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1. INTRODUCTION 

Gasification and pyrolysis are thermo-chemical processes 
of biomass degradation very intricate, since they are 
influenced by several operative conditions [1, 2]. Among 
these ones, there are the temperature at which the process is 
implemented; the reactor heating rate (HR); the duration of 
the treatment. Both the yields of the process products and 
their qualitative characteristics result very influenced by the 
above-listed parameters. 

In comparison with fast pyrolysis, the slow pyrolysis 
process is carried out using very low HRs and long-lasting 
treatments, with the aim to maximize the char yield. A correct 
planning of the biomass treatment requires an accurate 
evaluation of the process constant rate. Moreover, the entropy 
production during such process allow determining the 
environmental impact index [3]. 

The TGA analysis allows estimating the volatilization 
kinetic parameters of the slow pyrolysis: the frequency factor 
and the energy of activation that characterize the 
mathematical expression of Arrhenius. This experimental and 
analytical procedure is very frequently utilized in the studies 
concerning wood carbonization and thermal decomposition of 
solid components, among these the biomass [4-17].  

During the TGA, the weight loss, due to the volatilization 
process, is recorded in function of the increase of time/ 
temperature.  

From the first derivative (in function of the time) of the 
TGA, named Derivative Thermogravimetric Analysis 
(DTGA), it is possible to identify the biomass conversion 
values, which allow the determination of the Arrhenius 
parameters and the definition of the highest constant rate.  

Mathematical models, built on the thermogravimetric data, 
especially non isothermal models, allow a trustworthy 
prediction of the biomass pyrolysis kinetics. However, the 
kinetic parameters, calculated by isothermal models, even if 
less reliable, are characterized by the advantage to be not 
influenced by the specific mathematical model used [18].  

Isoconversional models or free models are denominated in 
this way since they hypothesize constant the conversion 
degree of biomass and, hence, the constant rate only function 
by the process temperature. Thanks to these hypotheses it is 
possible to avoid of arbitrarily supposing the mathematical 
expression of the constant rate, without knowing the real 
chemical mechanism of thermal volatilization of biomass [19].  

The analytical elaboration of the TGA experimental data 
through the isoconversional methods can be: integral; 
differential.  
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The spread of the differential methods was aided by the 
recent advancements in the branch of the mathematical 
functions able to fit conspicuous series of experimental data 
[19, 20].  

The differential free model of Friedman [21] is quite 
widespread in literature studies for calculating the kinetic 
terms of the mathematical expression of Arrhenius [22-24].  

In the research activity discussed in this paper, the 
Arrhenius kinetic terms of peach and apricot pits 
(hemicellulose and cellulose) were evaluated, through the 
thermogravimetric analysis, for the process of slow pyrolysis. 
It was applied the Friedman model, to fit the experimental 
data of the thermogravimetric analysis conducted at two HRs, 
that were 10.0 and 20.0 °C/min. 

Friedman differential model was applied, among the ones 
available in scientific literature, since it does not overrate the 
kinetic parameters in comparison with the integral models. 
Moreover, the model was selected for its trustworthiness in 
the examined conversion range (sufficiently distant from the 
initial and the final instants of the biomass degradation). 
Finally, the Friedman differential model is a very trustworthy 
method among the isoconversional ones.  

This study provides useful information for the 
implementation of kinetic mathematical models with the aim 
to optimize the pyrolysis process efficiency. Indeed, this kind 
of models require the knowledge of the values of the kinetic 
parameters as input data. These values, which are specific for 
each biomass and linked to the operative conditions 
(especially the HR), can be derived by a TGA experimental 
study coupled with a fitting mathematical model as, for 
example, the Friedman method.  

Moreover, the investigated biomasses are very spread in 
Italy. Indeed, in accordance with the Italian government 
(recent data, 2006-2010), the farming production of peaches 
and apricots was respectively of 1.040.000 and 222.000 tons. 
Part of this production, was addressed to the factories, which 
produced 19.000 and 3.000 tons of residuals of peach and 
apricot pits respectively. 

2. METHODOLOGY 

2.1 Samples of peach and apricot pits 

Samples of peach pits (PP) and apricot pits (AP) were 
grinded with the aim to achieve a size smaller than 140 mesh.  

Then, proximate analysis, according to ASTM Standard 
D5142-04, and ultimate/chemical analysis, according to 
ASTM Standard D5373-2, were carried out. 

Tables 1 and 2 summarize the proximate analysis (Prox_A) 
and ultimate/chemical analysis (Ultm_A).  

Both PP and AP are characterized by a high percentage on 
weight of volatile substances and O (oxygen). 

 

Table 1. Results of Prox _A  

 
Parameter  PP weight (wt.) AP weight (wt.) 

Moisture 4.0% 4.0%  

Volatiles 85.4% 80.6% 

Fixed carbon 10.3% 15.2%  

Ashes 0.3%  0.2%  

 
 
 

Table 2. Results of Ultm _A 

 
Parameter  PP weight (wt.) AP weight (wt.) 

C 47.1%  51.5%  

H 6.4%  6.3%  

O 46.1%  41.9%  

N+S 0.4%  0.3%  

 

2.2 TGA instrument and experimental activity 

A Linseis STA PT 1600 instrument was used for 
developing the thermogravimetric analysis. The slow 
pyrolysis process, from 20.0 °C to the final temperature of 
600.0 °C, was conducted in a metal vessel, able to contain 20 
mg of sample, where 50 cm3/min of nitrogen were fluxed. 
The degradation process was tested at two HRs 10.0 and 
20.0 °C/min.  

The DTGA plots have been built from the experimental 
TGA values. However, the DTGA curve, obtained through 
the mathematical differentiation of the TGA curve, showed a 
bad quality [20, 25], which made worse with the decrease of 
the HR.  

Consequently, it was necessary to apply an analytical 
procedure, before of carrying on the mathematical 
differentiation of the TGA data. With the aim to reduce the 
noise in the TGA, the “moving average” was applied to 
smooth out irregularities (peaks and valleys) in the 
experimental data and to easily recognize their trends.  

Such procedure allowed the considerable improvement of 
the TGA data and, consequently, allowed of obtaining 
trustworthy and accurate results through the successive 
mathematical fitting. 

 

2.3 Friedman isoconversional differential model 

The kinetic models are built on a mathematical expression 
which links the constant rate, k(T), even named “reaction 
rate”, to the process temperature.  

The Arrhenius mathematical expression describes this link 
and it is the following: 

 

( ) exp E
f

A
k T F

RT

 
  

 
                                                    (1) 

 
In Eq.(1): T is the temperature expressed in Kelvin; R is the 

universal constant (ideal gases); AE is the energy of activation 
of the degradation process (that is the minimal amount of 
energy that must be exceeded so that the chemical reactions 
can occur); Ff is pre-exponential factor, even known as 
“frequency factor”.  

This last one takes into account the “frequency” of the 
molecular impacts which take place independently of their 
energy content.  

The exponential part, in Eq.(1), indicates the molecular 
impacts which have a level of kinetic energy capable to 
provoke the chemical reaction.  

Even if the pre-exponential factor is lightly influenced by T, 
the part mainly influenced by T, in Eq.(1), is the exponential 
one [26].  

Eq.(2) describes the biomass thermal volatilization [27]: 
 

( ) ( ) exp( ) ( )E
f

Ad
k T g F g

dt RT


 


             (2) 
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In Eq.(2), g() is a mathematical function which expresses 
the degradation of biomass.  

This function is strongly linked to the particular 
mechanism of devolatilization, which was supposed. The 

term t represents the time, whereas  represents the degree of 

conversion of biomass ( 0 1   ).  

This last one, even named “reaction extend”, is expressed 
by Eq.(3): 

 

.

. .

init t

init fin

w w

w w






                                                                 (3) 

 
with: winit. biomass initial weight; wfin. biomass final weight; 
wt biomass weight at the time t. 

The HR, is defined as the variation of the reactor 
temperature, T, as a function of the time (dT/dt).  

In the case of a thermogravimetric analysis, characterized 
by linear HR of the reactor, it is possible to write Eq.(4): 

 

1
exp( ) ( )E

f

Ad d dt
F g

dT dt dT HR RT

 



                            (4)                                          

 
The models known as “based on the order” hypothesize the 

variation of the biomass conversion degree, “d”, with 
respect to the temperature, T, proportional to the part of 
biomass that didn’t convert in volatiles substances, raised to 
an exponent “m” which represents the order of the thermal 
degradation mechanism [28].  

Hence, for these typology of models, ( ) (1 )mg    , and 

the Eq.(4) becomes:  
 

exp( )(1 )
f mE

F Ad

dT HR RT





                                        (5) 

 
The volumetric model “VM” is a model “based on the 

order”, which hypothesizes m = 1.  
The Friedman model, which allows the calculation of the 

energy of activation and frequency factor of the Eq.(1), is a 
VM model.  

Therefore, the Friedman model is represented by Eq. (6) 
[19, 21]: 

 

exp( )(1 )
f E

F Ad

dT HR RT





            (6)  

 
Plotting the quantity ln (k (T)), in function of the inverse of 

the absolute temperature, it is possible to obtain a straight 

line. The slope of this one represents /EA R  and its 

intercept represents ln (Ff(1-)). Consequently, through the 
mathematical equation of the straight line, it is feasible to 
calculate the terms Ff and AE. 

 

3. RESULTS 

3.1 TGA and DTGA Analysis 
  

The TGA and DTGA plots are reported in figures 1 and 2, 
in function of process temperature T, respectively for peach 
pits (PP) and apricot pits (AP), at the HR of 10.0 °C/min. 

Instead, figures 3 and 4 exhibit TGA and the DTGA 
curves, as a function of pyrolysis T, respectively for PP and 
AP, at the HR of 20.0 °C/min. 
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Figure 1. TGA and DTGA plots: PP (HR = 10 °C/min)  
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Figure 2. TGA and DTGA plots: AP (HR = 10 °C/min) 
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Figure 3. TGA and DTGA plots: PP (HR = 20 °C/min) 
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Figure 4. TGA and DTGA plots: AP (HR = 20 °C/min) 
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The peach pits weight loss, for the two HRs, is quite 
similar. However, the total weight loss is significantly higher 
in the case of the highest HR. It increases from 63% to 73%. 

For apricot pits, the weight loss behavior is very similar for 
the two HRs. Indeed, the total volatilization, at the end of 
TGA analysis (600.0 °C), is in average 60% (58% at the 
lower HR and 62% at the higher HR). 

The above-mentioned results indicate that the peach pits 
show a higher weight loss than the apricot pits, even if the 
process is conducted with the same operative conditions. This 
behavior is more evident at the higher HR, for which the total 
weight loss of peach pits is significantly higher (11%) than 
the one of the apricot pits. 

The different weight loss for the two biomasses is due to 
their different chemical composition and structure. Peach pits 
have a higher content of volatile matter and oxygen (see 
tables 1 and 2), that facilitate the thermal degradation.  

Moreover, the biomass volatilization, until the end 
temperature, is due to the thermal degradation of the 
hemicellulose “Hem”, cellulose “Cell” and lignin, whose 
weight percentage, contained in the biomass, strongly affects 
the volatilization behavior [29].  

Even if the thermal degradation continues until the end 
temperature of 600.0 °C, for both biomasses, larger part of 
volatilization happens in the range 200-400 °C (in average 
from 11% to 58% for PP and from 7% to 50% for AP). 
Indeed, at temperatures higher than 400 °C, the lignin 
aromatization occurs. This last one implies a moderate loss of 
the sample mass, which corresponds to about 10% for both 
PP and AP. 

The DTGA plots, at the two examined HRs, exhibit three 
main peaks. Each peak is associated at conditions of 
maximum constant rate. 

 The first peak, at the temperature of 100 °C, indicates the 
maximum constant rate for the process of dehydratation/ 
evaporation of humidity (first stage of the thermal 
degradation process).  

The process of dehydration (6% for PP and 5% for AP pits) 
provokes a negligible loss of mass of the sample.  

The second peak is produced at the same temperature by 
both biomasses (285 °C for the HR of 10.0 °C/min and 
302 °C for the HR of 20.0 °C/min).  

This peak is mostly due to the thermal degradation of Hem, 
since this biomass component usually volatilizes between 
150 °C and 310 °C [17, 30].  

The third peak is produced at different temperatures by the 
two biomasses. Indeed, it occurs at higher temperatures for 
the apricot pits, with respect to peach pits. This phenomenon 
happens for both the HRs, but especially for the higher HR. 
In detail, at the lower HR, the DTGA third peak is produced 
at 336 °C in the case of PP and at 348 °C in the case of AP, 
whereas it occurs at 340 °and 356 °C, respectively for PP and 
AP, for the higher HR.  

This last peak is mostly due to thermal volatilization of 
Cell, since this biomass component usually volatilizes 
between 310 °C and 410 °C [30, 31].  

The higher volatilization reached by peach pits, during the 
slow pyrolysis process, can be even attributed to the 
component cellulose, that begins to decompose earlier for this 
kind of biomass. 

It is necessary to highlight that a portion, even if negligible, 
of the second and the third peak of the DTGA plot, for both 
the biomasses, is due also to the lignin volatilization. Indeed, 
the lignin volatilizes already at low temperatures, anyway the 
constant rate of its degradation is very low and, for this 
reason, it carries on even at 850-900 °C [32]. 

The second stage of the thermal degradation, associated 
with hemicellulose and cellulose volatilization, known as 
“active pyrolysis” [33]. In this phase, the larger part of 
volatiles, contained inside the biomass, is released allowing 
the formation of char.  

The third stage of the thermal degradation, associated with 
the final degradation of lignin, known as “passive pyrolysis” 
[33]. It occurs without characteristic peaks at temperatures 
higher than 400 °C.  

Among the numerous operative conditions that 
significantly affect the thermal decomposition process of 
biomass, there is the HR.  

Increasing the HR from 10.0 °C/min to 20.0 °C/min, the 
volatilization process, for both biomasses, shows a different 
behavior, as inferable by DTGA profiles. Particularly, at the 
HR of 20.0 °C/min, a peak of Hem more accentuated with 
respect to the one of Cell characterizes the DTGA plot. On 
the contrary, at the HR of 10.0 °C/min, the peak of Cell more 
accentuated with respect to the one of Hem characterizes the 
DTGA plot. 

Furthermore, it is possible to highlight that the increase of 
the HR produces more accentuated peaks of the DTGA 
curves and that these last ones occur at higher temperatures. 
Other researchers that carried out the TGA analysis at 
different HRs [16, 17] found similar behavior.  

As regards the temperatures corresponding to the DTGA 
peaks, they increase in average by 17 °C and 6 °C 
(respectively for Hem and Cell), with the increasing of the 
HR from 10.0 °C/min to 20.0 °C/min.  

The increase of the maximum constant rate, with the HR, is 
related to the very complex structure of the biomass, which is 
composed by a great number of components, each one with a 
specific peak of decomposition. 

When the HR is very low, the individual peaks of 
decomposition produce some “vibrations” in the DTGA 
curve. Instead, if the HR is quite high, since different biomass 
components volatilize at the same time, the individual peaks 
of volatilization overlap themselves and cause higher DTGA 
peaks [34]. 

 

3.2 Kinetic parameters determination 

For the process of slow pyrolysis of peach and apricot pits, 
the use of the Friedman model allowed the calculation of the 
Arrhenius parameters: AE and Ff.  

The calculation was carried out for both the HR taken into 
account in the study. 

The energy of activation and the frequency factor are not 
the same for the entire duration of the pyrolysis process, since 
the biomass pyrolysis is a very complex and multistage 
process, which happens through many parallel and serial 
chemical reactions.  

Consequently, these kinetic terms must be calculated for 
defined ranges of temperature, which correspond to the 
decomposition of different biomass components.  

The DTGA plots are necessary for a clear individuation of 
these ranges. 

In the current study, the Arrhenius parameters were 
calculated for the first and the second phase of the active 
pyrolysis, which is for the degradation of Hem and Cell. 

The temperature ranges, used for the calculation of the 
kinetic parameters, are listed in tables 3 and 4, respectively 
corresponding to peach pits (PP) and apricot pits (AP).  

In the tables, the conversion degrees  associated to these 
temperatures are also listed. 
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Table 3. Selected temperatures and conversion degrees (PP) 

 
Biomass 

component 

HR 

(°C/min) 

Temp. Range  

(°C) 

Conversion 

degree  

Hem 10 231 °C  285  9%  22% 

Cell 10 317 °C  336  34% 42% 

Hem 20 247 °C  302  13%  29% 

Cell 20 328 °C  340  41%  47% 

 

Table 4. Selected temperatures and conversion degrees (AP) 

 
Biomass 

component 

HR 

(°C/min) 

Temp. Range 

(°C) 

Conversion 

degree  

Hem 10 235 °C  285  13%  22% 

Cell 10 329 °C  348 37%  44% 

Hem 20 247 °C  302  9%  22% 

Cell 20 337 °C  356  35%  42% 

 
In figures 5 and 6, related to the HR of 10.0 °C/min 

(HR10), the plots of lnk(T) are depicted, in function of the 
inverse of the absolute temperature, for the Hem and Cell 
(peach pits PP). Instead, the plots of lnk(T), for the HR of 
20.0 °C/min (HR20), are showed in the figures 7 and 8.  

In figures 9 and 10, related to the HR of 10.0 °C/min 
(HR10), the plots of lnk(T) are depicted, in function of the 
inverse of the absolute temperature, for the Hem and Cell 
(apricot pits AP). The plots of lnk(T), at the HR of 
20.0 °C/min (HR20), are showed in the figures 11 and 12.  

For the eight above-mentioned plots, the equations of the 
best-fit straight lines were calculated as follows: 

 

1
ln ( ) ( ) lnE

f

A
k T F

R T
                                           (7) 

 
From the coefficients of these equations, it was possible to 

evaluate the energy of activation and the frequency factor. 
The first parameter was obtained by the value of the slope, 
the second one by the value of the intercept with y-axis.  

The obtained kinetic parameters are listed in the tables 5 
and 6.  

All the best-fit straight lines have an R2 (correlation 
coefficient) equal to 0.99.  

Consequently, the calculation of the energy of activation 
and of the frequency factor, obtained by the application of the 
Friedman model, is trustworthy, since the linear regression 
has showed a high performance. 
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Figure 5. Friedman plot: Hem, HR10 (PP) 
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Figure 6. Friedman plot: Cell, HR10 (PP) 
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Figure 7. Friedman plot: Hem, HR20 (PP) 
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Figure 8. Friedman plot: Cell, HR20 (PP) 
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Figure 9. Friedman plot: Hem, HR10 (AP) 
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Figure 10. Friedman plot: Cell, HR10 (AP) 
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Figure 11. Friedman plot: Hem, HR20 (AP) 
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Figure 12. Friedman plot: Cell, HR20 (AP) 
 
From the analysis of the tables 5 and 6 (rows 1 and 3), it is 

possible to notice that the energy of activation of Hem is 
almost similar for the two HR (with a variation of about 4%), 
while the pre-exponential factor decreases of two orders of 
magnitude in the case of peaches.  

Instead, the kinetic rate of Cell shows a significant 
reduction with the increase of the HR. The parameter AE 
decreases by 43% and 34% for peach and apricot pits, the 
frequency factor decreases by 4÷5 orders of magnitude (rows 
2 and 4 in tables 5 and 6).  

Therefore, it is possible to affirm that the variation of HR 
highly influences the pyrolysis kinetics of the Cell in 
comparison with the ones of Hem. This phenomenon can be 
attributed to the less time necessary to reach the higher 
temperatures (at which the cellulose degradation begins), that 

allows the reduction of the energy of activation required for 
breaking the chemical bounds.  

Generally, the decrease of the energy of activation of 
hemicellulose and cellulose is correlated with the higher total 
weight loss reached at the higher HR.  

Moreover, the higher total weight loss, obtained with the 
higher HR, can be mainly associated to the cellulose 
component, as consequence of the lower energy of activation 
required.  

Further, it can be observed that, at the HR of 10.0 °C/min 
(rows 1 and 2 in tables 5 and 6), the kinetic parameters of 
Hem and Cell (whose corresponding range of conversion is 
9÷44%) are almost the same, as in another literature study 
[17]. Such study highlights that both the kinetic parameters 
do not significantly vary in the range of biomass conversion 
5%÷65%, if the HR value is not higher than 10.0 °C/min.  

The kinetic parameters, at the HR of 20.0 °C/min (rows 3 
and 4 of the tables 5 and 6), decrease significantly between 
the decomposition of hemicellulose and cellulose. 
Particularly, the energy of activation decreases by 38% and 
31% for peach and apricot pits.  

At the higher examined HR, the considerable variation of 
the constant rate, associated with the biomass conversion 
degree, underlines that the pyrolysis of peach and apricot pits 
is a “multi stages” volatilization process.  

 

Table 5. Kinetic parameters (PP) 

 
 Biomass 

component 

HR 

(°C/min) 

AE (kJ/mol) Ff (s-1) 

Hem 10 135 1.32 x 1012 

Cell 10 135 1.88 x 1011 

Hem 20 125 7.5 x 1010 

Cell 20 77 1.54 x 106 

 

Table 6. Kinetic parameters (AP) 

 
 Biomass 

component 

HR 

(°C/min) 

AE (kJ/mol) Ff (s-1) 

Hem 10 111 5.24 x 109 

Cell 10 116 2.88 x 109 

Hem 20 110 2.52 x 109 

Cell 20 76 8.06 x 105 

 

7. CONCLUSIONS 

In the present study, the volatilization of peach and apricot 
pits has been evaluated, under two different HRs 
(10.0 °C/min and 20.0 °C/min), through TGA and DTGA 
plots.  

The Friedman method was applied for calculating the 
kinetic parameters: energy of activation and frequency factor 
of both hemicellulose and cellulose.  

One of the consequences of the higher HR (20.0 °C/min) is 
the increase of the total weight loss (at 600 °C), of about 10%.  

The HR also affects the DTGA profiles, showing the shift 
to higher temperatures and the exhibition of higher peaks.  

Further, the variation of HR influences the biomasses 
degradation process and the values of energy activation and 
frequency factor.  

In the following, the main effects of the HR are discussed: 
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(1) The energy of activation was quite independent by 
the conversion range (corresponding to the degradation of 
Hem or Cell), for the HR of 10.0 °C/min.  

(2) For the HR of 20.0 °C/min, the energy of activation 
showed a very noticeable decrease (38% and 31% 
respectively for peach and apricot pits), if the conversion 
range increases from degradation of Hem to degradation of 
Cell. Hence, the multistage characteristic of the pyrolysis 
process comes to light only for the higher HR. 

(3) The kinetic terms of the thermal degradation for 
Hem are quite similar, if the HR of the process increases from 
10.0 °C/min to 20.0 °C/min; whereas the kinetic terms of the 
thermal degradation for Cell show a very high reduction 
(43% and 34%, for peach and apricot pits). Consequently, the 
variation of the HR has a more accentuated effect on the 
pyrolysis kinetics of the Cell with respect to Hem. 

(4) The biomass higher volatilization, reached at the 
higher HR, was mainly due to the cellulose component, since 
the energy of activation of the pyrolysis process of this 
component was very lower, in the case of the higher HR. 
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NOMENCLATURE 

 
Ff Frequency Factor  s-1 

  Biomass Conversion Degree   - 
AE Energy of activation   kj/mol 

g(β)  Conversion Function of Biomass  - 

HR  Heating Rate °C/min 
K(T) Constant rate of the Reaction  s-1 
m  Exponent of the Reaction   - 
R Universal Constant of Ideal Gases  j/(mol K) 
T Absolute Temperature  K 
t Time min 
wt Biomass Weight at the time t  g 
winit. Biomass Weight at the initial time  g 
wfin. Biomass Weight at the final time  g 
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