effect 

of steam explosion is shown by the -oxy-lignin products from the steam exploded sample. 

Another effects of the steam explosion is the cleavage of methoxy groups from the guaiacol 

and syringol monomers (Fig. 6). The thermolabile –CH2-OH groups in gamma positions had 

been cleavage from the lignin monomeric units, too (Fig. 6). 

 

 
Figure 6 – Modification of the lignin monomers during the steam explosion 

 

4.3  Correlation between heating values and thermogravimetric data of biomass samples 

 

Fig. 7 shows the TG and DTG curves of willow (a) and sewage sludge (b) under inert 

and oxidative atmospheres. The mass loss curves can be divided into three parts. The first 

smallest DTG peak between 50 and 170°C can be attributed to the evaporation of the moisture 

content. The second major peak (between 180 and 400°C) is due to the thermal 

decomposition of the main components of the biomass samples. The devolatilization phase is 

very similar in inert and oxidative atmospheres. The oxygen increases the decomposition rate 

and the volatile evolution is shifted to lower temperatures. However, the thermal 

decomposition of this stage starts at the same temperature in both atmospheres indicating that 

the oxygen does not take part in the primary bond scissions. Above 400°C, a slow charring 

process takes place in inert atmosphere. In oxidative atmosphere, a third peak appears on the 

DTG curves between 400 and 500°C that can be attributed to the burning of the char. The ash 

residues from the willow at 600°C amount to only 4 %, whereas from the sewage sludge the 

amount of ash is rather high, 47 %. Therefore, the sewage sludge should be mixed with wood 

samples in the power plants. The measured DTG curves of the mixed sewage sludge and 

black locust samples are very similar to the curves calculated from the component curves, in 

spite of the 1.6-1.7 % difference in the measured and calculated total volatile content.   
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Figure 7 – TG and DTG curves of willow (a) and sewage sludge (b) at 20°C min-1 heating 

rate in argon and oxidative atmospheres 

 

Fig. 8 presents the DTG curve and the evolution profiles of the most significant 

products measured by the mass spectrometer during the thermal decomposition of wheat 

straw in inert atmosphere. After the release of moisture content, the decomposition starts at 

about 180°C. Low molecular mass products (e.g. formaldehyde m/z 30) can be detected at low 

temperatures. The evolution of acetic acid (m/z 60) confirms the presence the acetyl groups in 

hemicelluloses. Furanaldehyde (m/z 95+96) represents a typical product of both 

hemicelluloses and cellulose, showing that it can be formed from pentoses and hexoses, too. 

Nevertheless, other major products like furanone (m/z 84), acetone (m/z 58) and hydroxy-

acetaldehyde (m/z 60) can be detected during the thermal decomposition of cellulose fraction. 

Wheat straw releases measurable amount of methyl chloride (m/z 50), which is the reaction 

product of the inorganic chlorine with methyl groups evolved from cellulose and lignin.  

 
Figure 8 – The DTG curve and the evolution profiles of some products from wheat straw 

 

In the PCA calculation, the most important TG parameters and the low and high 

heating values of the samples have been used (Fig. 9). The loading plot shows that the values 

of Tend and char yield correlate negatively with the low and high heating values as well as the 

DTGmax of the samples. These values correlate with the first principal component. The second 

principal component correlates with the starting temperature of the decomposition (Tstart) and 

the temperature corresponding to the maximum decomposition rate (Tpeak) (Fig. 9/b). The first 
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principal component describes 75.2 % and the second component describes 19.9 % of the 

total variances. The first principal component separates the woody and non-woody samples 

from the sewage sludge samples. The difference between the thermal decomposition of the 

herbaceous crops and the woody samples is described by the second principal component. 

The thermogravimetric and calorific characteristics of the mixed samples are found between 

those of the woody samples and the sewage sludge, because they have been mixed from these 

two constituents. 

 

 
Figure 9 – Result of principal component analysis: score (a) and loading plots (b) based on 

the calorific values and TG parameters 
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5 New scientific results 

 

1. The variation of the thermogravimetric and mass spectrometric parameters of hemp 

samples as a function of K
+
 and Na

+
 contents has been determined using thermoanalytical 

method. Yields of the lower molecular mass volatile products (e.g., water, methane) and the 

carbonaceous residue increase to the highest degree in the range of 0.0-0.2 mmol/g alkali ion 

concentrations. The modification of the decomposition mechanism decreases gradually above 

this concentration range. The temperatures of the thermal decomposition are significantly 

changed in this concentration range, too. [1] 

 

2.  The thermogravimetric and mass spectrometric parameters are characteristic to the 

groups of untreated, washed, alkaline treated and washed alkaline treated hemp samples. This 

fact was demonstrated by principal component analysis. Changes of the thermoanalytical 

parameters are mainly influenced by the alteration of the alkali ion content. The alkaline 

pretreated samples are also discriminated from the untreated samples by the partial removal of 

hemicelluloses and changes of the hemicelluloses molecules due the hydrolysis of the acetyl 

groups during the treatment. [1] 

 

3. The pyrolysis-gas chromatography/mass spectrometry results proved that the structure 

of the lignin fraction is modified by the steam explosion treatment. Steam explosion leads to 

the demethylation of the methoxy groups and to the shortening of the alkyl side groups. The 

oxidation effect of the pretreatment is shown by the evolution of -oxy-lignin monomers. The 

composition of the functional groups of lignin monomers is effected by the steam explosion, 

which is demonstrated by principal component analysis. [2]   

 

4. The thermal decomposition of the cellulose fraction of the steam exploded biomass samples 

shifted to a 70°C lower temperature range. This fact can be explained by the lower thermal 

stability of the cellulose due to the disintegration of the cellulose fibers. Among the 

decomposition products, 1,6-anhydro--D-glucofuranose is also evolved from the steam 

exploded samples during the pyrolysis/gas chromatography experiments indicating the 

modification of the cellulose morphology. [2]   

 

5. Correlations have been demonstrated between the thermogravimetric parameters and the 

energy content of the biomass samples by principal component analysis. The energy content 

of the samples increases with the increasing maximal decomposition rate (DTGmax) and the 

temperature of the end of thermal decomposition (Tend). The energy content decreases with 

the increasing relative yield of the carbonaceous residue. [3] 

 

6. Organic and inorganic components evolving from the samples can react with each others 

according to the TG/MS measurements. The herbaceous plants have relatively high inorganic 

chlorine ion content (0.20.3 m/m %) which  reacts with the methyl groups originating from 

the organic part of the samples  leading to methyl-chloride formation. [3] 
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6 Possible practical applications 

 

The sustainable development requires to reduce or hold on level the concentration of 

the greenhouse gases. One of the possible solutions can be the increasing utilization of the 

renewable energy sources. 

The solid biomass can be found everywhere on the Earth and it can be converted into 

gas or liquid energy sources via multi-step processes. In order to increase the efficiency of the 

conversion we need to know the composition of the substrates as much as possible. 

Thermoanalytical and pyrolysis processes are suitable to characterize the biomass materials 

without separating the main components. The thermal stability of the samples and the 

evolution profiles of the decomposition products can be determined by 

thermogravimetry/mass spectrometry. The temperature range of the decomposition, hereby 

the temperature of the pyrolysis can be defined. The distribution of the thermal decomposition 

products during fast heating can be determined using pyrolysis-gas chromatography/mass 

spectrometry. We can get information about the structure of the raw materials using the 

product distribution data during pyrolysis.         

Pyrolytic processes under inert atmosphere are able to convert the solid raw materials 

into gaseous and liquid fuels. If the raw material is biomass than the solid carbonaceous 

residue can be used as charcoal. Charcoal with high carbon content is useful to recultivate the 

soil. Pyrolytic processes are often used to eliminate the waste materials. Volatile 

decomposition products are released as well as glassy slag is formed during the pyrolysis 

above 1200°C. This kind of slag can be placed everywhere, because it is inaccessible for the 

environment. The volume of the residue is much lower in comparison with the raw material. 

The gaseous products evolving during the pyrolysis can be converted into heat or electric 

energy after burning. The resulting pyrolysis oil has similar properties like the crude oil, so 

they can be mixed during the production of the diesel oil. The quality of the pyrolysis oil can 

be enhanced by hydrogenation, but its utilization as a fuel in the engines requires refining 

steps. The air pollution effect of the pyrolysis is much lower in comparison to the burning 

processes. 
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