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Abstract 
Peat moss, also called sphagnum, has become a big problem in many countries such as 

China and Sweden due to its high green-house gas emission from chemical and 

biological degradation. In this work, the performance of peat moss pyrolysis has been 

studied, to investigate the potential of application of peat moss pyrolysis on fuel and 

chemical production. Thermalgravimetric analysis (TGA), differential thermal analysis 

(DTA), and pyrolysis experiments in a bench-scale reactor have been conducted. 

Kinetic parameters were calculated based on the results of TG and DTG by Kissinger-

Akahira-Sunose (KAS) method and Coats-Redfern method. 450, 500, 550, 600 °C were 

chosen as the pyrolytic peak temperatures and four phases of products (char, aqueous 

phase, tar, and gas) were collected. It was found that the peat moss pyrolysis from room 

temperature to 900 °C could be classified as a six stages reaction. Stage 1 to stage 5 

were estimated to be the results of the removal or decomposition of moisture content, 

hemicellulose, cellulose, lignin, and CaCO3, respectively. The results of activation 

energies calculated by Coats-Redfern method revealed that, when the heating rate 

different from 10, 15, and 20 °C/min: stage 3 had the activation energy of 276389, 

262587, and 239049 J/mol; stage 4 had the activation energy of 252851, 248918, and 

307427 J/mol; stage 5 had the activation energy of 1108268, 814402, and 857437 J/mol, 

respectively. When the peak pyrolytic temperature raised from 450 to 600 °C: the 

production of char would decrease; the 500 °C one had the highest production of tar; 

the aqueous phase produced had the highest TAN value at 500 °C. 
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Sammanfattning 
Torvmossa, även kallad sphagnum, har blivit ett stort problem i många länder som Kina 

och Sverige på grund av dess stora utsläpp av växthusgaser från kemisk och biologisk 

nedbrytning. I detta arbete har torvmossans egenskaper vid pyrolys studerats för att 

undersöka dess potential att användas inom bränsle- och kemisk produktion. 

Termogravimetrisk analys (TGA), differentiell termisk analys (DTG) och 

pyrolysförsök i en bench-scale reaktor har genomförts. Kinetiska parametrar 

beräknades baserat på resultaten av TGA och DTG med Kissinger-Akahira-Sunose 

(KAS) metoden och Coats-Redfern metoden. 450, 500, 550, 600 °C valdes som 

temperaturer vid pyrolys och fyra olika produkter (kol, vattenfas, tjära och gas) 

uppsamlades. Det visade sig att torvmosspyrolysen från rumstemperatur till 900 °C 

kunde klassificeras som en reaktion på sex steg. Steg 1 till steg 5 uppskattades vara 

resultaten av avlägsnande eller sönderdelning av fuktinnehåll, hemicellulosa, cellulosa, 

lignin respektive CaCO3. Resultaten av aktiveringsenergier beräknade med Coats-

Redfern-metoden och visade att: när uppvärmningshastigheten skiljer sig från 10, 15 

och 20 °C/min; steg 3 hade aktiveringsenergin 276389, 262587 och 239049 J/mol; steg 

4 hade aktiveringsenergin 252851, 248918 och 307427 J/mol; steg 5 hade 

aktiveringsenergin 1108268, 814402 respektive 857437 J/mol. När den högsta 

pyrolytiska temperaturen höjdes från 450 till 600 °C: minskade produktionen av kol; 

500 °C hade den högsta produktionen av tjära; den producerade vattenfasen hade det 

högsta TAN-värdet vid 500 °C. 

Nyckelord: torvmossa, pyrolys, organiska syror 
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1. Introduction 

1.1 Introduction to the Thesis 

 

Fig. 1.1 Formation of coal from peat [1] 

 

Peat moss is a complex organic substrate: it is composed of groups of bryophytes 

belonging to 150-350 plant species [2], consists of lignin, cellulose, and humic 

substances in different decomposition stages [3]. Figure 1.1 shows the schematic of the 

natural degradation of peat moss to peat, lignite, and coal [1], greenhouse gases would 

be emitted during the degradation process. This degradation process is also called 

coalification, including alterations to different ranks of coal from buried peat moss [4]. 

Peatlands have an area of more than 4 × 106 km2, over 3% of the Earth’s surface [5]. 

Moreover, Peat moss is one of the main fuels for the ground forest fire which can be 

dangerous and harmful to the ecosystem [6]. Due to its high porosity, peat moss has 

been widely used as absorbent or the raw materials in the production of carbon materials 

[3, 7-13]. Moreover, previous researches have tried to produce carbon nanosheet 

frameworks as ion battery anodes from peat moss [14]. However, it would be ideal if 

peat moss could be applied and utilized in more different areas. 
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Fig. 1.2 Summarize of thermal biomass conversion [15] 

 

As the growing consumption of energy, especially fossil fuel consumption, the 

development of economy and society have been more and more constrained by the 

energy supply [16]. Due to its sustainability, biomass is an ideal energy resource. 

Currently, pyrolysis, gasification, and combustion are the main three ways to extract 

energy from biomass [17, 18]. Figure 1.2 is a summary of primary products and further 

market of pyrolysis, gasification, and combustion [15]. 

Combustion can fully oxidize biomass and transfer into heat [19], but with poor energy 

efficiency (about 10%) and the effect of pollution [20, 21]. Pyrolysis and gasification 

are thermal decomposition processes in a non-oxygen atmosphere. Pyrolysis requires a 

lower temperature than gasification. Pyrolytic products have a wider application than 

the raw feedstock because pyrolysis typically converts feedstock into three phases: char, 

liquid, and gas. For example, char could be used as carbon materials, gas and liquid as 

energy resources and platform chemicals.  

Yang et al. combined the results of solid pyrolysis and gas emissions by using 

Thermalgravimetric - Fourier transform infrared spectroscopy - mass spectrometry 

(TG-FTIR-MS) coupling technique to investigate the mechanism of peat moss 

pyrolysis. They found that the reaction of peat moss pyrolysis consists of five stages 

including the water evaporation [22]. Chen et al. applied a mathematic modelling using 

Kissinger-Akahira-Sunose (KAS) method to calculate the kinetic parameters of peat 

moss pyrolysis and combustion, based on the TG and Derivative thermo-gravimetry 

(DTG) results [6]. However, there are limited researches on the performance and the 

characterization of products of peat moss pyrolysis, especially in bench-scale. 
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1.2 Objectives 
The objective of this work is to make a deeper and more comprehensive understanding 

of the pyrolysis of peat moss, to seek possibilities of further utilization and applications 

of peat moss. 

1.3 Approach towards Objectives 
In this work, three TG/DTA experiments with heating rates of 10, 15, 20 ℃/min were 

firstly tested to investigate the thermal decomposition behavior of peat moss. Based on 

the TG result, 450, 500, 550 and 600 ℃ were chosen as the peak temperature of the 

bench-scale pyrolysis experiment. 

Kinetic parameters of peat moss pyrolysis were estimated according to the results of 

TG/DTG. Four different phases of products were obtained by the pyrolysis experiment: 

char, tar, aqueous phase, and gas. Both peat moss raw materials and the product derived 

pyrolysis experiments were characterized. 
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2. Background 

2.1 Peat Moss 
 

 

Fig. 2.1 Global map of the regions of peatlands [23] 

 

Figure 2.1 shows the distribution of peatlands in the world, as well as the ages of their 

initiation. Peat moss is accumulated by partially decayed vegetation matter, and it 

contributes a significant amount of atmospheric emissions during degradation and 

combustion, for example, forest fire [5]. Moreover, the combustion of peat moss also 

has emissions of hazardous gas and smoke which is harmful to the environment and 

human’s health [24]. Most of the previous studies were focusing on the behavior and 

mechanism of peat moss smoldering and combustion [5, 6, 25-27]. 
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Fig. 2.2 TG Peat moss content of Swedish land [28] 

 

In some countries, the decomposition of peat moss plays an important role in the total 

greenhouse gases emission. For example, in Sweden, the peatlands cover over 15% of 

the Swedish land area as shown in Figure 2.2 [28], and the emission of CO2 from 

drained peatlands in 2012 was nearly 20% of the total Swedish GHG emissions [29]. 
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Fig. 2.3 Structure of the combination of cellulose, lignin, and hemicellulose [30] 

 

Normally, biomass is composed of cellulose, lignin, and hemicellulose [31]. Figure 2.3 

shows the structure of lignocellulosic biomass, as well as the chemical structure of fiber 

in cellulose, lignin, and hemicellulose. 

 

Fig. 2.4 TG and DTG curves of lignin, cellulose, and hemicellulose [32] 

 

Therefore, the performances of lignin, cellulose, and hemicellulose pyrolysis are 

important and basic in this study. Figure 2.4 is the TG/DTG curves of lignin, cellulose, 

and hemicellulose, obtained by Yang et at. [32]. Their research shows that the main 

temperature range of hemicellulose decomposition is from 220 to 315 ℃, while 

cellulose from 315 to 390 ℃. Lignin has a flat and wide DTG curve, from ambient 

temperature to 900 ℃. 



7 

 

2.2 Pyrolysis 

 

Fig. 2.5 Schematic of the biomass pyrolytic process [33] 

 

Pyrolysis is a thermal decomposition process in the absence of O2, which also contents 

some initial reactions of gasification and combustion [34]. The temperature range of 

pyrolysis is typically from 300-650 ℃ and Figure 2.5 shows the pyrolysis process of 

biomass [33]. During the pyrolysis process, char, condensable vapors (tar and oil), and 

gas would be generated from the breaking down of the long chains of Carbon, Hydrogen, 

and Oxygen compounds. The yield of these products are controlled by the reaction 

parameters such as feedstock, heating rate, peak temperature, pressure, etc. [19] 

Therefore, different parameters of pyrolysis could be applied for different requirements 

of the product. Depending on the process parameters, pyrolysis has been classified into 

three types, as shown in Table 2.1 [35]. 

 

Table. 2.1 Parameters of typical pyrolysis processes [35] 
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2.3 State of Art 

 

Fig. 2.6 (1) TG and (2) DTG curves of peat moss in previous research [22] 

 

There are previous studies about peat moss pyrolysis, and Figure 2.6 shows one of the 

TG and DTG results [22]. There are four stages at about 24-150 ℃, 310 ℃, 400-550 ℃, 

and 550-800 ℃, corresponding to moisture removal, cellulose decomposition, lignin 

decomposition, and ash decomposition, respectively. The recording points of the TG 

result are too dispersed which means it cannot represent the TG performance of peat 

moss very accurate. Moreover, the result was yield from TG experiments of peat moss 

from German HAWITA Gruppe, which means it has a different component from the 

peat moss researched in this study. However, this TG and DTG result is still a valuable 

reference. 
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3. Methodology 

3.1 Raw Materials and Sample Preparation 
 

 

Fig. 3.1 Peat Moss Sample 

 

Figure 3.1 shows the peat moss sample, which supplied by Envigas AB (Stockholm, 

Sweden). Table 3.1 – 3.3 show the result of the proximate and ultimate analysis of the 

peat moss sample, tested by Eurofins Environmental Testing Sweden AB (Lidköping, 

Sweden). 

 

Table 3.1 Proximate analysis of peat moss 

Proximate analysis Result Method 

Moisture content 61.40 % w EN ISO 18134-1,2,3:2015 

Calorific value (dry basis) 21.769 MJ/kg EN 14918:2010 

C-fix (calculated) 25.3 % dw ISO 562/ASTM-D5142 mod 

Volatile matter 69.2 % dw ISO 562:2008 mod 

Ash content 5.16 % dw EN 15403:2011 

 

Table 3.2 Ultimate analysis of peat moss 

Element Result (% dw) Method 

C 53.6 EN ISO 16948:2015 

H 5.7 EN ISO 16948:2015 

N 2.37 EN ISO 16948:2015 

O 32.9 EN 14918:2010 

S 0.229 EN ISO 16994:2016 mod 

Cl 0.036 EN ISO 16948:2015 
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Table 3.3 Ash composition (dried basis) 

Element mg/kg Element mg/kg Element mg/kg 

Si 9800 Ti 59 Mo 2.8 

Fe 6900 Ba 51 Pb 2.6 

Ca 5500 As 15 Co 1.3 

Al 2700 Zn 11 Sb <0.44 

Mg 630 B <11 Be 0.21 

K 590 Ni 7.4 Sn 0.17 

Pb 570 Cu 6.2 Cd 0.11 

Na 160 V 5.4 Hg 0.035 

Mn 88 Cr 4.4     

 

The raw materials were grinded and sieved to the size of diameter < 1mm after dried at 

105 ℃ for 24 hours in a drying oven. To exclude the humidity absorbed during the 

grinding and sieving, the specified-size sample was then dried at 105 ℃ for 24 hours 

again. 

 

3.2 TG and DTA Experiment 
Three TG and DTA tests were performed on a Netzsch STA 449 F1 Jupiter with heating 

rates of 10, 15, 20 ℃/min in atmospheric Helium gas with a flow rate of 50 ml/min. 

The experiments were set to heat the sample from room temperature to 120 ℃ and hold 

for 10 minutes, in order to exclude the influence of moisture content. After that, the 

sample was ramped from 120 ℃ to 900 ℃ and hold for 20 minutes. The behavior of 

peat moss thermal decomposition was then analyzed and studied by the Derivative 

thermo-gravimetry (DTG) curves. 
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3.3 Bench-Scale Pyrolysis Experiment 

 

Fig. 3.2 Schematic layout of pyrolysis experiment setup 

 

The pyrolysis experiments were carried out in a bench-scale vertical furnace. Figure 

3.2 is the schematic layout of the pyrolysis system, including the furnace, cooling 

system, chromatography/mass spectrometry (Micro-GC) and the gas bag. The stainless-

steel crucible was introduced into the system with 50g samples filled before each 

experiment. The cooling system consisted of one condenser, one two-necked flask in 

the cooling bath 1, and three gas washing bottles in the cooling bath 2. The condenser 

and the cooling bath 2 were kept at -15 ℃, while the cooling bath 1 stayed at 0 ℃. A 

Nitrogen gas with 200 mL/min was introduced to the system as the carrier gas. The 

Micro-GC was set up to analyze the gas produced, as well as to ensure there was only 

Nitrogen remaining in the system before starting the pyrolysis experiment. 

During the experiment, the sample was heated to 450/500/550/600 ℃ with a heating 

rate of 15 ℃/min, and the hold on 1 hour. The peak temperatures were chosen according 

to the result of TG experiments, which would be discussed in section 4.1. After the 

experiment, the whole system was left for 12 hours, enable the aqueous phase to be 

collected in the two-necked flask, separated from the tar stuck on the wall of the 

condenser. Finally, char and gas could be collected in the crucible and the gas bag 
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respectively. Most of the tar would stay in the condenser, while most of the aqueous 

phase was trapped in the two-necked flask. Acetone was used to dissolve the tar in order 

to collect it. The acetone solution obtained was then dried in a 40 ℃ water bath for 48 

hours, in order to evaporate the acetone from the solution. 

 

3.4 Experimental Plan 

3.4.1 Plan of TG/DTA Experiment 
There are three cases of TG/DTA experiment, with three different heating rates: 10, 15, 

20 ℃/min. Other parameters and conditions are set to be the same. 

 

3.4.2 Plan of Bench-Scale Pyrolysis Experiment 
Four different peak temperatures are applied in the pyrolysis experiments: 450, 500, 

550, and 600 ℃. The experiment of each peak temperature is repeated twice. 

 

3.5 Products Analysis and Characterization 

3.5.1 TG/DTA and DTG Analysis 
The TG/DTA results and the calculated DTG with different heating rates were 

employed to investigate the mechanism of the pyrolysis of peat moss. 

 

3.5.2 Calculations of Kinetic Parameters 
The overall kinetic reaction of peat moss can be expressed by the following equation: 

𝑑𝛼

𝑑𝑡
= 𝐾𝑓(𝛼) (1) 

Where, 

 

α is the normalized conversion of the decomposition of raw materials: 

𝛼 =
𝑚0 − 𝑚𝑡

𝑚0 − 𝑚𝑓

(2) 

Where, 

 

m0 is the initial mass of the sample 

mt is the mass of the sample at time t 

mf is the mass of the sample at the end of reaction 
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𝑓(α) is a function that depends on the mechanism of the reaction 

K is the temperature dependent function, normally described by the Arrhenius equation: 

𝐾 = 𝐴𝑒𝑥𝑝(−
𝐸

𝑅𝑇
) (3) 

Where, 

 

E is the activation energy 

R is the global gas constant 

A is the pre-exponential factor 

In the TG experiment, the temperature T can be described by the following equation: 

𝑇 = 𝑇0 + 𝛽 𝑡 (4) 

 

Where, 

T0 is the original temperature 

β is the heating rate 

t is the reaction time 

 

Differentiating the above correlation: 

𝑑𝑇 = 𝛽 𝑑𝑡 (5) 

 

Defined g(α): 

𝑔(𝛼) = ∫
𝑑𝛼

𝑓(𝛼)

𝛼

0

(6) 

 

Combining Equation (1), (3) and (5), the following equation is derived: 

𝑔(𝛼) = ∫
𝐴

𝛽
𝑒𝑥𝑝 (−

𝐸

𝑅𝑇
) 𝑑𝑇

𝑇𝑚𝑎𝑥

0

(7) 
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3.5.2.1 Kissinger-Akahira-Sunose (KAS) Method 
The KAS method describes the correlation of heating rate and the temperature: 

𝑙𝑛(
𝛽

𝑇2
)|

𝛼
= 𝑙𝑛(

𝐴𝐸

𝑅𝑔(𝛼)
) −

𝐸

𝑅

1

𝑇
 (8) 

 

This method is one of the best iso-conversional method [36], by plotting 𝑙𝑛 (
𝛽

𝑇2) versus 

1/𝑇 at constant conversion value, the activation energy E can be obtained as the slope 

λ of the produced straight line. 

 

3.5.2.2 Coats-Redfern Method 
The KAS method can be used to evaluate the activation energy E and the pre-

exponential factor A, and the equations for determination of these kinetic parameters 

are: 

𝑙𝑛 [
−𝑙𝑛(1 − 𝛼)

𝑇2
] = 𝑙𝑛 [

𝐴𝑅

𝛽𝐸
(1 −

2𝑅𝑇

𝐸
)] −

𝐸

𝑅𝑇
      𝑛 = 1 (9) 

 

𝑙𝑛 [
(1 − 𝛼)1−𝑛 − 1

(𝑛 − 1)𝑇2
] = 𝑙𝑛 [

𝐴𝑅

𝛽𝐸
(1 −

2𝑅𝑇

𝐸
)] −

𝐸

𝑅𝑇
         𝑛 ≠ 1 (10) 

 

n is the reaction order. For the convenience, setting: 

 

𝑙𝑛(𝐵) = 𝑙𝑛 [
−𝑙𝑛(1 − 𝛼)

𝑇2
]          𝑛 = 1 (11) 

 

 

𝑙𝑛(𝐵) = 𝑙𝑛 [
(1 − 𝛼)1−𝑛 − 1

(𝑛 − 1)𝑇2
]          𝑛 ≠ 1 (12) 

 

Then plotting 𝑙𝑛(𝐵) versus 1/𝑇, the slope λ of the produced straight line would be 

equal to −
𝐸

𝑅
, and its interception b of the line with the vertical axis would be equal to 

𝑙𝑛 [
𝐴𝑅

𝛽𝐸
(1 −

2𝑅𝑇

𝐸
)]. 

Assuming that 
2𝑅𝑇

𝐸
≪ 1 , omitting this term and the following correlation can be 

obtained: 
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𝑏 = 𝑙𝑛(
𝐴𝑅

𝛽𝐸
) (13) 

Thus: 

𝐴 =
𝛽𝐸

𝑅
𝑒𝑥𝑝(𝑏) (14) 

 

In this work, n with 90 different values (0.1, 0.2, 0.3 to 9.0) were tested first, and the n 

value with the lowest coefficient of determination R2 was applied. 

 

3.5.3 Mass Balance of Products 
The masses of char, tar, and aqueous phase were weighted by using an electronic 

balance in the lab. The mass of gas was then calculated by the following equation: 

𝑚𝑔𝑎𝑠 = 𝑚𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 − 𝑚𝑐ℎ𝑎𝑟 − 𝑚𝑡𝑎𝑟 − 𝑚𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒                                              (15) 

 

3.5.4 Char Analysis 
The densities of chars were calculated by the result of volume and mass, obtained by 

using a graduated cylinder and an electronic balance in the lab. Furthermore, the chars 

were sent to Eurofins Environmental Testing Sweden AB, Sweden to do the proximate 

and ultimate analysis. 

 

3.5.5 Tar Analysis 
The tar samples obtained after drying of the acetone solution were collected and also 

sent to Eurofins Environmental Testing Sweden AB, Sweden. 

 

3.5.6 Aqueous Phase Analysis 
The component of the aqueous phase was characterized by a gas chromatography-mass 

spectrometry (GC/MS) system, which consists of an Agilent 7890A GC and an Agilent 

5975C MS. The column used is DB-1701, the GC was programmed as “70℃ for 10 

minutes, then 5℃/min to 250℃ for 15 minutes”. Moreover, standard methods ASTM 

E203 and ASTM D664 were applied to analyze the water content and total acid number 

(TAN) of aqueous phase on a titration analyzer respectively. 

 

3.5.7 Gas Analysis 
H2, CH4, CO, CO2, C2H6, H2S, C3H6, C3H8, N2, O2 were calibrated on the Agilent 490 

micro-GC for gas analysis. 
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4. Results and Discussion 

4.1 TG/DTA and DTG 

 

Fig. 4.1 (a) TG/DTG curves and (b) TG/DTA curves of peat moss 

 

The TG and DTG curves with heating rates of 10, 15, 20 ℃/min are shown in Figure 

4.1 (a). The DTG curve with a higher heating rate has a higher mass-loss rate. There 

are four major peaks and two micro peaks can be observed on the DTG curves, which 

reveal the decomposition of peat moss is a six stages reaction. The first peak appears at 

around 150 ℃, which is probably caused by remaining moisture removal. According 

to previous studies [37], the second peak at 280 ℃ and the third peak at 350 ℃ might 

correspond to the decomposition of hemicellulose and cellulose, respectively. The 

lignin thermal decomposition happens in a range of 250 to 550 ℃ and thus, it could be 

clearly observed after the decomposition of hemicellulose and cellulose, from 400 to 

480 ℃ as the fourth major mass loss. Furthermore, there are two small peaks at around 

650 and 870 ℃, which could be explained as the decomposition of ash. 

(b) 

(a) 
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From the result of TG, it could be seen that the experiment of 10 and 15 ℃/min 

produced more char than 20 ℃/min. This is because lower process temperature and 

longer residence times could produce more char, as slow heating rate and longer 

residential time are the precursors of secondary reaction which results in higher char 

yield [15]. Compared to the TG and DTG result in the previous study (shown in Figure 

2.6 (1) and (2)), there is a very clear mass loss peak corresponding to hemicellulose. 

This is because the contents of hemicellulose are different between these two peat moss 

samples. It might also due to the recording points of TG experiments in the previous 

study were too dispersed. 

Because most of the hemicellulose, cellulose decomposed before 450 ℃, a pyrolysis 

peak temperature above 450 ℃ could contribute to maximizing the production of 

pyrolytic vapor and permanent gas. Moreover, the pyrolysis temperature setup was 

limited to 600 ℃. Because there is no large mass loss after 600 ℃ but the endothermic 

ash thermal decomposition. 

Therefore, the peak temperatures of peat moss pyrolysis experiments were decided to 

be 450, 500, 550, and 600 ℃. 

The DTA results were shown in Figure 4.1 (b). It was found that the DTA curves of the 

experiments with 10 and 15 ℃/min heating rates, had a similar trend, while the DTA 

curves of 20 ℃/min heating rates performed a significant exothermic curve. 

The exact data of TG, DTG, and DTA of three heating rate TG/DTA experiments were 

listed in Table 4.1. The global reaction was divided into six stages: the first one was 

moisture removal, the second to fourth stages were decompositions of hemicellulose, 

cellulose, and lignin respectively, and the last two stages correspond to the 

decomposition of ash content. 

Based on the result of TG and DTG, the kinetic parameters of peat moss pyrolysis were 

calculated. As peat moss is a complex substrate, model-free methods are the most 

reliable methods for the determination of activation energy of its thermally activated 

reactions [38]. 
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Table 4.1 TG/DTG and DTA data 

Heating 

rate 
Stage   DTGmax  Temperature   

DTA 

(TDTA) 
    

Weight 

loss 

(℃/min)     TDTG  Range (℃)   Endo Exo   (%) 

10 1st  116.8  100-136  131 -  0.03 
 2nd  289  136-309  - 299  19.55 
 3rd  359  309-379  - 347  15.35 
 4th  413  379-611  511 394  21.61 
 5th  626  611-652  625 -  1.64 
 6th  -  -  - 857  - 

15 1st   109  100-140   130 -   0.30 
 2nd  287  140-316  - 300  19.68 
 3rd  356  316-388  - 365  15.79 
 4th  437  388-613  540 397  19.76 
 5th  634  613-667  636 -  1.99 
 6th  863  844-866  - 857  0.27 

20 1st   133  100-162   135 -   0.75 
 2nd  299  162-316  - -  19.92 
 3rd  362  316-398  - -  20.22 
 4th  448  398-627  568 439  18.37 
 5th  633  627-673  650 -  1.44 

  6th   875  850-880   - 850   0.36 

 

 

4.2 Kinetic Parameters Calculation Result 
The total reaction was divided into six stages as shown in Table 4.1. In this chapter, the 

kinetic parameters of stage 2 to stage 5 were calculated by both KAS and Coats-Redfern 

methods. 

 

4.2.1 Result of Kissinger-Akahira-Sunose (KAS) Method 

By plotting 𝑙𝑛 (
𝛽

𝑇2) versus 1/𝑇, activation energies at the conversion value from 0.05 

to 0.9 were calculated, as well as the coefficient of determination R2. The plotting 

results of stage 2 to 5 are shown in Figure 4.2 to 4.5, and the results of activation energy 

calculated, as well as the coefficient of determination are shown in Table 4.2 to 4.5. 
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Fig. 4.2 𝑙𝑛 (
𝛽

𝑇2) versus 1/𝑇 curves of the stage 2 

 

Table 4.2 Activation energy at different normalized conversion estimated by KAS method and the 

coefficient of determination (stage 2) 

Normalized conversion  

(α) 
Activation Energy  

(kJ/mol) R2 
 

0.05 4.401 0.9969 

0.1 7.139 0.9962 

0.15 10.134 1.0000 

0.2 12.911 0.9977 

0.25 15.706 0.9921 

0.3 17.934 0.9881 

0.35 20.017 0.9858 

0.4 21.795 0.9778 

0.45 22.901 0.9774 

0.5 24.010 0.9666 

0.55 25.113 0.9623 

0.6 25.354 0.9515 

0.65 25.664 0.9541 

0.7 26.160 0.9522 

0.75 26.419 0.9415 

0.8 26.798 0.9125 

0.85 26.348 0.9037 

0.9 26.268 0.8836 
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Fig. 4.3 𝑙𝑛 (
𝛽

𝑇2) versus 1/𝑇 curves of the stage 3 

 

Table 4.3 Activation energy at different normalized conversion estimated by KAS method and the 

coefficient of determination (stage 3) 

 

 

 

 

 

 

 

 

Normalized conversion  

(α) 
Activation Energy  

(kJ/mol) R2 
 

0.05 24.798 0.8539 

0.1 24.049 0.8838 

0.15 23.172 0.9138 

0.2 22.348 0.9326 

0.25 21.500 0.9389 

0.3 21.167 0.9521 

0.35 20.419 0.9613 

0.4 20.389 0.9746 

0.45 19.890 0.9776 

0.5 19.444 0.9806 

0.55 19.090 0.9854 

0.6 18.722 0.9900 

0.65 18.508 0.9928 

0.7 18.961 0.9958 

0.75 19.187 0.9978 

0.8 18.939 1.0000 

0.85 18.300 0.9992 

0.9 17.111 0.9974 
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Fig. 4.4 𝑙𝑛 (
𝛽

𝑇2) versus 1/𝑇 curves of the stage 4 

 

Table 4.4 Activation energy at different normalized conversion estimated by KAS method and the 

coefficient of determination (stage 4) 

Normalized conversion  

(α) 
Activation Energy  

(kJ/mol) R2 
 

0.05 15.642 0.9867 

0.1 16.645 0.9914 

0.15 17.714 0.9999 

0.2 18.673 0.9938 

0.25 19.481 0.9842 

0.3 20.083 0.9719 

0.35 20.723 0.9649 

0.4 21.073 0.9709 

0.45 20.904 0.9797 

0.5 20.957 0.9849 

0.55 21.132 0.9924 

0.6 21.487 0.9949 

0.65 21.387 0.9954 

0.7 21.678 0.9950 

0.75 20.874 0.9991 

0.8 22.423 0.9999 

0.85 23.199 0.9944 

0.9 24.649 0.9737 
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Fig. 4.5 𝑙𝑛 (
𝛽

𝑇2) versus 1/𝑇 curves of the stage 5 

 

Table 4.5 Activation energy at different normalized conversion estimated by KAS method and the 

coefficient of determination (stage 5) 

Normalized conversion  

(α) 
Activation Energy  

(kJ/mol) R2 
 

0.05 26.726 0.7878 

0.1 28.241 0.8273 

0.15 30.653 0.8703 

0.2 31.790 0.9022 

0.25 30.745 0.9371 

0.3 29.332 0.9529 

0.35 28.538 0.9541 

0.4 27.535 0.9499 

0.45 26.952 0.9557 

0.5 26.451 0.9641 

0.55 26.415 0.9746 

0.6 26.265 0.9794 

0.65 26.066 0.9821 

0.7 26.350 0.9919 

0.75 26.528 0.9979 

0.8 26.225 0.9999 

0.85 26.126 0.9995 

0.9 26.269 0.9951 
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4.2.2 Result of Coats-Redfern Method 

The slope of the line of 𝑙𝑛(𝐵) versus 1/𝑇 equal to  −
𝐸

𝑅
, and its interception with the Y-

axis equal to 𝑙𝑛 [
𝐴𝑅

𝛽𝐸
(1 −

2𝑅𝑇

𝐸
)]. Ninety reaction orders were tested, and the one with 

the smallest coefficient of determination R2 was applied to further calculate the 

activation energy as well as the pre-exponential factor. The results were shown in Table 

4.6. 

 

Table 4.6 Kinetic parameters estimated by Coats-Redfern method 

Heating 

Rate 

Activation 

Energy (J/mol) 

Pre-exponential 

factor 

Reaction 

Order 
R2 

  Stage 2   

10 ℃/min 53586 1.50×104 0.1 0.9978 

15 ℃/min 68717 7.79×105 0.5 0.9992 

20 ℃/min 11011 2.18×108 0.9 0.9998 

  Stage 3   

10 ℃/min 276389 3.52×1023 2.6 0.9865 

15 ℃/min 262587 1.47×1022 2.4 0.9868 

20 ℃/min 239049 1.43×1020 2.4 0.9881 

  Stage 4   

10 ℃/min 252851 6.41×1018 4.8 0.997 

15 ℃/min 248918 2.33×1018 4.6 0.9968 

20 ℃/min 307427 7.3×1022 5.6 0.996 

  Stage 5   

10 ℃/min 1108268 2.45×1064 2.7 0.9895 

15 ℃/min 814402 9.10×1046 2.5 0.9912 

20 ℃/min 857437 8.74×1048 2.3 0.9792 

 

 

According to the result of activation energy estimated by Coats-Redfern method and 

the ash composition of dry basis, stage 5 was probably mainly contributed by the 

decomposition of CaCO3. The FTIR result of peat moss pyrolysis performed by Yang 

et at [22] suggested there was a significant emission of CO2 and a weak peak of CO at 

613.3 ℃, which could be the result of CO2 emission from the decomposition of CaCO3 

and the further Boudouard reaction between Carbon and CO2: 

C + CO2 ⇌ 2CO                                                                                                              (16) 

 

Moreover, the signal of aromatic rings at 613.3 ℃ was quite weak compared to the 

signals at 270.4, 327.6, and 440.5 ℃, which illustrated that the decomposition of lignin 

and other organic substances were nearly or already completed before 613.3 ℃ [22]. 
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The activation energy of the thermal decomposition of CaCO3 estimated in different 

studies previously was various: from about 167 to 3766 kJ/mol, with the value of A 

from 104 to 10157 [39]. As shown in Table 4.6, the estimated activation energies of stage 

5 were 1108, 814, and 857 kJ/mol for the heating rate of 10, 15, and 20 ℃/min 

respectively. The activation energy had its highest value when the heating rate was 

10 ℃/min, which agree with the previous study (they compared the activation energy 

of thermal decomposition of CaCO3 with heating rates of 5, 10, 20 ℃/min, the 

10 ℃/min one had the highest activation energy) [40]. The temperature range of stage 

5 was around 615 to 670 ℃, which is lower than the typical CaCO3 thermal 

decomposition temperature. Following reasons might contribute to this effect: 

1. The size of CaCO3 particles is very small. Therefore, the high surface energy 

made the surface atoms too active to be stabilized [41]. 

2. The porous structure of peat moss and small specific surface area supplied a 

good condition for the diffusion of heat and CO2 enhanced the temperature 

required. 

3. The carrier gas during TG/DTA experiments was Helium gas, the produced CO2 

was taken away immediately when the CO2 diffused to the surface of peat moss, 

which promoted the reaction forward [42]. 

 

4.3 Mass Balance of Products 
 

 

Fig. 4.6 Mass balance of peat moss pyrolysis production with different peak temperatures 

 

There were four different products obtained from the pyrolysis experiments of peat 

moss: char, tar, aqueous phase, and gas. Figure 4.6 shows the mass balance of these 

products yields from different pyrolytic peak temperature. In the range of peak 

temperature of the pyrolysis experiments, the mass fraction of char is decreased when 

the peak temperature increase. This is because more substance would decompose at a 

higher temperature. The mass fraction of tar reached its peak at 500 ℃, and then the 

number is reduced in the case of 550 and 600 ℃. This could be contributed by further 
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cracking of heavy compounds at a higher temperature. The trend of mass fraction of 

the aqueous phase is conversed compared to the tars. It might owe to the effect of water-

gas shift reaction [43]: 

CO + H2O ⇌ CO2 + H2                                                                                  (16) 

 

The equilibrium constant Keq of this reaction is decreasing when the temperature 

increase, which means the reaction tends to produce more water and less CO2 with 

higher temperature. [43] 

 

4.4 Characterization of chars 
The chars were collected from the stainless-steel crucible after pyrolysis experiments, 

and Figure 4.7 is the char sample produced by 450 ℃ experiment. There was no 

difference could be observed by naked eyes, of the char samples produced by pyrolysis 

experiments with different peak temperatures. 

 

 

Fig. 4.7 Char produced from a 450 ℃ peat moss pyrolysis 
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4.4.1 Proximate and Ultimate Analysis 
The proximate and ultimate analyses of chars are shown in Table 4.7 and Table 4.8 

respectively. The fraction of fixed carbon (C-fix) of dried char is increasing with higher 

pyrolytic temperature, while the fraction of volatile matter has a conversed trend. This 

is because when the temperature is raised, the more volatile matter would volatilize and 

thus, the fraction of fixed carbon increased. 

 

Table 4.7 Proximate analysis of chars 

Temperature 

(℃) 

Dried calorific 

value (MJ/kg) 

C-fix (% 

dw) 

Volatile matter 

(% dw) 

Ash content 

(% dw) 

450 27.409 60.3 28.1 11.6 

500 27.028 63.2 22.1 14.7 

550 28.545 68.3 18.5 13.2 

600 28.745 71.0 15.3 13.7 

 

The ultimate analysis result shows that the fraction of element of H and O of dried chars 

have a trend to decrease as the temperature increase, which can be explained as the 

result of decomposition of biomass and loss of volatile matters. The change of the 

fraction of Cl is corresponding to the change of ash content, and the trend of the fraction 

of C is also related to the calorific value of dried chars. 

 

Table 4.8 Ultimate analysis of chars, the units is (% dw) 

Temperature (℃) C H N O S Cl 

450 71.8 3.3 3.01 10.0 0.159 0.043 

500 71.2 2.5 3.57 7.8 0.195 0.058 

550 76.3 2.5 2.97 4.6 0.345 0.051 

600 78.0 2.2 2.71 3.0 0.383 0.051 

 

4.4.2 Density Test 
Table 4.9 shows the density of chars. There was no significant difference between the 

density of chars produced from different pyrolytic peak temperatures. The density 

corresponded to the ash content. 

 

Table 4.9 Density of chars 

Temperature (℃) 450 500 550 600 

Density (g/cm3) 0.72 ± 0.02 0.75 ± 0.01 0.73 ± 0.02 0.73 ± 0.00 
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4.5 Characterization of Tars 
The tars were dissolving by Acetone first, then dried by a water bath. One of the tar 

samples collected is shown in Figure 4.8: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8 The process of tar sample collection 

 

Acetone 

40 ℃ water bath for 48 hours 
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Table 4.10 is the result of the ultimate analysis of tars. The fraction of O is calculated 

by difference. The fraction of C has its highest value at 600 ℃, while H has its 

maximum at 450 ℃ and the fraction of O at 500 ℃. The fraction of N has a positive 

correlation with the temperature. 

 

Table 4.10 Ultimate analysis of tars, the unit is (%) 

Temperature (℃) C H N O 

450 72.2 8.8 3.52 15.48 

500 70.1 8.4 3.97 17.53 

550 72.1 8.0 4.25 15.60 

600 73.6 8.3 4.77 13.33 

 

4.6 Characterization of Aqueous Phase 
Figure 4.9 shows an aqueous phase product collected from the two-necked flask, after 

12 hours of the 450 ℃ pyrolysis experiment. 

 

 

Fig. 4.9 Aqueous phase produced by a 450 ℃ peat moss pyrolysis 

 

4.6.1 Water Content and TAN 
As shown in Table 4.11, the water contents of the aqueous phase produced by different 

peak temperatures are nearly constant. However, the TAN has a significant change with 
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increasing temperature: it reaches its maximum and then drops when peak temperature 

continues rising. 

 

Table 4.11 Water content and TAN of aqueous phase products 

temperature (℃) 450 500 550 600 

Water content (Wt %) 75.94 ± 0.34 77.64 ± 0.07 77.09 ± 0.50 77.88 ± 0.78 

TAN (mg KOH/g) 75.79 ± 1.60 88.91 ± 0.52 71.70 ± 0.61 70.53 ± 0.16 

 

4.6.2 GC/MS Result 

 

Fig. 4.10 Absolute peak area of compositions of aqueous phases 

 

The aqueous phase samples were diluted by Methanol in a ratio of 1:10 (0.2 ml aqueous 

phase + 2 ml Methanol). The volume of each sample was assumed to be the same. The 

absolute peak area of the components in the aqueous phases is shown in Figure 4.10. 

The aqueous phase produced at 500 ℃ is the pyrolytic peak temperature, has the highest 

total abundance. The absolute peak areas of acids, pyridines, furans, ketones, and sugars 

first rise in the case of 450 to 500 °C and then drop with increasing temperature. The 

change of acids can correspond to the TAN result shown in Table 4.11. The amount of 

phenols has a similar trend but with a turning point of 550 °C. 
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4.7 Characterization of Gases 

 

Fig. 4.11 Volume percentage of each gas generated 

 

The volume percentages of different gases in the total gases were calculated based on 

the result of the gas analyzing of micro-GC, and the result is shown in Figure 4.11. 

Higher peak pyrolytic temperature experiment would yield larger volume percentage 

of H2 and CH4 gases. The performance of the volume percentage of CO2 is the opposite, 

and this is corresponding to the effect of water-gas shift reaction. The production of CO, 

H2H6, C3H6, C3H8 only have little changes in volume percentage. On the other hand, 

the volume percentage of H2S reaches its maximum at 500 ℃ and then decreases. It 

can be due to the reaction: 

2H2S + O2 ⇌ H2O + S2                                                                                   (17) 

The conversion rate of this reaction would increase with higher temperature and longer 

residence time [44]. 

 

4.8 Reflection on Social and Ethical 
As already introduced, peat moss could cause environmental pollution, giant green-

house gas emission. Moreover, peat moss is also a main fuel for forest fires, and thus, 

being a kind of risk. However, when considering peat moss as a bioresource, its 

sustainability becomes a big advantage. 

Therefore, there is no visible potential bad influence on the social and ethical of this 

study so far. In contrast, this study provides a comprehensive and deeper understanding 

of the performance of peat moss pyrolysis, and the successful application of the 

proposed study will let the industrial community assess the peat moss pyrolysis process 

rapidly according to the fundamental thermal analysis of physical property 

measurement from the academic community. 
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5. Conclusion 
This study contributes to the application of peat moss as energy and chemical source. 

In this study, TG/DTA and bench-scale pyrolysis experiments of peat moss had been 

performed. There were four different products obtained from the pyrolysis experiments: 

char, tar, aqueous phase, and gas. All of the four products had been characterized, as 

well as the raw materials. 

From the result of TG/DTG and DTA, it can be concluded that: 

1. There are four main mass loss peaks: the first occurs at around 150 ℃, which is 

probably due to the removal of remaining moisture; the second one was found 

at about 280 ℃ and this is caused by decomposition of hemicellulose; the third 

main mass loss is at about 350 ℃, because of the thermal decomposition of 

cellulose; the last one in a range of approximately 400 to 480 ℃ is due to the 

lignin decomposition; 

2. Two micro mass loss peaks at about 630 and 870 ℃ might correspond to the 

decomposition of ash content, and the 630 ℃ one probably corresponds to the 

decomposition of CaCO3. 

3. Kinetic parameters of stage 2 to stage 5 were estimated by KAS and Coats-

Redfern methods. 

 

From the result of the pyrolysis experiments and characterization of the pyrolytic 

products, it was found that when the peak temperature of pyrolysis raised from 450 ℃ 

to 600 ℃: 

1. The production of char would decrease; 

2. The Hydrogen and Oxygen fraction of the chars would be reduced, and this 

corresponded to the decomposition of biomass and loss of volatile matters; 

3. The density of chars had no significant change; 

4. The mass fraction of tar has its maximum value at 450 ℃; 

5. The water content of aqueous phases producing has no significant change, but 

the TAN has its highest value at 500 ℃ (88.91 ± 0.52 mg KOH/g); 

6. Organic aqueous substances have their biggest abundance at 500 ℃, except 

phenols at 550 ℃; 

7. The volume percentage of H2 and CH4 would increase, while the volume 

percentage of CO2 has a reverse trend. The other gas products such as CO, C2H6, 

C3H6, C3H8 have nearly the same value, which means their constant production 

in the temperature range. The volume percentage of H2S would decrease after 

500 ℃, and this is because there is no or just a little production of H2S above 

500 ℃. 
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6. Further work on Peat Moss Pyrolysis Research 
The TAN and GC/MS results show that the aqueous phase produced at 500 ℃ pyrolytic 

peak temperature is a possible organic acid source. The organic acid source could be 

used to remove alkaline earth metals (AAEMs) and enhance biofuel production [45, 

46]. Therefore, research on enhancing the aqueous phase could be studied, such as 

applying catalyst in the pyrolysis or further step to improve the aqueous phase. The tar 

could be used as feedstock for gasification and it requires more research. Moreover, the 

gas products have the potential to be applied as gas fuel, and this needs further 

modification. 
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