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The detailed kinetic analysis of slow pyrolysis process of apricot (Prunus ar-
meniaca L.) kernal shells has been estimated, under non-isothermal conditions, 
through thermogravimetric analysis and derivative thermogravimetry. Thermal 
decomposition was implemented using four different heating rates (5, 10, 15, and 
20 °C per minute), with consideration of how this parameter effects on the process 
kinetics. The higher heating rates provoke the shift of thermoanalytical curves to-
wards more elevated temperatures. Using isoconversional differential method, the 
variation of activation energy, Ea, with conversion fraction, α, was detected, and 
pyrolysis reaction profile was discussed. After resolving the pyrolysis rate curves 
of individual biomass constituents, the temperature and conversion ranges of their 
thermal transformations were clearly identified. In the latter stage of analysis, ev-
ery identified reaction step was considered through mechanistic description, which 
involves selection of the appropriate kinetic model function. The comparison of the 
results as well as discrepancies between them has been discussed. The correspond-
ing rate-law equations related to thermal decomposition reactions of all biomass 
constituents present in the tested agricultural waste material have been identified.
Key words: agricultural waste biomass, pyrolysis kinetics, master-plots method, 

secondary lignin decomposition, dehydroxylation 

Introduction

Gasification and pyrolysis are thermochemical processes of biomass decomposition 
which were very intricate, since they are influenced by several operative conditions [1]. Among 
these ones, there is the temperature at which the process is implemented, the process heating 
rate, as well as the duration of the treatment. Both, the yields of the process products and 
their qualitative characteristics are the results which were very influenced by the afore-listed 
parameters. 

* Corresponding author, e-mail: dstojiljkovic@mas.bg.ac.rs
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In comparison with fast pyrolysis, the slow pyrolysis process is carried out using very 
low heating rates, and long-lasting treatments, with the aim to maximize the char yield. A cor-
rect planning of the biomass treatment requires an accurate evaluation of the process constant 
rate. Moreover, the entropy production during such process allows determining the environ-
mental impact index [2]. 

The thermogravimetric analysis (TGA) allows estimating the volatilization kinetic 
parameters of the slow pyrolysis such as the pre-exponential (frequency) factor, A, and the ac-
tivation energy, Ea, that characterizes the mathematical expression of the Arrhenius kinetic law 
equation. This experimental and analytical procedure is very frequently utilized in the studies 
concerning wood carbonization and thermal decomposition of solid components among these 
represents the biomass feedstock [3-7]. 

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 
[8]. 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 mecha-
nism of thermal volatilization of biomass [9]. The spread of differential methods was aided by 
the recent advancements in the branch of the mathematical functions able to fit conspicuous 
series of experimental data [10]. The differential free model of the Friedman [11] is the quite 
wide-spread in the literature studies for calculating the kinetic terms of the mathematical ex-
pression of Arrhenius kinetic law equation [12]. 

In this research, we discussed the kinetic behavior of agricultural biomass waste 
during slow pyrolysis process such as the apricot kernel shells (AKS), where the kinetic param-
eters together with reaction mechanism were estimated, from the multiple TGA measurements 
under non-isothermal conditions. It was applied the Friedman method to fit the experimental 
data of the TGA. The established results were used for determination of mechanism functions 
that describe decomposition processes of each individual constituent of biomass (hemicellu-
loses, cellulose and lignin) through application of master-plot method [13]. The Friedman dif-
ferential method 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 method 
was selected for its trustworthiness in the examined conversion range (sufficiently distant from 
the initial and the final instants of the biomass decomposition). Finally, the Friedman differen-
tial method 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 op-
timize the pyrolysis process efficiency. 

Moreover, the investigated biomass (AKS) is very important in the Republic of 
Serbia. However, modern intensive apricot production is highly dependent on environmental 
conditions. Fruit growing is one of the very important agricultural branches represented in the 
Republic of Serbia. Apricot (Prunus armeniaca L. or Armeniaca vulgaris L.) originates from 
northeastern China, from where it has spread further into the world. Apricot trees mature after 
3-4 years and regularly give birth on carefully selected grounds. It is more resistant to plant 
diseases and pests than most other fruit species, so protection is less expensive. For informa-
tion, in Serbia, there are about 5290 hectares under apricot plantings. The amount of annual 
production in recent years varies from 18510 tons in 2005 to 44077 tons in 2011, with average 
production over the past five years at 26510 tones. Part of this production was addressed to the 
factories, which also produce tons of residuals of apricot, such as pits, stones or shells which 
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could be estimated up to 10% of fruit production, respectively between 2500-3000 tons per 
year [14].

Experimental

Material and sample preparations

The sample preparation of apricot (Prunus armeniaca L.) kernel shells as a waste 
from food industry was done according to standard procedure in order to reach moisture equi-
librium and reduce size and to obtain analytical sample. The obtained particle size reduced 
sample, milled sample is passed through a sieve with a hole size of dp ~ 1 mm (~ 1000 μm), was 
used for data determination in ultimate and proximate analyses in accordance with appropriate 
standards [15, 16]. 

Thermal analysis measurements  

The NETZSCH STA (simultaneous thermal analysis) 445 F5 Jupiter system, was used 
for thermoanalytical (TA) measurements of powdered biomass samples. The sample mass used in 
the experiments was about 5.0 ± 0.3 mg. The small sample mass was used to avoid resistance of 
probable effect of the mass and heat transfer during the process of biomass decomposition. The 
temperature range which is operated during experiments was between room temperature (RT) 
and 900 °C. The slow pyrolysis was performed in alumina crucibles able to contain small sample 
masses, using argon (Ar) as the carrier gas, with the total gas-flow rate of 30 mL per minute. The 
decomposition process was monitored at several heating rates of 5, 10, 15, and 20 °C per minute. 

The derivative thermogravimetry (DTG) plots have been built from the experimental 
TGA values. In order to obtain the reliable DTG curves, 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 procedure was applied to smooth out 
irregularities (peaks and valleys) in the experimental data and to easily recognize their trends. 
This procedure was conducted with assistance of Proteus® operating tools program, already 
incorporated within NETZSCH STA 445 F5 Jupiter device system.

Every measurement was repeated twice for checking the reproducibility of thermal 
analysis tests, where all tests are showed satisfactory reproducibility of TA data. Such proce-
dure allowed the considerable improvement of the TGA data and, consequently, allowed of 
obtaining trustworthy and accurate results through the successive mathematical fitting. 

Kinetic analysis

Friedman isoconversional differential method

The kinetic models are built on a mathematical expression which links the constant 
rate, k(T), even named the reaction rate, to the process temperature. The Arrhenius mathemat-
ical expression describes this link and it can be described by:

 ( ) exp
R

aEk T A
T

 = − 
 

 (1)

where k(T) [min-1] is temperature-dependent rate constant, A [min-1] – the pre-exponential 
factor, Ea [Jmol–1] – the activation energy, R [= 8.314 Jmol–1K–1] – the gas constant, and T 
[K] – the absolute temperature. The exponential part, in the 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), 
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is the exponential one. The biomass thermal volatilization can be kinetically described by the 
following equation [17]:

 d ( ) ( ) exp ( )
d R

aEk T f A f
t T
α α α = =  

 
 (2)

where the dα/dt [min–1] is the overall process rate, t – the time, and f(α) – the mathematical func-
tion which expresses the decomposition of biomass sample. This function is strongly linked to 
the particular mechanism of devolatilization, which was supposed. The term α represents the 
degree of conversion of biomass (or the conversion fraction), which is dimensionless (α ~ 0-1). 
This last one can be expressed by the formula: α = (mo – mT)/(mo – mf), where mo is the initial 
biomass sample, mT is the current biomass sample at arbitrary temperature T, and at the time t, 
and mf is the final (equilibrium at t → ∞) biomass sample at the end of process measurement, 
respectively. Under the linear program of the sample heating and non-isothermal (β = dT/dt) 
conditions, the eq. (2) can be expressed:

 ( )d d d d exp
d d d d R
α α αβ α     = ≡ = −      

      
aET A f

T t T t T
 (3)

By re-arrangements of the eq. (3) and subsequently integrating, the following equa-
tion was obtained:

 
0 0

d ( ) exp d ( )
( ) R R R R

α α α
α β β β

        ≡ = − ≅ π = π        
        

∫ ∫
T

a a a aE E E AEA Ag T x
f T T

 (4)

where g(α) is the integral form of the mathematical function which describes the mechanism 
of biomass decomposition (depends on the explicit expression of f(α) function), while π(x)  
(x = Ea/RT is the reduced activation energy) represents the mathematical approximation of the 
temperature integral, which stands on the right-hand side of the eq. (4) (∫exp(–Ea/RT)dT). The 
variation of biomass conversion fraction, dα, with the respect to the temperature, T, physically 
corresponds to the part of biomass that did not convert in volatiles compounds. Considering all 
available solid-state kinetic models [18], the volumetric model represents the model based on 
order of the reaction, which hypothesizes order of reaction n = 1. Since traditionally Friedman’s 
method is based on volumetric model assumption, it was later significantly upgraded to a wider 
range of solid-state kinetic models [18]. The Friedman method is based on the logarithmic form 
of the eq. (2), without introducing any approximations for the temperature integral, which ap-
parently exist in the case of isoconversional integral methods, in a form:

 [ ] ,
,

,,

d dln ln ln ( )
d d R

α
β α

β αα β α

α αβ α   ≡ = −   
   

aE
Af

T t T
 (5)

Plotting the left-hand side of eq. (5), ln(dα/dt)β,α, against 1/Tβ,α, at the several and 
constant conversion fraction values (α = constant), it is a possible to obtain a set of straight 
lines at various conversion fractions (α). The slope of these straight lines is equal to –Ea,α/R and 
the intercept is equal to ln[A·f(α)]β,α. Consequently, through the mathematical equation of the 
straight line, it is feasible to calculate the terms A and f(α).

Reaction mechanism determination

The identification of complex biomass decomposition stages during thermally in-
duced process, the deconvolution method for describing the conversion rate curves was per-
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formed and detailed description of this procedure can be found elsewhere [19]. The performed 
deconvolution procedure allows separation the reaction temperature ranges, where the indi-
vidual constituent of biomass takes place decomposition reaction, during the entire pyrolysis 
process. In order to determine the mechanism functions, the master-plot method was used to 
choose an appropriate kinetic model. Regarding the already published methodology [14], the 
special function z(α) was used for kinetic modeling of considered reaction step in the pyrolysis 
mechanism scheme, and can be expressed:

 2d ( )( ) ( ) ( )
d α

αα

αα α α
β
 π = =   

   

xz f g T
t T

 (6)

where g(α) is the integral form of the reaction mechanism function, (dα/dt)α – the conversion 
rate at the specific extent of reaction value (the conversion fraction, α), Tα – conversion related 
temperature, β – the considered heating rate, while π(x) is the mathematical approximation of 
the temperature integral. The term [π(x)/βTα] in the eq. (6) has a negligible effect on the shape 
of the z(α) function. Thus, the shapes of z(α) can be determined for each value of α by multi-
plying the experimental values of (dα/dt)α and Tα

2. The resulting experimental values of z(α) are 
plotted as a function of α and compared against theoretical z(α) master-plots. A suitable model 
is identified as the best match between the experimental and theoretical z(α) master-plots. From 
a series of experimental kinetic curves measured at different heating rates, one can obtain a 
series of the experimental z(α) plots that should, however, yield a single dependence of z(α) on 
α, which is practically independent of the heating rate. The theoretical z(α) master-plots were 
obtained by plotting the product of f(α)g(α) against the α, for the different reaction models. The 
list of reaction models used in this work was provided in [18].

Results and discussion

Ultimate and proximate analysis of raw biomass sample 

Table 1 shows comparison between ultimate and proximate analysis results of AKS 
biomass used in this work with the same analysis related to apricot stone sample reported 
in [20].

Comparing both, AKS and apricot stones, these samples contain moisture content 
below 10%, which is adequate for thermochemical process of biomass conversion into the 
energy. If we consider all presented quantities, apricot stone has higher values than AKS 

Table 1. Results of proximate and ultimate analysis of the raw AKS sample compared with 
ones related to apricot stone samples (dry basis) which have been reported in [20]

AKS (this study) Apricot 
stoneb [20] AKS (this study) Apricot 

stoneb [20]
Proximate analysis [wt.%] Ultimate analysisb [wt.%]

Moisture 9.71 7.76 Carbon 46.88 50.66
VM 73.84 81.85 Hydrogen 6.38 5.45
FC 15.51 17.41 Oxygenc 45.45 43.05
Ash 0.94 0.64 Nitrogen 0.25 0.12
HHV [MJkg–1] 20.26 - Sulphur 0.00 0.08
LHV [MJkg–1]a* 18.72 -

a Calculated according [21]. 
b On a dry basis. 
c By the difference.
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for volatile matter (VM), fixed carbon (FC), carbon contents (C), and sulphur contents (S). 
Also, the ash content was lowered in comparison with AKS sample, tab. 1. A significant 
difference occurs in content of hydrogen (H) and oxygen (O) of which there are more in the 
AKS sample, tab. 1. This suggests that in comparison with apricot stones, the AKS would 
have produced much better char (solid residue) quality, concerning its porous structure, 
giving a much higher surface area [22]. This has also been confirmed by works previously 
reported in [23-25]. Earlier, it was showed that investigation on the composition of the tar 
obtained by pyrolysis of agricultural biomass waste is pointing that the basic part of the tar 
is composed of oxygen containing compounds derivatives of phenol, guaiacol, veratrol, 
syringol, free fatty acids and esters of fatty acids [26]. These structures can take part in the 
polycondensation processes. This shows that tar is suitable for the production of carbon 
adsorbents having great amounts of oxygen containing structures. In addition, on the mass 
and the porous properties of obtained char and subsequently activated carbons derived from 
lignocellulosic waste materials, the contributions of hemicelluloses, cellulose and lignin 
are very significant, especially when it comes from lignin, since that the lignin is the major 
contributor of chars and activated carbons [27]. Considering these facts, AKS is rich with 
lignin contents compared to apricot stone, and this can be observed from tab. 2. The tab. 2 
provides comparison of the results related to chemical component (lignocellulosic) analysis 
of two waste materials (AKS and apricot stone samples) [28, 29]. Some differences among 
samples related to lignocellulosic analysis may be explained by the multitude factors, such 
as differences in apricot species, climatic and geographical conditions, as well as in the ex-
perimental methods.

Table 2. Chemical composition and fiber analysis of two 
waste biomasses: AKS [28] and apricot stones [29]

Biomass wastea* AKS (source 
from [28])

Apricot stone 
(source from [29])

Hemicelluloses [%] 23.7 28.0
Cellulose [%] 26.5 30.0
Lignin [%] 35.0 25.8
Hollocellulose [%] 50.2 58.0

a The moisture, the ash and extractive contents are included in the analysis.

The total fibrious material content (holloceluluse (the total polysaccharide fraction) = 
hemicelluloses + cellulose) is a little higher in apricot stone sample than in AKS sample. The 
structure and composition of hemicellulosic polysaccharides differ depending on plant species 
classification, i.e., taxonomy. In this context, the thermal decomposition rate of the biomass, 
depending on the lignocellulosic fraction, plays an important role for its conversion in valuable 
added products. For example, the char obtained from cellulose-rich biomass has approximately 
equal macro- and micro-pore volumes [29]. On the other hand, the char obtained from lig-
nin-rich biomass has a highly developed porous structure, with a prevalence of macro-pores. 
The macro-pores prevail in the chars obtained from cherry stones, which have also higher con-
tent of lignin [29]. In recent reports, it was found that char obtained from AKS is characterized 
by the various pore sizes (including super micro-pores and meso-pores) structures [23]. The 
macro-pores are almost missing in the char obtained from apricot stones [29], which have the 
lower lignin content compared to AKS. 

The VM determines the stability and conversion efficiency of biomass derived fuel. 
The implication of high VM in biomass feedstock is an increased amount of bio-fuel produc-
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tion through pyrolysis process. The studied AKS biomass feedstock is characterized by the 
high VM content, as well as another comparing feedstock, which was listed in tab. 1. Since 
the VM of biomass is the condensable vapor and permanent gases (exclusive of water vapor) 
released from biomass when it is heated. The higher VM content may implies the increased 
amount of bio-oil production through pyrolysis process. However, its amount depends on the 
heating conditions including the heating rate, temperature, as well as the residence time. From 
presented results in tab. 1, we can expect that AKS compared to apricot stone would give a 
smaller percentage of bio-oil. On the other hand, when the pyrolysis takes place at high tem-
perature values, usually it raises HHV value, because of the higher FC content and dropped the 
VM value. However, this is not the case for the materials presented in tab. 1. Therefore, for our 
investigated biomass waste material, maintaining the pyrolytic process at lower temperatures 
is strongly recommended. 

Since that the AKS sample was richer in the carbon content, with moisture content 
higher than 5 wt.% and with higher oxygen content, tab. 1, all of these issues make the observed 
biomass feedstock to be poorer in the energy content. However, the higher oxygen content 
is due to the AKS lignocellulosic structure formed by C, O, H, and N bonds that form the 
hemicelluloses, cellulose, and lignin, being the main components of lignocellulosic biomass. 
The low energy content of AKS compared 
to other energy sources, such as natural gas 
(27.10 MJ/kg) and mineral coal (47.40 MJ/
kg) [30], is due to high oxygen content. Since 
the energy content is related to higher C and 
H amount, the biomass with the lowest O/C 
ratio presented the highest HHV values of 
biomass sample. The HHV value, tab. 1, is 
the within the HHV values range attributed to 
agricultural wastes [31]. The high atomic ra-
tios of H/C and O/C reduce the energy value 
of considered bio-fuel. Figure 1. shows the 
Van Krevelen diagram that represents the area 
dependency between H/C and O/C atomic 
ratios of the various fuels including biomass, 
together with their positions of the compared 
waste biomass samples, i. e., AKS and apricot 
stone feedstock’s.

One of the main differences in characteristics of biomass as compared to coal is that 
biomass possesses a higher value of H/C ratio, fig. 1. Under the same pyrolysis condition, the 
hydrogen yield generated from biomass is about 5-16 times as high as that generated from 
coal [32]. Raw AKS is placed on the diagram, fig. 1, exactly at the position which corresponds 
to biomass rich with cellulose and lignin contents [33]. With an increasing of pyrolysis tem-
perature, it can be expected that H/C atomic ratio will constantly decline, where the same is 
valid for O/C atomic ratio. This means that formed chars from raw biomasses are turned into 
a more carbonaceous nature material at the higher pyrolysis temperatures (shifting will take 
place up to the down left-side corner of Van Krevelen diagram, where is the position of the 
coal fuels). This reduction is not unusual, because the obtained chars at higher pyrolysis tem-
peratures formed aromatic structures in order to condense the carbon atoms through the loss of 
oxygen-containing functional groups. On the other hand, the position of raw AKS sample on 

Figure 1. Van Kravelen diagram adapted for  
the comparative analysis of AKS (this study) (♦) 
and apricot stones (●) [20]
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Van Krevelen diagram also corresponds to the raw biomass which was richer with hydrogen 
(higher H content), where this biomass is very convenient as hydrogen donor in co-pyrolysis 
with coal. So, our tested biomass sample would be a convenient source for hydrogen transfer 
reactions. The pyrolysis of coal may be influenced by the presence of hydrogen-rich light 
molecules (CO, CO2, H2, CH4, H2O, etc.) which are rapidly evolved from biomass at high 
temperature. These pyrolysis gases may take part in volatile-coal interactions and modify the 
thermal behavior of coal, especially in the temperature range between 400 and 500 °C, where 
the coal exists in a plastic state. For example, the co-pyrolysis of coal with AKS biomass, in 
lower temperature range of approximately between 300 °C and 600 °C, the gas formation rate 
of hydrogen from biomass pyrolysis can be maintained at a constant value, thus increasing 
availability of hydrogen around the coal particles. There are external hydrogen donors to in-
terfere with the chain radical processes between the coal and biomass radicals and chemical 
interactions therefore may be occurred.

The TGA and DTG analysis 

The TGA and DTG plots are reported in fig. 2 in function of process temperature, T, 
at various heating rates (β = 5, 10, 15, and 20 °C per minute), for AKS slow pyrolysis process.

From obtained experimental TGA-DTG plots, fig. 2, the first mass loss event occurs 
between ambient and 120 °C, with mass loss which approximately corresponds to removing of 
moisture. The second event occurs between approximately 190-290 °C, which is the character-
istic for hemicelluloses decomposition, amorphous, and branched polysaccharides composed of 
many pentoses and hexoses, which degrade prior to cellulose [34]. 
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Figure 2. The TGA (a) and DTG (b) plots of AKS slow pyrolysis at various heating  
rates (5 °C/min, 10 °C/min, 15 °C/min, and 20 °C/min)  

The cellulose degrades in a narrow temperature range, because it is a homogeneous 
semi-crystalline polymer of the glucose units. The cellulose decomposition is prolonged up 
to approximately 400 °C where the main devolatilization reactions occur, and this represents 
the active pyrolysis stage characterized by the high release of VM. The last event occurs over 
a wide temperature range from 150 °C to around 900 °C, indicating the lignin decomposition 
that has a more thermally stable polyaromatic structure and additionally formation of the ash 
and fixed carbon. The later stage corresponds to the the passive pyrolysis process.

Since the mass loss of lignin encompasses wide temperature range with a slower 
rate, the one DTG profile of can be considered as the overlaps of pseudo components’ DTG 
profiles. Such overlaps give significant hints on the presence of parallel reaction kinetic model, 
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which pseudo hemicelluloses, cellulose, lignin decompose independently during the pyrolysis 
process.

It could be observed on the DTG curves at all heating rates, that single small peak 
occur at around 420 °C and can be attributed to additional lignin decomposing, where the 
cracking of aromatic rings occurs, where the further goes by breakdowns into the smaller frag-
ments towards the production of bio-oil which consists mainly of alkoxy-phenols and the oxy-
genated aromatics (e. g., guaiacol, methyl guaiacol, syringol, methyl syringol, vanillin, syrin-
galdehyde, vinyl syringol, vinyl guaiacol, 1, 2, 3-trimethoxy-benzene), as well as some gaseous 
products (mainly CO2 and CO) and the char [35, 36].

It was found that occurring of DTG peak nearly 400 °C is a consequence of the pro-
duced trace amounts of oxy-aromatics, ketones, furans and alkyl-phenols (not oxygenated) 
[37]. It has been previously shown that the increase of pyrolysis temperature promotes the 
decomposition of high molecular weight phenolic oligomers to smaller compounds through the 
depolymerisation and cracking of C-C bonds [38]. However, the higher temperatures, at least 
in the range of 450-600 °C, fig. 2, favor formation of low molecular weight species instead of 
polymerized products and char. At temperatures around 400 °C, relatively larger guaiacol-type 
compounds may be expected [37], with alkyl side chains as well as oligomers consisting of two 
coniferyl alcohol units, while by transition to higher temperature zone (around 600 °C), the 
smaller alkoxy-phenols, i. e., guaiacol, creosol and vanillin can prevail. At that temperature and 
above, it can be expected that char will decrease as temperature further increased.

Among the numerous operative conditions that significantly affect the thermal de-
composition process of biomass, there is the heating rate. It is possible to highlight that the 
increase of the heating rate produces more accentuated peaks of DTG curves, fig. 2, and that 
these last ones occur at higher temperatures. Other researchers that carried out the TGA anal-
ysis at different heating rate values [39, 40] found similar behavior. The increase of the max-
imum decomposition rate with the increase of heating rate is related to the very complex 
structure of the biomass sample, which is composed by a great number of components, each 
one with a specific peak of decomposition. Namely, when the heating rate is very low, the indi-
vidual peaks of decomposition produce some vibrations in DTG curve. Instead, if heating rate 
is quite high, since different biomass components volatilize at the same time, the individual 
peaks of volatilization overlap themselves and cause higher DTG peaks, fig. 2. The effect of 
heating rate may be specifically pronounced in the case of cellulose thermal decomposition 
[41]. At low temperatures and low heating rates, strong intra-chain hydrogen bonds of cellu-
lose functional groups, increasing the probability of dehydration reactions. At high heating 
rates, intra-chain hydrogen bonds weaken and decrease possibility of collisions that facilitate 
dehydration reactions [42].

Isoconversional analysis of apricot kernel shell slow pyrolysis process

According to the eq. (5), the apparent activation energy values were calculated at dif-
ferent and constant conversion values in the range from α = 0.04 to α = 0.96, with a conversion 
step of Δα = 0.02. Figure 3 shows the isoconversional dependency of the effective activation 
energy, Ea, on the conversion fraction, α, for slow pyrolysis process of AKS sample. The large 
identified errors represent the limitation in accuracy consideration of calculated Ea values at 
very high conversions. Considering this fact, the results obtained from this analysis, fig. 3, 
suggest that data where the final char is formed (high conversions above α = 0.82) is a function 
of the heating rate, where in that moment the isoconversional principle is violated. Considering 
the data for α ≥ 0.82, if the definition of conversion is erroneous, then the isoconversional prin-
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ciple will not be satisfied at high conversion values. However, there is no significant influence 
of Δα on derived Ea value for Δα ≤ 0.80.

The shape of the obtained dependency, fig. 3, suggests that the pyrolysis process pro-
ceeds through complex reaction mechanism, where slightly increase in Ea value at very low 
conversions (up to α ~ 0.10) can be attributed to dehydration reaction as well as the extractives 
decomposition at lower temperatures. In another process area, approximately from α = 0.10 
to α = 0.40, fig. 3, the Ea exhibits gradual increase with conversion, from 171.6 kJ/mol to 
232.1 kJ/mol which can be attributed to the hemicelluloses decomposition reactions. In the 
initial stage, the decomposition started easily on weakly linked sites inherent to the polymeric 
lineal chain of the hemicelluloses, which led to the lower effective activation energy. After the 
weaker bonds broke, the random scission on the lineal chain can be expected, which may cause 
the increase in the Ea value. However, the calculated Ea values within this zone are higher than 
the value for the single component of xylan (represents the hemicelluloses) usually analyzed in 
pyrolysis process (87.6 kJ/mol) [43]. The second process area spreads between 0.40 ≤ α ≤ 0.80, 
in which we have more or less stabilized Ea values around mean value Ea,mean = 218.8 kJ/mol, 
fig. 3(a). Also, the mean value of a pre-exponential factor was also calculated in this conversion 
range (0.40 ≤ α ≤ 0.80) and amounts (logA)mean = 19.135 min–1, fig. 3(b).
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Figure 3. Activation energy Ea (a) and pre-exponential factor logA, (b) values in a function of 
conversion fractions α obtained by Friedman’s differential method (the Ea and logA error bars  
are also provided)

The indicated conversion range falls in the experimental temperature range where two 
mass loss rate peaks in DTG curves occur. Since that AKS has the high lignin content, this issue 
may lead to a tighter cross-link of three biomass constituents in the tested biomass sample. On 
the other hand, for cellulose decomposition in this reaction stage, the molecule initially pyro-
lyzed to active cellulose according to Briodo-Shafizadeh extended model, and this can lead to 
reducing of the degree of polymerization and the length of molecule chain. The active cellulose 
represents the intermediate product before further pyrolysis. This fact was validated from a cer-
tain increase of Ea value during transition from the first to the second reaction stage. In a con-
sidered conversion range (0.40 ≤ α ≤ 0.80), the active cellulose continues to decompose with 
approximately constant effective activation energy, fig. 3. Finally, for α ≥ 0.80, the significant 
variation in Ea values can be observed, where this region corresponds to formation of the char 
contributed by secondary lignin decomposition reactions. Since that lignin is mainly composed 
of three kinds of benzene-propane, which was heavily cross-linked, these facts cause it to have 
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a very high thermal stability, requiring higher activation energy values as well. Likewise, a 
large amount of the char with reduced reaction reactivity can be formed in the actual process 
area, which may lead to increasing in the Ea value, and the introduction of certain instabilities 
towards the end of the pyrolysis. Consequently, the identified activation energy variation trend 
can be attributed to various functional groups in the macromolecular structure. Their chemical 
bonds break under different activation energies in the various pyrolysis temperature zones.

Determination of the most probable mechanism functions for 
decomposition reactions of biomass constituents during slow 
pyrolysis process 

The most probable mechanism functions for thermal decomposition reactions of AKS 
constituents (marked as: S-1: Hemicelluloses, S-2: Cellulose, S-3: Lignin – the primary decom-
position, S-4: Lignin – the secondary decomposition) are established by applying master plots 
method, through comparison of the experimental and theoretical z(α) master-plots. Reaction 
model plots are obtained from thirty six g(α) equations listed in [18]. Calculation of pre-expo-
nential factor was performed in accordance with procedure described in sub-section Friedman 
isoconversional differential method. Figures 4(a)-4(d) shows the experimental z(α) plots ob-

α [−]α [−]

z(
α)

z(
α)

z(
α)

z(
α)

(a) (b)

α [−]α [−](c) (d)

5 °C/min∙10−3 ∙10−3 10 °C/min

15 °C/min∙10−3 ∙10−3 20 °C/min

Figure 4. Experimental z(α) – α plots for decomposition processes of S-1, S-2, S-3, and S-4 constituents 
during slow pyrolysis process of AKS at various heating rates: (a) 5 °C/min, (b) 10 °C/min,  
(c) 15 °C/min, and (d) 20 °C/min 
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tained at different heating rates (β = 5, 10, 15, and 20 °C per minute), for S-1, S-2, S-3, and S-4 
decomposition reactions of the AKS slow pyrolysis.

From presented results in fig. 4, it can be observed that all z(α) plots for decomposi-
tion reactions related to S-1, S-2, S-3, and S-4 exhibit almost identical behavior in respect to 
changing of heating rate. Only the form of the z(α) function for the S-3 differs from the others, 
which indicated that the lignin primary decomposing reaction exhibits variety in kinetic be-
havior in respect to other decomposition reactions, where the rate progressively decreases until 
α ~ 0.64, while simultaneously, the rates for the cellulose and secondary lignin decompositions 
reach the maximum values, fig. 4. The slight increase in the rate of the S-3 can be identified 
around conversion α ~ 0.70, which roughly corresponds to the maximum value of the z(α) func-
tion for the hemicelluloses decomposition. It is obviously, that considering the shapes of the 
z(α) functions, it can be concluded that the reaction mechanisms are quite complex, especially 
for primary decomposition pathway related to lignin molecule. Therefore, the z(α) functions 
attributed to S-3 will be analyzed separately.

Firstly, the reaction mechanisms related to S-1, S-2, and S-4 decomposition processes 
were determined and results are shown in fig. 5. Considering all heating rates, for hemicellu-
loses and cellulose decomposition reactions, as well as for the secondary decomposition reac-
tion of lignin, the order-based models F3 and F3/4 (f(α) = (1/2)(1 – α)3 (F3 model) and f(α) =  
= 4(1 – α)3/4 (F3/4 model)) dominate, especially at lower conversions (up to approximately  
α ~ 0.35) and at high conversion values (α ≥ 0.90). On the other hand, in a central and towards 
higher conversions, the rate-determining step was changed from order-based to nucleation/
growth-based model, as 2-D Avrami-Erofeev (nucleation and subsequent growth) model (f(α)  = 
= 2(1 – α)[–ln(1 – α)]1/2). For hemicelluloses decomposition, at lower conversions which was 
reflected in temperature range of 190-270 °C, the third-order (F3) reaction model governs the 
process, where dehydration and cleavage of the side chains of hemicelluloses occur, where the 
decarboxylation and decarbonylation reactions also take places. As temperature increases, and 
with transition into the higher conversion values, the fragmentation of other de-polymerized 
units takes primacy. Similar case stands for cellulose decomposition, where in the central and 
higher conversion ranges, the nucleation mechanism (A2) is reflected through the chain scission 
mechanism, indicating that the majority of pyrolysis reaction is dominated by the breakage of 
cellulosic polymeric bonds in a random manner (the obtained model can be relates to tempera-
ture-controlled nucleation and diffusion 2-D nuclei growth mechanism, where this is mostly 
closed to situation when the cellulose chains sufficiently fragmented, a grater fraction of scis-
sions will produce the volatilization). From the two-step reaction model mechanism (involving 
F3 and A2 models) for hemicelluloses decomposition, we may expect that first stage can in-
volve the competitive formation of volatiles and intermediate products, while second stage 
involves condensation and formation of bio-char and volatiles. Namely, the low molecular mass 
chains can probably act as centers for random nucleation and growth for the decomposition re-
action. This is agreement with results shown in fig. 3, where Ea obtained is significantly lower 
than Ea of cellulose decomposition. Videlicet, the homogeneous un-branched structure of cel-
lulose accounted for its well-defined decomposition temperature range and the higher Ea while 
the branched units on the hemicelluloses structure gave a lower Ea, and hence more readily to 
be broken down at a lower temperature range. So, the considering hemicelluloses and cellulose 
pyrolysis reactions, many authors performed kinetic analysis related to these pseudo-compo-
nents using first order reaction, the present study indicates that first order mechanism (which 
corresponds to random nucleation with one nucleus in the individual particle) is not suitable 
for hemicelluloses decomposition due to the large deviation existed throughout the process as 
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Figure 5. The z(α) profiles for S-1, S-2, and S-4 constituents of AKS pyrolysis at various heating rates in 
the combined reaction mechanism model (□ – experimental; colored full lines are related to theoretical 
reaction models)  

shown in fig. 5. This conclusion was in agreement with result reports published by Hu et al. 
[44] and Bar-Gadda [45]. However, for lignin secondary decomposition reaction pathway in 
conversion range of approximately ∆α = 0.35 – 0.89/0.90, the 2-D nucleation/growth reaction 
model (especially at the higher temperatures) is valid, and in agreement with results reported 
in [46]. Since the lignin contains the various oxygen functional groups which have different 
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thermal stability, the scission reactions may occur at different temperatures in a fairly large 
conversion range. In addition, the lignin with the complex and rigid cross-linked structure re-
quires more energy than hemicelluloses for pyrolysis to destroy the phenolic structure. It can 
be supposed that the main stage of lignin decomposition may involve thermal cracking of all 
linkages and conversion of methoxy substituents. This reaction is probably controlled through 
reaction order mechanism, with order of reaction higher than unity (n > 1), and due to disorder 
process mechanism [47]. 

Generally, for all observed cases, the high reaction order (F3), fig. 5, can represents 
the combination of diffusion and power-law mechanism. Due to its complex composition and 
structure, lignin decomposition is strongly influenced by its nature, the reaction temperature and 
decomposing atmosphere, with considerable effect on the conversion and product yields, as well 
as on the physical properties and quality of pyrolysis products. However, it should be noted, that 
for both, the cellulose and lignin secondary decomposition reactions, which occurs at the high 
conversions, the reaction order model with n ~ 0.75 (F3/4) exists, fig. 5. In this respect, the higher 
activation energy means a slower reaction affecting on the char formation, where the reaction 
order drops below the unity. So, the cellulose and lignin decomposition reactions at the elevated 
temperatures contribute to a large extent to the formation of char in the pyrolysis process. 

It should be emphasized that the existence of alkali metals in the ash can catalyzes 
formation of the char during pyrolysis, which has a direct correlation with chemical reactivity 
of the pyrolysis process of the AKS. Namely, the char alone, and char-supported metals are 
potential catalysts for the tar production during and even after biomass gasification. In the 
slow pyrolysis process, the lower heating rates and longer residence times favor the secondary 
cracking of vapors and thus, may lead to the higher bio-char yield. 

Figures 6(a)-6(d) shows the comparison between experimental and the model master 
plots [z(α) – α] estimated for the primary decomposition reaction mechanism, attached to lignin 
constituent (S-3) at various heating rates.

It can be observed that the primary lignin decomposition stage involves the variety of 
the reaction mechanisms. So, the rate of the process changes more intensively depending on the 
apparent change in the type of reaction mechanism as well as conversion values into products 
of the pyrolysis. Independently on the heating rate applied, with progressive increasing of tem-
perature and conversion (up to α ~ 0.62), the process at this stage starts with cleavages of the 
β–β and C–C linkages between lignin monomeric units, where the recombination of the formed 
radicals leads to guaiacyl and syringyl compounds [48]. However, guaiacols and syringols are 
intermediate decomposition products and their amount decreases with an increasing of pyrol-
ysis temperature. 

This is accompanied by the decrease in the reaction rate, where transformation 
is followed by non-integer reaction order as F3/2 [f(α) = 2(1 – α)3/2], fig. 6. After that, the 
slight increase of the process rate can be identified, and in further progression, the 2-D dif-
fusion (G7) (f(α) = 4{(1 – α)[1 – (1 – α)]1/2}1/2) and nucleation (P2/3) [f(α) = (2/3)α–1/2] phe-
nomena occur, fig. 6. Realized events in this case indicate that the primary lignin decompo-
sition step represents the slowest step in entire pyrolysis process of AKS where in a great 
manner contributes kinetically characterized reaction, fig. 6. In the conversion range of  
Δα ~ 0.62-0.80, the decomposition mechanism refers to the diffusion in 2-D, where this mech-
anism may suggest grater decomposition of lignin at higher temperatures, leading to the higher 
volatility rate from this constituent. In an addition, the char pore lattice defects can be consid-
ered as significant factor since these defects promote reactivity and the diffusion of the material. 
At the very end of this stage (above conversion, α ~ 0.90), fig. 6, the nucleation mechanism 
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takes place. At that moment, the nucleation reaction pathway can indicate on the presence of 
the active zones more chemically liable to the thermal decomposition. Overview of all existing 
pyrolysis rate equations formed from the estimated reaction mechanism models for every con-
sidered constituent of the AKS sample is presented in tab. 3.

The established kinetic parameters and models presented in this work were confirmed 
through four-step (parallel) kinetic modeling of AKS slow pyrolysis, which was presented in 
our previously published study [19].

Conclusions

In this study, the kinetic pyrolysis characteristics of AKS samples are analyzed using 
the combined isoconversional (model-free) and master-plots analyses. The results report op-
portunity to separate pyrolysis reactions of hemicelluloses, cellulose, primary and secondary 
lignin as main constituents in the investigated waste biomass. It was found that the decompo-
sition reactions of hemicelluloses and cellulose correspond to the order-based reaction mech-
anisms and the random scission mechanism. The lignin decomposition is a more complex, 
which proceeds, through the primary and secondary reaction pathways. It was found that de-
composition of lignin involves the combination of the effects of the non-integer order-based, 
the 2-D diffusion as well as nucleation mechanisms. It was assumed that the formation of the 
aromatic hydrocarbons from lignin constituent is the exceptionally high, due to the vigorous 
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Figure 6. The z(α) profiles for S-3 related to lignin primary decomposition reaction 
mechanism in AKS pyrolysis, which includes combined reaction mechanism model 
at various heating rates (□ – experimental; colored full lines are related to theoretical 
reaction models)  
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dehydroxylation of the phenol-type compounds enhanced by the inorganic impurities located 
inside the AKS samples. It can be assumed that accumulation/growth of polycyclic aromatic 
hydrocarbons (PAH) can be expected in solid residue (bio-char), since that PAH with larger 
molecular weights exhibit high stability (their bond dissociation energies spread up to 1000 kJ/
mol) at high operational temperatures. Since that in this work, the secondary lignin cracking 
reactions take place, the more volatiles liberation and forming of aromatics amorphous carbon 
structures should be expected to occur. 

The detailed explanation of the mechanistic scheme related to thermal decomposition 
of every biomass constituent was exposed in this study. The complete list of rate-law equations 
that exist during slow pyrolysis of AKS sample was also provided. 

Table 3. The rate-law equations that exist during the complex process of slow pyrolysis 
of AKS sample, including decomposition behavior of individually separated biomass 
constituents, marked by S-1, S-2, S-3, and S-4, respectively, (in a given table, the 
differential form of reaction mechanism functions, f(α), are presented)
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Based on lab-scale thermochemical conversion experiments performed in this work, 
it can be concluded that waste biomass (AKS) has a good potential for production of bio-char 
(from dynamic TA measurements the averaged bio-char yield is about 27%) and chemicals 
(tar). However, the bio-char yield greatly depends on the adaption of pyrolysis type. Slow 
pyrolysis performed at longer residence time and at a moderate temperature (between 350 °C 
and 550 °C) results in higher yield of biochar, than fast pyrolysis or gasification. Therefore, the 
results of this study may serve as a favorable platform for future research related to fast py-
rolysis and torrefaction experiments, in order to obtain high yields of liquid (bio-oil) and solid 
(bio-char) products.
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Nomenclature
A – preexponential factor
dp – hole size
Ea, mean – mean activation energy
HHV – higher heating value, [kJkg–1]
LHV – lower heating value, [kJkg–1]
mf – final biomass sample 
mo – initial biomass sample 
mT – current biomass sample at arbitrary T and 

at the time t
n – reaction order
T – temperature, [K]
t – time, [min]

VM – volatile matter, [%]

Greek symbols

α – conversion, [–]
β – heating rate, [°Cmin–1]

Acronyms

AKS – apricot kernel shell
DTG – derivative thermogravimetry
FC – fixed carbon
TA – thermoanalytical
TGA – thermogravimetric analysis
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