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Abstract

This study focuses in determining the pyrolysis kinetics for the husk of the Corylus avellana grown in Chile as a first step for
determining the energy and chemical potential, and as an alternative of the disposal method of this biowaste in Chile.
Thermogravimetric analysis (TGA) was performed on hazelnut husk sample at heating rates of 10, 20, 30, and 40 °C/min under
nitrogen atmosphere (50 mL/min). The results were analyzed using three different kinetic models to determine the activation energy
(Ea) and pre-exponential factor (A): the isoconversional methods of Kissinger-Akahira-Sonose (KAS), Ozawa-Flynn-Wall (OFW),
and the Coats-Redfern method. The TGA results revealed a multi-stage pyrolysis process, beginning with dehydration and followed
by the decomposition of hemicellulose and cellulose, culminating the formation of char (lignin content). The analysis demonstrated
a clear dependence of the decomposition rate on heating rate, with faster heating rates resulting in higher peak temperatures. This
effect is attributed to variations in heat transfer efficiency within the biomass particles. Applying the KAS and OFW isoconversional
methods yielded an average activation energies of 121 kJ/mol and 126 kJ/mol. The Coats-Redfen method provided the corresponding
pre-exponential factors. A detailed analysis of the activation energy and pre-exponential factor as a function of conversion degree
was performed, revealing a non-linear relationship and providing insights into the reaction mechanism of the hazelnut husk. A
comparative analysis with existing literature on the pyrolysis of similar biomass showed good agreement between the results
obtained in this study and previously published data. Understanding the thermal behavior of the hazelnut husk offers a key
information for the design and optimization of bioenergy and bio-chemical processes utilizing this underutilized resource.
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1. Introduction

Fossil fuel play a key factor in the economy and everyday aspect of life; however, an increase of the environmental concern over its
effects on the environment has created the need for the search of renewable energy sources [1]. With the global increase in population and
economical demands, the use of fossil fuel has increased, which has led to an alarming rise of greenhouse emissions [2]. Among the possible
alternatives is biomass, which is cleaner option, is renewable, and sustainable [3,4]. The use of biomass can reduce the dependence of fossil
fuels and has a positive environmental impact, such as the reduction of carbon dioxide emissions [5,6].

Chile has made significant advancements in renewable energy, especially in solar and wind power, which have rapidly increased their
percentage in the energy mix of the country [7]. In recent years, biomass use has remained practically stable; in fact, in 2021 it decreased
only by 0.5% [7]. In this regard crude oil and carbon consumption, has been declining over time, largely due to the rise in renewable energy
sources [7]. Notably, between 2016 and 2021, biomass usage in Chile decreased by percentage from 23% to 19% of total energy
consumption, due to the increase of other cleaner energy source [7,8].

Chile is the largest producer of hazelnuts in the Southern Hemisphere and the fifth largest in the world [9]. In terms of cultivation area,
hazelnuts are the third most widely planted crop and occupy 9.77% of Chile's total cultivated land [10]. The husks generated during hazelnut
production are typically disposed of through combustion, landfill, or composting [11,12]. It’s important to note that only the kernel is
consumed, which can make up 25% to 67% of the hazelnut, the rest is the husk [13]

Pyrolysis is a widely utilized method for converting waste biomass into valuable chemicals and fuels [13]. This crucial thermochemical
conversion process effectively transforms biomass—such as wood, agricultural residues, and other organic materials—into both gaseous
and liquid fuels [14]. During pyrolysis, these organic materials are subjected to high temperatures in the absence of oxygen, which prevents
combustion and allows the biomass to decompose into simpler compounds.

A key factor in efficiently converting biomass into energy is understanding the thermal decomposition kinetics involved in the process
[15]. To explore this, a thermogravimetric analysis was conducted to determine the kinetics of hazelnut husk cultivated in Chile.

2. Material and Methods
2.1 Materials and Sample preparation
This study focused on local produced hazelnut husk. The hazelnut husk was initially grinded and left drying in an oven at 70°C for 24
hours, afterwards the samples were could in a desiccator until they reached room temperature. The husks were grinded with a household
coffee grinder and sieved with a 40 and 200 ASTM mesh.

2.2 Thermogravimetric analysis
The pyrolysis kinetic analysis was conducted using a TA Q600 SDT Simultaneous Thermal Analyzer, which measures both weight
(TGA) and differential heat flow (DSC). The analysis was performed under a nitrogen atmosphere at a constant flow rate of 50 mL/min.
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Samples were studied at four heating rates: 10, 20, 30, and 40 °C/min, corresponding to weights of 23.46 mg, 1.31 mg, 11.15 mg, and 10.60
mg, respectively. The temperature range for heating was from 30 to 1000 °C.
2.3 Kinetic analysis

The kinetics of the pyrolysis reaction were carried out using the data obtained from the thermogravimetric analysis. Three different
kinetic models were applied: the isoconversional model Kissinger-Akahira-Sunose (KAS), Ozawa-Flynn-Wall (OFW), and the Coats-
Redfern (CR) method. The isoconversional methods allows for the determination of the kinetic parameters without the knowledge of the
reaction mechanism [12]. In these methods, for a constant extent of conversion (o), the rate depends only on the temperature, and the reaction
kinetics are not related to the heating rate [12,14,16]. Additionally, it is assumed that the conversion of raw materials into products is a one-
step process [12,16].

The normalized conversion of the raw material decomposition can be defined as [17]:

o= D

mo—ms

where mo correspond to the initial mass of the sample, m: is the mass at time t and my is the mass at time infinite.
The rate of the reaction can be described by the following equation

d
5 K(Df(@) @
Where f(a) represents the reaction model, while K(T) is the rate constant expressed by the Arrhenius law as:

2
K(T)=Ae" rr 3)
Where E. is the activation energy and A is the pre-exponential factor. By substituting equation 3 into equation 2:

Ea
= = AewPf(0) “

Considering that temperature is a function of time and that it increases with a heating rate 3, then § can be written as:

dT _ dT do
Pa = aat ®)
Combining equation 5 with equation 4, and rearranging, we have:
g(a) = [F2 = Tée(_%)dT zﬂfwu‘ze'”du =2Eap(y) (6)
0 f(ey -0 BR X BR

Where X is ﬁ. Because the function P(x) has no exact solution, equation 6 can be solved by numerical methods or approximations. The
name of isoconversional methods differs depending on the type of approximation method used.

2.3.1 KAS method
The Kissinger-Akahira-Sunose (KAS) method uses the approximation P(x)=x2e™ from equation 6. After rearranging the equation 6, it
can be expressed as:
BY — 1 [AEa] _ Ea
In (F) =ln [Rga] RT 0

In the graph of In(3/T?) versus 1/T, the slope is given by -E+/R, where R = 8.314 J/mol K. By varying the conversion range from 0 to 1, the
activation energy Ea can be determined for different progressive conversion values.

2.3.2 OFW method
The Ozawa-Flynn-Wall (OFW) method utilizes the Doyle approximation [18], which can be expressed as log(P(x)) = -2.315 — 0.457x.
By rearranging the equation 6, it can be expressed as:

n(£)=m [i] ~2.315- 045752 ®)

T2 Rga

In the graph of In(B/T?) versus 1/T, the slope is given by -0.457 Eo/R, where R = 8.314 J/mol K. As mentioned above in the KAS method,
by performing calculations for conversion values from 0 to 1, the activation energy can be calculated for progressive conversion values.

2.3.3 Coats-Redfern method
This method does not provide an approximation based on the Arrhenius equation. While the KAS and OFW methods are adequate for

calculating activation energy, the Coats-Redfern method is suitable for determining the pre-exponential factor. The rate of the reaction can
be express as:

KM - ) ©)

By rearranging equation 9:
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By integrating the equation 10 and using the method given by Wang et al [19]. It is possible to set the integrating the limits between o, = 0 at
T=0and o =a at T="To gives:
a 1 _ (A _Ea
Jy o = e ar an
By integrating (1-o) and the e(-Eo/R) in equation 11, the following expression can be obtained:
1-(1-c)!™™  ART? __2RT _Eg
1-n PEg (1 Ea)e( RT) an
By multiplying by a logarithm, expression 11 can be expressed as:
1 1-(1—0)1™™ ART? 2RT Eq
In(F =) = i ( e (1~ E—a)) G (12
Assuming (1-2RT/Ea) = 1 and the reaction order of n = 1, equation 12:
-9\ _ AR (1 _2RT\) _Eal
ln( T2 ) =In <BEa (1 Eq )) RT 2

A linear regression can be employed where the slope is Eo/R and the intercept is In(AR/BE.)

3. Results and discussion
3.1 Thermogravimetric analysis

The thermogravimetric analysis shows the percentage of mass loss as the temperature rises. If multiple weight loss is present, it indicates
different decomposition process. Typically, this process are moister removal, organic compound decomposition, and ash formation. The
curve's shape helps identify thermal stability and the temperatures at which various components oxidize or decompose. Fig 1 shows the
TGA and DTG of the pyrolysis of the four different heating rates. Form Fig 1. the shapes of the TGA and DTG curves for the different
heating rates follow the same form but differ when the moister is removed and the organic compounds for the rate 40 °C/min.

(a) Temperatire '

Ja /AN
Ij/ *\}\1__‘_/1/ /\\__' —

400 500

(b) Teperstire

Fig. 1 (a) TGA and (b) DTG curves for the hazelnut husk at different heating rates.
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The initial mass loss occurs between 42°C and 188°C, resulting in a mass reduction of 7% to 9% across four heating rates. This loss
primarily reflects the evaporation of moisture and mainly the intracellular water from the husk. The subsequent mass loss associated with
organic decomposition starts at 249°C and continues until 510°C, with a percentage reduction of 52.58% to 65.17%. Finally, the ash content
ranges from 2.7% to 23.01%. From Fig. 1 (b), it is possible observe that the increase in heating rates merely raises the maximum temperature
without altering the thermal decomposition profile. However, for the 40°C/min ramp, there is a noticeable rightward shift, which can be
attributed to a change in composition. Due to the shift the three models were analysed with and without the 40 °C/min ramp.

3.2 Decomposition kinetics

The activation energy (Ea) for the hazelnut husk was determine by using isoconversional models KAS and, while the Coats-Redfern
method was used to obtain the pre-exponential factor.

For the KAS model, the activation energy can be estimated based on the equation 7, and can be determine from the linear transformation
of In(B/T?) versus 1/T. The activation energies for each conversion rate are plotted in Fig. 2, and the calculated activation energies along
with the regression coefficients for each rate are listed in Table 1.

Table 1 shows that correlation at conversion rates above 0.8 is low, leading to their exclusion from the analysis. Additionally, both graphs
reveal low correlation at conversion rates of 0.1, 0.7, and 0.8. Thus, the study focuses on conversion rates between 0.2 and 0.6. For this
interval, the estimated activation energies were close to each other and the average for all the ramps was 121,52 kJ/mol and without the
40°C/min ramp 105,65 kJ/mol.
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Fig. 2 Kinetic analysis with KAS model (a) All ramps and (b) not considering ramp 40°C/min
Tab. 1. Activation energy and R? for KAS model.
All the Ramps Without the 40 °C/min ramp
o
Ea (kJ/mol) R? Ea (kJ/mol) R?
0,1 54,75 0,582 49,74 0,946
0,2 120,41 0,897 105,20 0,990
0,3 120,83 0,797 102,67 0,971
0,4 108,70 0,681 96,64 0,991
0,5 127,04 0,731 110,93 0,998
0,6 130,63 0,760 112,79 0,996
0,7 25,52 0,200 33,20 0,770
0,8 -1,31 0,001 20,61 0,905
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For the OFW model, the activation energy can be estimated based on the equation 8, and can be determine from the linear transformation
of In(B) versus 1/T. The activation energies for each conversion rate are plotted in Fig. 3, and the calculated activation energies along with
the regression coefficients for each rate are listed in Table 2.

From Table 2 is possible to observe the same correlation as in KAS model, therefore the conversion rates that are gone to be analyses
are between 0.2 and 0.6. For this interval, the estimated activation energies were close to each other and the average for all the ramps was
125,63 kJ/mol and without the 40°C/min ramp 109,99 kJ/mol.
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Fig. 3 Kinetic analysis with OFW model (a) All ramps and (b) not considering ramp 40°C/min
Tab. 2. Activation energy and R? for OFW model.
All the Ramps Without the 40 °C/min ramp
o
Ea (kJ/mol) R? Ea (kJ/mol) R?
0,1 60,3 0,652 55,61 0,960
0,2 126,3 0,910 108,96 0,992
0,3 124,1 0,821 106,86 0,975
0,4 112,9 0,718 101,45 0,993
0,5 130,6 0,761 115,33 0,998
0,6 134,3 0,787 117,33 0,997
0,7 35,1 0,344 42,33 0,860
0,8 10,6 0,009 31,49 0,965

From the analysis of KAS and OFW models, the activation energies in relation to the conversion rates ranges are between 0,2 and 0,6.
The resulting activation energies are close in average for the each of the ramps set use.

The activation energy versus the conversion rate for the two data set can be seen in Fig. 4. The estimated activation energy for pyrolysis
increases for the husk between o 0,1 to 0,2 and then decreases for o higher that 0,7. Comparing Figures 4a and 4b, it is evident that excluding
the 40 °C/min ramp results in lower activation energy.
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Fig. 4. activation energy versus the conversion rate (a) All ramps and (b) not considering ramp 40°C/min
To validate the kinetic parameters, the pre-exponential factors based on conversion were determined using the Coats-Redfern method.
The activation energies obtained from the more reliable KAS and OFW methods were then used to calculate the pre-exponential factor, as

shown in Table 3 (all the ramps) and Table 4 (without ramp 40°C/min). Note that the reaction order was not assessed in this investigation.

Tab. 3. Pre-exponential factor (A, min™) calculated from Coasts-Redfern.

Conversion B =10°C/min B =20°C/min B =30°C/min B =40°C/min
a KAS OFW KAS OFW KAS OFW KAS OFW
0,1 1,16E+06 1,39E+08 2,32E+06 2,79E+08 3,49E+06 4,18E+08 4,65E+06 5,57E+08
0,2 1,71E+12 1,05E+11 341E+12 2,11E+11 5,12E+12 3,16E+11 6,82E+12 421E+11
0,3 4,02E+11 5,68E+10 8,03E+11 1,14E+11 1,20E+12 1,70E+11 1,61E+12 2,27E+11
0,4 1,44E+10 1,31E+10 2,88E+10 2,63E+10 432E+10 3,94E+10 5,76E+10 5,25E+10
0,5 2,78E+11 5,27E+10 5,56E+11 1,05E+11 8,34E+11 1,58E+11 1,11E+12 2,11E+11
0,6 3,09E+11 5,71E+10 6,18E+11 1,14E+11 9,27E+11 1,71E+11 1,24E+12 2,28E+11
0,7 1,47E+02 2,87E+06 2,95E+02 5,74E+06 4 42E+02 8,61E+06 5,90E+02 1,15E+07
0,8 -5,26E-02 1,09E+05 -1,05E-01 2,17E+05 -1,6E-01 3,26E+05 -2,10E-01 4,34E+05
Tab. 4. pre-exponential factor (A, min™) calculated from Coasts-Redfern.
Conversion B =10°C/min B =20°C/min B =30°C/min
a KAS OFW KAS OFW KAS OFW

0,1 2,87E+05 7,30E+07 2,32E+06 2,79E+08 3,49E+06 4,18E+08

0,2 2,98E+10 1,66E+10 3,41E+12 2,11E+11 5,12E+12 3,16E+11

0,3 7,56E+09 9,34E+09 8,03E+11 1,14E+11 1,20E+12 1,70E+11

0,4 1,02E+09 3,94E+09 2,88E+10 2,63E+10 4,32E+10 3,94E+10

0,5 9,70E+09 1,15E+10 5,56E+11 1,05E+11 8,34E+11 1,58E+11

0,6 8,34E+09 1,11E+10 6,18E+11 1,14E+11 9,27E+11 1,71E+11

0,7 6,04E+02 5,70E+06 2,95E+02 5,74E+06 4 42E+02 8,61E+06

0,8 2,20E+01 1,35E+06 -1,05E-01 2,17E+05 -1,6E-01 3,26E+05

When comparing the pre-exponential factors from this analysis with previous research (Selim & Topcu, 2014), it is observed that the
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heating rates of 10 and 20 °C/min are significantly higher than those reported before. This discrepancy may be attributed to the inaccuracy
of the Coats-Redfern model when n=1 [12].

4. Conclusion

Thermogravimetric analysis of the hazelnut shell from Chile enabled the determination of activation energy. The average activation
energies calculated using the KAS and OFW models, with and without the 40°C/min ramp, differed by 3.3% and 3.9%, respectively,
indicating that both models yield similar results. Specifically, the activation energy for the KAS model was 121.52 kJ/mol with the ramp
and 105.65 kJ/mol without it, while for the OFW model it was 125.63 kJ/mol with the ramp and 109.99 kJ/mol without it. Additionally,
any change in composition can influence the results, as shown by the comparison of activation energy outcomes between all ramps and
shown in the case of excluding the ramp for 40°C/min.
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