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ABSTRACT 

The pyrolysis characteristics of four biomass materials (bamboo, Napier grass, 
pine and peach pips) were studied in an inert atmosphere using a simultaneous 
TGA-FTIR instrument. The behaviour of these materials under non-isothermal 
conditions and at three different heating rates (20, 100 and 200 °C/min) were 
compared. The gasses released during TGA analysis were analysed using inline 
FTIR. Higher heating rates were found to increase conversion and had lower 
activation energies. Napier grass has the lowest conversion which could be due 
to the amount of silicon contained in most grasses. A distinguishable 
hemicellulose decomposition peak was detected on the DTG curve of the peach 
pips. Pine wood has the highest conversion (~88%) of the four biomass 
materials. The mean conversion achieved for the other materials was 
approximately 75%. The kinetic parameters of each material computed using a 
model fitting method are reported. The dehydration stage in general displayed 
lower activation energies than the active and passive pyrolysis stages. 
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Introduction 

Energy demand has increased significantly in recent 
years due population increase and the concomitant increase in 
urban and industrial development worldwide [8, 17]. Since fossil 
fuels are the largest single global energy source, energy 
shortages have developed in countries with a paucity of fossil 
resources. Although fuel like coal is available in abundance in 
some countries, its availability worldwide will soon be exhausted 
[6], considering that it is also used in petrochemical and 
metallurgical industries. Moreover due to high demand, fossil fuel 
prices have increased significantly over the last ten years. More 
importantly, today climate change is a major environmental 
problem resulting from carbon dioxide (CO2) emission when 
using these fossil fuels are combusted [4]. The current emission 
of CO2 must be reduced by at least 40-70 % before the year 
2050 in order to limit the global warming to below 2 °C [28]. 
Concentration of CO2 in the atmosphere will continue to rise 
unless major changes are made in the way fossil fuels are used 
to provide energy [2]. As a solution to CO2 emission problem, 
there is a call for the reduction of greenhouse gas concentrations 
to a level that would prevent dangerous anthropogenic 
interference with climate system. In response to this call, other, 
cleaner sources of energy such as biomass are being explored. 
Compared to other alternative energy sources such as nuclear 
energy, biomass is an energy source of interest due to its 
renewability [5, 21, 26] and also because it can be generated 
locally and makes any non-petroleum-producing country less 
depended on foreign imports [11].  

The biggest challenge with respect to biomass is 
finding an effective method for its utilisation. Many methods such 
as pyrolysis and gasification are being developed worldwide with 
the aim of increasing biomass conversion to liquid and gaseous 
fuels like synthesis gas. For such developments, it is of 
imperative to understand the physical and chemical 
characteristics of biomass prior to application.  

In general, biomass contains mainly the elements 
carbon (C), hydrogen (H) and oxygen (O) and consists of three 
major components, viz.: cellulose, hemicellulose and lignin. 
Biomass materials are, however, diverse and their composition 
highly variable [23]. Due to this variability in properties and 
composition, the approximate and ultimate analyses are 
performed on materials of interest [19]. There are various factors 
that influence the composition of biomass. The origin of the 
material [7], the type of the material, and the part of the plant (i.e. 
leaves, stems, seeds or roots) are a few of the  factors 
influencing the composition of biomass [23]. The properties of 
biomass material van further be classified as woody, herbaceous, 
aquatic, or manure, as well as contaminated and industrial 
biomass (forming part of municipal waste) [14, 23].  Of all these 
groups the focus for utilisation is more on the woody and 
herbaceous biomass due to their lower moisture content [14].  

Clearly it should not be assumed that all biomass 
material will give the same results during their utilisation. Hence it 
is important to conduct characterisation studies for each biomass 
material in question. Thermogravimetric analysis (TGA) and other 
thermal techniques such as differential scanning calorimetry 
(DSC), differential thermal analysis (DTA), are commonly used 
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[1, 8, 11, 12, 21]. In this study characteristics of four types of 
biomass, viz. bamboo, Napier grass, pine chips and peach pips 
were investigated.  

A thermogravimetric analyser coupled to a Fourier 
transform infrared spectrometer (TGA-FTIR) was used in this 
study to monitor the mass loss of these materials heated at 
different heating rates in an inert nitrogen flow. The results 
obtained were also used to compute the degradation kinetics of 
each material. The four materials used in this study were 
selected because, at the time of this study, they were being used 
in the development of laboratory scale biomass plasma 
gasification systems. The results obtained during this study will 
be used in the optimisation of these gasification systems. 

Materials and methods 

Material 

Biomass samples used in this work were Napier grass 
(Pennisetum pupureum), Peach pips (Prunus persica (L.) 
Batsch), Bamboo wood (Bambusa balcooa) and Pine wood 
(Pinus patula). All samples were sourced from local suppliers of 
forestry products, except the bamboo, which was taken from the 
University’ of Pretoria’s botanical garden. Nitrogen gas 
(>99.999%) was obtained from African Oxygen Ltd. And used as 
received. 

Sample preparation 

The biomass samples were prepared by first cutting 
the material into small pieces and then by milling using a Retsch 
mill (Type SR 200, Model 70546). The samples were further 
sieved in order to obtain a fine fraction. 

Thermogravimetric analysis 

The TGA-FTIR analysis was performed using a Perkin 
Elmer TGA 4000 coupled to a Perkin Elmer Spectrum 100 FTIR 
spectrometer. The gases evolved from the TGA were transferred 
to a heated infrared cell (kept at 250 °C) via a heated stainless 
steel transfer line (kept at 250 °C). The IR cell was fitted with KBr 
single crystal windows and had a beam path length of 10 cm. 

For each TGA experiment, approximately 20 mg of 
sample was placed in an α-alumina crucible. The TG curves 
were recorded from ~25 °C to 950 °C at three different heating 
rates, viz.: 20, 100 and 200 oC/min under nitrogen atmosphere 
flowing at a rate of 20 mL/min, then kept isothermal for 15 
minutes. The end temperature is close to the operating 
temperature of gasification system.  

The FTIR spectrometer was set to scan from 4000 cm-

1 to 550 cm-1 at a rate of one spectrum every 6 seconds with 
frequency resolution of 1 cm-1. 

Kinetic model development 

The kinetic parameters can be calculated using either 
model fitting or model-free (isoconventional) methods [10]. The 
isoconventional method is widely used in the field of biomass 

pyrolysis due to its ability to calculate activation energy values 
without model assumptions [6, 25, 26]. Model-free methods 
require a set of experimental tests at different heating rates, and 
do not calculate a frequency factor (A) but it only report the 
activation energy (Ea) [9] . The model fitting method estimates the 
full kinetic triplet, i.e. the model, its parameters, along with A and 
Ea. A model fitting method was chosen for this study.  

The approach taken is as follows [24]: The rate can be 
parameterised in terms of three major variables, i.e. the 
temperature T, the extent of conversion α, and pressure P 
according to 

 
)()()( PhfTk
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d 
  (1) 

Here t is time. In most areas of thermal analysis, 
pressure effects are ignored. Similarly, pressure effects were 
neglected in this study, and the two-variable form of Equation 1 
was used  
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The extent of conversion α is defined as 
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The factor )(Tk in Equation 2 is the rate constant; 

and represents the temperature dependence, expressed by the 
Arrhenius equation 
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R is the universal gas constant. The model )(f  

can in general take of three forms, viz.: accelerating, 
decelerating, or sigmoidal. In most biomass kinetic studies the 
reaction model is expressed in term of the deceleration model [6, 
16] where the rate has a maximum at the beginning of the 
process and decreases continually as the extent of conversion 
increases. Only those kinetic methods that are capable of 
treating all three types of the conversion dependencies can be 
regarded as reliable [24]. The Sestak-Berggren equation, 
(Equation 5), which accommodates all three functionalities, is an 
example of such a model [3, 18] 
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Application of the chain rule to the left-hand term of 
Equation 2, and division by the heating rate, ß = dT/dt, yields 
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The kinetics parameters can be estimated from 
Equation 7 by direct fitting of the equation to each TG curve. We 
found the rate expression to be mathematically uncomplicated, 
and a simple Euler integration was used for curve fitting, viz. 
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Here i refers an individual step along the TG curves. 
The fitting process comprised computation of model values for 
each step on the TG curves for 0.05 < α < 0.95, and iteratively 
adjusting the parameters n, m and p, A and Ea to minimize the 
SSD, i.e. the sum of the square of the differences between 
computed and experimental step values.  

Biomass pyrolysis was found to be a three-step 
process, each with its own model and model parameters. In order 
to handle this, the procedure above had to be modified. For the 
Sestak-Berggren equation to work, we found it necessary for α to 
have a large range of values, as close to 0 - 1 as possible. Each 
the TG curves thus had to be split into three discreet thermal 
events, each with its own α, in the range 0.05 < α < 0.95, defined 
as  
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The zero subscript refers to the initial value for the jth 
thermal event. 

Results and discussion 

Results 

The TG curves for bamboo at the three selected 
heating rates are presented in  

Figure 1, and their first derivative curves are presented 
in Figure 2. The TG curves for the four biomass samples heated 
at 200 °C/min are presented in  

Figure 3 and their first derivative curves are presented 
in Figure 4. The time resolved infrared spectra for the gases 
produced by bamboo heated at 20 °C/min, taken at various 
temperatures are presented in Figure 5. The FTIR spectrum peak 
areas for the active pyrolysis stage (aps) at a heating rate of 
200°C/min are presented in  

Table 2. The kinetic model fitting graphs for bamboo at 
20 °C/min are displayed in Figure 6, and the kinetic model 

parameters for kinetic parameters equation are reported in Table 
3 to  

Table 6. 

 
 

Figure 1. TGA curves of bamboo at 20, 100 and 200 °C/min under 
nitrogen. 

 

Figure 2. DTG Curves of bamboo heated at 20, 100 and 200 °C/min under 
nitrogen 
 

 
 

Figure 3. Comparison of the thermal decomposition behaviour of 
bamboowood, pine wood, peach pip and Napier grass at 200 °C/min under a 
nitrogen flow. 
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Figure 4. DTG Curves for bamboo, Napier grass, pine wood and peach pips 
heated at 200 °C/min under a nitrogen flow. 

Figure 5. FTIR spectra for the gasses evolved from the pyrolysis of bamboo 
wood, taken at 82, 300, 354 and 950 °C 
 

Table 2: FTIR spectrum peak areas for active pyrolysis stage at a heating 
rate of 200°C/min. 

Biomass material 
Napier 

grass 
Pine 

Peach 

pips 
Bamboo 

APS Temperatures 356 °C 423 °C 410 °C 382 °C 

Peak areas of 

gases released 

CO2 (~2380 cm-1) 52.88 21.33 27.71 40.17 

H2O (~3600 cm-1) 4.23 2.47 5.50 4.36 

CO (~2150 cm-1) 3.73 3.93 2.32 2.83 

CH4 (~3000 cm-1) 15.72 12.80 14.96 15.84 

 

 
Figure 6. Experimental and predicted α-T curves of bamboo at a heating rate 
of 20 °C/min. 

Table 3: Kinetic model parameters for the thermal decomposition of peach pips. 

Peach pips 

β (°C/min) 20 100 200 

Stages 1 2 3 
 

1 2 3 
 

1 2 3 

Ea (kJ/mol) 16.97 20.63 25.80 
 

11.31 13.08 9.91 
 

9.44 12.05 4.43 

A (min-1) 208.78 55.11 50.19 
 

89.89 60.94 20.10 
 

85.59 69.81 27.38 

m 0.00 0.05 0.00 
 

0.03 0.05 0.28 
 

0.03 0.05 0.454 

n 1.12 1.01 2.19 
 

1.11 0.49 1.84 
 

1.42 0.00 2.12 

p 0.46 0.63 0.00 
 

0.61 0.72 0.00 
 

0.68 0.66 0.018 

SSD 3.80 3.20 29.70 
 

0.23 0.70 4.31 
 

0.65 0.48 1.57 
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Table 4: Kinetic model parameters for the thermal decomposition of Napier grass. 

Napier 

β (°C/min) 20 100 200 

Stages 1 2 3 1 2 3 1 2 3 

Ea (kJ/mol) 13.67 23.80 29.13 13.18 15.95 16.214 10.70 12.95 10.7 

A (min-1) 98.04 55.70 44.95 157.80 62.71 21.4 158.44 67.76 21.1 

m 0.03 0.50 0.00 0.03 0.05 0.00 0.03 0.05 0.19 

n 1.78 0.31 3.64 1.11 0.26 4.24 1.37 0.27 4.57 

p 0.57 0.49 0.00 0.56 0.63 0.00 0.73 0.62 0.136 

SSD 6.80 4.62 129.81 0.53 1.19 3.74 0.89 1.02 1.44 

 
Table 5: Kinetic model parameters for the thermal decomposition of pine wood. 

Pine 

β (°C/min) 20 100 200 

Stages 1 2 3 1 2 3 1 2 3 

Ea (kJ/mol) 16.41 26.44 19.542 14.84 19.13 56.34 12.83 14.94 9.66 

A (min-1) 210.05 52.40 20.55 267.19 64.99 81884. 238.03 60.95 26.84 

m 0.05 0.05 0.00 0.07 0.05 0.00 0.19 0.05 0.00 

n 1.19 0.33 2.72 1.00 0.41 3.5 1.03 0.53 2.60 

p 0.45 0.47 0.00 0.46 0.54 0.00 0.44 0.61 0.00 

SSD 5.47 1.57 27.65 0.50 0.30 1.37 0.27 0.12 1.18 

 

Table 6: Kinetic model parameters for the thermal decomposition of bamboo wood. 

Bamboo 

β (°C/min) 20 100 200 

Stages 1 2 3 1 2 3 1 2 3 

Ea (KJ/mol) 13.29 26.81 3.16 11.60 19.12 10.7 10.46 15.14 10.9 

A (min-1) 102.22 57.29 0.34 110.29 69.39 6.92 115.14 76.11 25.4 

m 0.03 0.05 0.00 0.03 0.05 0.00 0.03 0.05 0.00 

n 2.00 0.21 1.41 1.15 0.32 2.4 1.12 0.39 2.78 

p 0.55 0.32 0.00 0.60 0.50 0.00 0.65 0.57 0.00 

SSD 11.96 2.97 26.65 6.90 0.59 1.05 0.30 0.29 1.5 
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Discussion 

The pyrolysis of biomass generally occurs in three 
stages. This is due to the decomposition of its three main 
components, viz. hemicellulose, cellulose and lignin [27]. The first 
stage is predominantly dehydration, the second stage comprises 
active pyrolysis. The decomposition of hemicellulose and 
cellulose are grouped together here. The hemicellulose 
decomposition takes place first, followed by the decomposition of 
the cellulose [6, 16, 27]. Finally, in the third stage, termed 
passive pyrolysis, lignin (which is thermally more stable) 
decomposes.  It can be observed from the TGA and DTG curves 
that the bamboo decomposition follows the trend of a typical TG 
curve of biomass pyrolysis in the literature [6] and the three 
stages are clearly observed (see  

Figure 1 and Figure 2). The dehydration stage 
temperature differs for each heating rate with the maximum 
dehydration temperaturesbeing 81 °C for a heating rate of 20 
°C/min, 110.72 °C for the 100 °C/min and 123.36 °C for 200 
°C/min heating rate. The maximum dehydration rates were 
1.417, 4.918 and 8.828 %/min for the 20, 100 and 200 °C/min 
respectively. The second stage, the hemicellulose-cellulose 
decomposition of the bamboo is indicated by the slight shoulder 
in the DTG curve in Figure 2, similar to the literature. This 
shoulder is clearly visible for the heating rates of 20 and 100 
°C/min. The decomposition temperatures obtained in this case 
fall within the temperature ranges reported in the literature. It was 
observed that as the heating rate increased, so did the 
temperature range of the hemicellulose and cellulose 
decomposition and this is ascribed to the endothermic nature of 
the decomposition. The shoulder in the DTG curves for the 
bamboo ranged between 250-312 °C for a heating rate of 
20°C/min, and 280-348 °C for a heating rate of 100°C/min. The 
peak was less visible at a heating rate of 200 °C/min, believed to 
be masked by the fast heating rate, and instead a sharp smooth 
peak was obtained at temperatures between 290 and 440 °C.  

This sharp curve is associated with the decomposition 
of the cellulose and it can be said to be the maximum 
decomposition rate for the whole material. The maximum 
decomposition temperatures (maximum peak associated with 
cellulose decomposition) for the 20 and 100 °C/min heating rates 
were 353.7 °C and 380.67 °C respectively. The maximum 
decomposition rates obtained were 17.9, 97.4 and 192 %/min for 
the heating rates of 20, 100 and 200 °C/min respectively. 

Finally, in the third passive pyrolysis stage, the weight conversion 
happened at a rate between 1.84 and 1.57 %/min for the heating 
rate of 20 °C/min, 7.9 and 0.166 %/min for the  
100 °C/min and 19.9 and 0.400 %/min for the 200 °C/min.  

 From the TGA data along with the corresponding 
derivative Thermogravimetric (DTG) curves for bamboo (see  

Figure 1 and Figure 2) we observe that the heating rate has 
several effects on the pyrolysis process [20]. As the heating rate 
increases the curve shifts towards high temperatures, hence the 

dehydration temperature obtained at a heating rate of 200 °C/min 
was higher than that at 20 and 100 °C/min. The heating rate also 
affects the starting and the final temperature for each the three 
stage (i.e. the dehydration, active, and passive pyrolysis stages).  

The residues remaining after the carbon conversion 
stage for bamboo (at this point referred to as char) were found to 
be 21.5, 19.6 and 19.4 % for the 20, 100 and 200 °C/min, 
respectively and the difference in char yields are ascribed to the 
difference in samples sizes [22].  

Observing the superimposed TGA and DTG curves at 
200 °C/min for pine, peach pips, and Napier grass, along with 
bamboo (shown in  

Figure 3 and Figure 4), we observe that the behaviour 
of these other three materials during pyrolysis is similar to that of 
bamboo, with slight noticeable differences.  

The maximum decomposition rates obtained during 
active pyrolysis for the heating rate of  
20 °C/min is 12.5, 17.9, 18.9 and 19.6 %/min for peach pips, 
bamboo, Napier grass and pine respectively. The pine showed 
the highest decomposition rate. The same trend was observed at 
100 °C/min. Pine wood had the highest decomposition rate of 
99.5 %/min while peach pips had the lowest decomposition rate 
of 66.85 %/min. However, when the heating rate was increased 
to 200 °C/min, Napier grass decomposed at the fastest rate of 
266.8 %/min. 

Although Napier grass decomposed at the fastest rate, 
it had a low conversion ( 

Figure 3). The residues remaining at the end of the 
process were 12.4, 19.5, 21.2 and 26.6 mass percentage for 
pine, bamboo, peach pips and Napier grass respectively. These 
conversion correspond to those in the literature [11]. For all 
materials, a higher heating rate resulted in higher the conversion 
and a faster the decomposition rate. 

The desired products of the gasification process are 
hydrogen and carbon monoxide, with some carbon dioxide and 
hydrocarbons like methane also expected. The TGA 
characterisation experiments do not correspond exactly with what 
is happening inside gasifiers. It merely gives an indication as to 
what to expect.  

Figure 5 shows the FTIR spectra for bamboo at a 
heating rate of 20°C/min. The first spectrum at 82°C corresponds 
to the dehydration stage. It can be seen from the spectrum that 
predominantly water peaks appear at this point, at wave numbers 
of ~3600 and ~1500 cm-1, with some carbon dioxide observed at 
2380 cm-1. The heating rate was observed to have no significant 
qualitative effect on the gasses produced during dehydration.  

During active pyrolysis, the carbon dioxide peaks 
immediately become more prominent (second and third spectra). 
A secondary CO2 peak at 670 cm-1 becomes more clearly 
observable. The other noticeable peak at 1800 cm-1 is attributed 
to aldehydes. Though it is relatively small compared to other 
peaks, the carbon monoxide peak is observed at 2150 cm-1. The 
process parameters (such as residence time, equivalent ratio, 
feeding rate, etc.) which have an effect on CO yield, were not 
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manipulated to maximise the yield. The fourth spectrum in Figure 
3 belongs to the passive pyrolysis stage associated with lignin 
decomposition. Mostly CO2 gas is released during this stage.   

In addition a methane peak was observed at 3000 cm-1 
while other alkanes were observed at 1200 cm-1. Methane and 
other hydrocarbons are known to be the main products of fast 
pyrolysis operated at temperatures up to 500°C with short 
residence time (~1 sec). Their presence during the TGA 
decomposition of biomass material is thus expected. Integrated 
peak areas for experiments conducted under heating rate of 
200°C/min are listed in Table1, for semi-quantitative comparison 
in the active pyrolysis stage. In all cases the partial pressure 
trend is: CO2 > CH4 > H2O > CO. 

The kinetic parameters for all the cases investigated 
are listed in Table 3, Table 4, Table 5 and  

Table 6. 

The extent of conversion for bamboo, heated at 20 
C/min, for the total reaction as well as for the individual thermal 
events, is presented graphically in Figure 6. Visually the model is 
a reasonable fit in all cases. The trend for the magnitude of the 
activation energy is that it is smallest for the first dehydration 
stage; possibly because the event may be driven by heat transfer 
effects rather than pure chemical kinetics, and that all values 
decrease as the heating rate increases.  

Conclusions  

The peach pips, Napier grass, pine and bamboo were 
characterised using TGA-FTIR under a flowing nitrogen 
atmosphere. Pyrolysis was confirmed to be a three-step process, 
viz. evaporation of moisture contained in the material, followed by 
the decomposition hemicellulose/cellulose and then lignin. In the 
peach pips the hemicellulose and cellulose decomposition peaks 
are clearly separated, whereas in other materials the peaks of 
these two components are seen as one large peak with a small 
shoulder, indicative of hemicellulose decomposition. This could 
be due to the fact that the ratios of these components differ per 
material. Although they were not determined for this purpose of 
study, based on the DTG curves it may be assumed that peach 
pips has higher percentage of hemicellulose than other three 
selected biomass materials. Furthermore the peak representing 
the decomposition of hemicellulose and cellulose in Napier grass 
is very sharp and could be regarded as an indication of very low 
percentage of hemicellulose contained in Napier grass. This 
agrees with the literature [15] The lignin decomposition in both 
material takes place slowly in the range 160-900 °C. Napier 
grass was also found to have high amount of residues remaining 
after pyrolysis process (~26%). This could be due to the fact that 
most grasses contains high level of silicon which is used as a 
defense against herbivores and voles [13]. Pine was found to 
have the lowest residue remaining (~12%).  

Gasses released during TGA experiment were H2O, 
CO2, CO, CH4 and other groups of hydrocarbons. Hydrogen is 
also a product of gasification but it is not detectable by FTIR. The 
percentage yield of these products depends on the operating 
parameters of the gasification reactor. The desired products of 
gasification are H2 and CO. The activation energies of each 

material vary throughout as function of heating rate. The 
dehydration step has a lower activation energy than the active 
and passive pyrolysis steps, probably due to the fact that the 
process resembles evaporation more than a chemical reaction 
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