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Abstract

Catalytic pyrolysis is an attractive alternative for converting biomass into energy and
chemicals to replace fossil sources. This has encouraged the search for efficient catalysts that
can directly remove oxygenated products during pyrolysis, since they are the main problem in
the processing and use of the products obtained. The catalytic and non-catalytic pyrolysis of
medium density fiber (MDF) over beta zeolite-supported nickel (3 and 5%) was performed
using the biomass/catalyst of 1.0/0.2 ratio. The thermokinetic and thermodynamic
parameters were determined using the isoconversional and non-isothermal methods of Flynn-
Wall-Ozawa (FWO), Kissinger-Ahakira-Sunose (KAS) and Friedman. In addition, the master
plots by the Criado method were used to determine the most suitable theoretical solid-state
mechanism. The thermodynamic parameters were also obtained using the Friedman method.
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The results showed that the addition of the catalyst decreased the activation energy and
affected the initial, final and maximum decomposition temperatures, which was related to the
superficial acidic sites of beta zeolite that promote cracking and hydrocracking reactions.
Nickel further decreased this parameter due to the activity of this metal in
hydrodeoxygenation/deoxygenation, oligomerization and dehydration. The Friedman method
provided the best correlation coefficient among the methods and was used to determine the
thermodynamic parameters. The results showed that E; increases in the order: MB3Ni <
MB5Ni < MB < M.
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1. Introduction

The growing demand for clean energy and the requirements for sustainability worldwide have
led government agencies to adopt stricter laws to minimize the environmental impact of using fossil
sources. Therefore, replacing oil gas with renewable sources has been recognized as the most
efficient route to decrease greenhouse gas emissions. Among several possibilities proposed, the
production of biofuels and biochemicals from biomass has significant advantages because of high
availability and low cost, besides being renewable [1-4].

Several thermochemical and biochemical routes have been proposed for producing energy and
chemicals from biomass, and pyrolysis is considered one of the most promising processes, because
of its flexibility, low cost, and simplicity. In addition, different biomasses can be directly used,
avoiding their separation into cellulose, hemicellulose, and lignin. However, when biofuels are
desired, a further step is needed to remove the oxygenated compounds from bio-oil [5, 6]. These
compounds cause undesirable properties to bio-oil such as high water content (15-25% by weight),
low calorific value (22-30 MJ kg!), high total acidity index (100-200), high viscosity (25-1000 m? s%),
high oxygen content (15-30%) and high instability which increase corrosiveness and chemical
instability. A more economic and simpler process is to carry out pyrolysis over a catalyst, removing
the oxygenated compounds in situ and avoiding the next step [7].

Among the catalysts proposed for pyrolysis, zeolites have been considered as the most efficient
ones, due to their high specific surface area, multiple channel system, high acidity and shape
selectivity [8]. Beta zeolite, for instance, is highly selective to benzene, toluene, ethylbenzene, and
xylenes (BTEX) [9], which are high-value chemicals in several industrial processes [9]. In addition, it
has high catalytic activity, selectivity, and resistance to deactivation, in various reactions such as
cracking, alkylation and acylation of aromatic hydrocarbons and hydroisomerization of alkanes [10,
11]. Beta zeolite is a high silicon content structure consisting of a 3D channel system with rings of
12 members which results in a large pore crystalline aluminosilicate with hydrothermal stability,
high surface acidity and hydrophobicity [12, 13].

Despite its importance, biomass pyrolysis is not completely understood because of the
complexity of the biomass matrix and the multiplicity of reactions that can occur during pyrolysis
[14, 15]. Furthermore, other factors can affect the process, like intraphase and/or interphase
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transport phenomena, particle size and operational parameters such as heating rate, temperature,
and type of reactor. The understanding of pyrolysis is fundamental for designing industrial-scale
processes and choosing the most suitable catalyst to obtain commercially valuable products[16]. To
better understand pyrolysis, two strategies are generally adopted: the prediction of the pathway
reaction by monitoring and quantifying the products and the determination of the thermokinetic
and thermodynamic parameters [17].

Several techniques can be used for the determination of kinetic parameters from non-isothermal
thermogravimetric analysis, such as isoconversional fit and free models, which provide information
related to the energy required for the pyrolysis reaction in a temperature range [18].
Isoconversional fit models use a single heating rate while free models calculate the thermokinetic
parameters from curves obtained at different heating rates [16]. Isoconversional fit methods
assume that the entire process can be simplified to a single-step equation without the need for
analysis of intermediate processes. These models have been used for studying pyrolysis. For
instance, Volli et al. (2021) used the Friedman differential isoconversional free model to determine
the kinetic parameters of agricultural residues (sawdust, black tea, barley, bagasse, rice husk, and
corncob), during non-catalytic pyrolysis [19]. Carvalho et al. (2020) used the Friedman model to
predict the effect of alkaline treatment on Pachira aquatica A. biomass [20] and Castro et al. (2020)
used both model-free (Friedman) and model-fit (Criado) to study the effect of chemical pre-
treatment on the behavior of pseudo-components of Nephelium lappaceum L [21]. All these values
are needed to simulate and design industrial processes, therefore, making the experimental
research of great importance [16]. In this study, the thermokinetic parameters of residues of
medium density fiber (MDF) of pyrolysis over beta zeolite-supported nickel were determined by
Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS) and Friedman isoconversional methods.
In addition, the Criado method was used to identify the theoretical solid-state reaction mechanism
that best fits the data.

This study intends to fit the lack of understanding of catalytic MDF pyrolysis. To the best of our
knowledge, no thermokinetic study has been performed concerning MDF decomposition over beta
zeolites. The study will provide a deeper understanding of the role of the catalyst in affecting the
reaction network, thermokinetic and thermodynamic parameters during pyrolysis.

2. Materials and Methods
2.1 Biomass Pretreatment

The method of pre-treatment, as well as the chemical composition of MDF residues (M sample)
were described in previous work [9]. Before the pyrolysis experiments, the pretreated biomass was
dried at 40°C for 12 h and the particles ranging in size from 0.25 to 0.43 mm (40-60 mesh) were
selected for the experiments.

2.2 Catalyst Preparation

Beta zeolite was prepared according to the methodology described by Vaudry [22], with some
modifications. In brief, silica is extracted from coal ash obtained from a thermoelectric plant. The
amount of silica in each coal ash batch (received from the plant) was determined to obtain the same
Si/Al molar ratio by different preparations. The gel composition obtained was 1.5 Na,0/1Al,03/30
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Si02/8.4 TEAOH/315 H,0, where TEAOH was tetraethylammonium hydroxide. The sample was ion-
exchanged using ammonium nitrate at 80°C for 3 h. The beta zeolite acidic form (B) was
impregnated with a nickel nitrate solution to get solids with 3% and 5% w/w, which were dried at
110°C for 24 h and heated (2°C min!) to 550°C, being kept at this temperature for 5 h. The catalysts
were named B3Ni and B5Ni according to nickel concentration in the solids.

2.3 Catalyst Characterization

The characteristic structure of zeolite beta in the samples was confirmed through X-ray
diffraction. The experiments were carried out in an Ultima IV model Rigaku equipment, using CuKa
radiation generated at 40 kV and 17 mA and a monochromator. The analysis was performed in a 2
0 scan range from 5° to 50°, with a goniometer speed of 3°-min’. The chemical analysis of the
samples was carried out by the Flame Atomic Absorption Spectrometry - FAAS technique in an
AAnalyst 200 model Perkin-Elmer equipment. A hollow cathode lamp (LUMINATM Hollow Cathode
Lamp - Perkin-Elmer) was used. Specific surface area and porosity measurements of the catalysts
were performed through nitrogen adsorption/desorption, at 77 K, in a TriStart 1l 3020 model
Micromeritics equipment.

2.4 Biomass/Catalyst Ratio

To compare the activity of the catalysts, pure beta zeolite was evaluated besides beta zeolite
supported nickel (3% and 5%). Moreover, MDF non-catalytic pyrolysis was also performed. The
biomass (M) and the catalyst (1/0.2) were mixed to produce MB, MB3Ni (3% Ni) and MB5Ni (5% Ni)
samples.

2.5 Thermogravimetric Analysis

The MDF pyrolysis was carried out on TGA Q50 equipment (V6.7 Build 203, Universal) using
approximately 7.0 mg of sample. The oven was heated from 25°C to 900°C at heating rates (B) of 5,
10, 15 and 20°C min! under nitrogen flow (60 mL min). The data obtained by the equipment
software were converted into csv files and exported to Excel for calculation.

2.6 Kinetic Analysis

The basis of isoconversional methods is to consider the chemical process as a general, single-step
equation which can be described by the fundamental relationship shown in Eq. 1, where k(T) is the
rate constant, f(a) is a function related to the chosen reaction model and a represents the
conversion degree. The term a can be calculated as shown in Eq. 2, where mo and ms are the initial
and final weight of the sample, respectively, and m: is the weight at any given time. The rate
constant k and its temperature dependency are described by the Arrhenius equation (Eg. 3), where
A is the pre-exponential factor, E, is the activation energy, R is the gas constant, and T is the
temperature.

da _ 1
— = k(Df (@) ™
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a

(2)

E,
k(T) = Aexp (— ﬁ) (3)

Eg. (3) defines a basis for using differential kinetic methods that can be applied at any
temperature program, isothermal or non-isothermal, relating reaction rate, conversion fraction and
temperature [21]. Under non-isothermal conditions, the heating rate (B) can be expressed by Eq. 4,
where dT is an infinitesimal temperature change. Substituting the Eq. 3 and 4 into Eq. 1, we get Eq.
5, where f(a) is an algebraic equation that can be associated with the physical models that
commonly represent the kinetics of solid-state reactions, as described in Table 1.
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Table 1 Mathematic expressions for f(a) and g(a) according to different solid-state reaction mechanism models.

Mechanism fla) g(a) Abbreviations
Power law. n = % 2a1/? al/? P2
Power law Power law. n = % 3a%/3 al/3 P3
Power law. n = % 43/ al/* Ps
First-order reaction 1-a —In(1—-a) F1
Chemical Second-order reaction (1 - a)? 1-—a)t—1 K
Reaction Third-order reaction (1-a)d [(1—-a)™%—-1]/2 Fs
n-order reaction (1—a)” [(1-a) ™V —-1]/(n—1) Fn
One-dimensional diffusion 0.5a a’ D1
Two-dimensional diffusion [-In(1—-a)]? l1—-a)ln(l—a)+a D,
Diffusion
reaction Three-dimensional diffusional-Jander 1.5(1-a)?*[1 -1 -a)V3]' [1-(1-a)/3)? D3
Three-dimensional Gistling-Brounsthein ~ 1.5[(1 — a)~%/3 — 1]7! (1 — 2?“) —(1—a)?3 D4
) ) One dimension 1 a R1
:::;z:tafaaal Two dimensions 2(1 — )2 1-(1-a)/? R2
Three dimensions 3(1—a)?/3 1-(1—-a)'/3 R3
Nucleation and Two dimensional 2(1 — &)[-In(1 — a)]/? [—In(1 — a)]¥/2 A,
growth reaction  Three-dimensional 3(1 — a)[~In(1 — a)]?/3 [—In(1— a)]*/3 As
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dT
b= (4)
d
5 (37) = dexp (~22) @ (5)
Eq. 5 is introduced into the function g(a) = fo mto obtain Eq. 6.
% da Tr1, -E
g(C() = . m: Li E(AQRT)dT (6)

2.6.1 FWO Model

Ozawa [23] and Flynn-Wall [24] independently developed an iso-conversional integral method
for non-isothermal data, as shown in Eq. 7.

) 5331 — 1,052 22 )

1 —I(AE
nf =In RT

Rg(a)

In Eq. 7, by plotting of In(B) vs. 1/T for each conversion degree at several heating ratios, the

activation energy can be calculated from the slope of the line, and the pre-exponential factor (A)
can be obtained from the y-intercept.

2.6.2 KAS Model

The Kissinger method was developed by Homer E. Kissinger in 1957 [25]. Due to its simplicity and
versatility, except that no reaction mechanism is required to determine the kinetic parameters, it
became one of the most popular approaches for determining kinetic parameters via thermal
analysis [26]. The Kissinger-Akahira- Sunose [27] method is based on Kissinger method and allows
the calculation of activation energy and frequency factor as shown in Eq. 8.

() ae)

2.6.3 Friedman Model

Friedman method [28] is a differential isoconversional model used to determine the activation
energy (Ea) and the frequency factor (A). It is derived directly from Eq. 5, applying the natural
logarithm as shown in Eq. 9.

d E,
In (857 = In(4) + Inlf (@)] - 7= 9)

For a specific conversion at different heating rates, the straight line obtained by In[B(da/dT)] vs
1/T plot provides the activation energy through the slope, while the pre-exponential factor (A) is
obtained from its intercept.
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2.6.4 Master Plot Modified Method

Criado method [29, 30] has been used to estimate the theoretical solid-state reaction mechanism
based on Eq. 10, where x = Ea/RT and m(x) approximates the temperature integral which cannot
be expressed in a simple analytical form. To reduce the computational errors, the Senum-Yang
approximation was used in this study, which is lower than 10°% when x > 20. The experimental
curve can be defined by Eq. 10 and 11, where P(x) is expressed by Eq. 12 [31], where f(a) and g(a)
are different solid-state reaction models shown in Table 1 [32].

da/dt

Z(a) = 3 w(x)T (10)
daE, (__Ea)
Z(a) = IR e\RT JP(x) (11)
X x3 + 18x2% + 86x + 96

e
P(x) = " (12)

“x* + 20x3 + 120x2 + 240x + 120

To increase the accuracy of determining the decomposition mechanism, the algebraic equation
derived from the Pythagorean Theorem (Eq. 14) is used to measure the distance between two points
in a Cartesian plane, since the x-axis is shared by both experimental and master curves. The master
plot as a function of conversion (a) can be obtained by Eq. 13, where x, = xa represents the x
coordinate of the master plot and the experimental curve, related to conversion (a). y, represents

the y coordinate Z(a')/Z(O 5) of the experimental curve and ya represents the y-axis coordinate

g(a’)/g(o 5) of the master curves. Eq. 14 was applied to all experimental curves compared to the

master plot under study, with the nearest distance value of 0 (zero) modeling the reaction for a
specific conversion (a).

Z(a) = f(a) - g(a) (13)

d = (xp = x2)? + (¥ — Ya)? (14)
2.6.5 Thermodynamic Parameters

The thermodynamic parameters were obtained from Eq. 15, 16 and 17, where Ky, h and Tn
represent the Boltzmann constant (1.381 x 10723 J K1), Plank constant (6.626 x 1073* J s) and DTG
(derivative thermogravimetry) peak temperature, respectively.

AH = Ea — RT (15)

K,T,
AG = E, + RT,, ln( hA"‘) (16)
AS = (AH — AG)/T,, (17)
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3. Results
3.1 Catalysts Characterization

The formation of the beta zeolite was confirmed by X-ray diffraction. For all cases (Figure S1),
peaks at 8° and 22° were detected, which are characteristic of the zeolite structure [9, 10]. All
samples showed the same X-ray diffraction pattern and those containing nickel showed an increase
in intensity at 44°, due to the overlap of nickel and zeolite peaks. The results of the chemical analysis
of the catalysts were shown in Table S1. It can be noted that the values of the Si/Al ratio decreased
slightly due to the addition of nickel, regardless of its content, indicating a loss of aluminum during
the incorporation of nickel. Also, nickel contents were higher than expected, indicating that some
zeolite was lost during nickel impregnation. In addition, the samples showed high specific surface
areas, which is consistent with previous work [9]. After nickel impregnation, no change in this
parameter was noted and the observed differences were within the experimental error.

3.2 Thermogravimetry Analysis

Figure 1 showed the TG and DTG curves, whose profiles were typical of both catalytic and non-
catalytic pyrolysis for lignocellulosic materials. Two main weight losses and a pseudo stationary
decomposition as the third stage can be noted [33, 34], which extended to the end of the analysis.
Moreover, as the heating rate increased, the curves were shifted to higher temperatures, regardless
of the catalyst. This finding may be related to the thermal hysteresis in the heat transfer and kinetic
of MDF pyrolysis at different heating rates. Furthermore, higher heating rates decreased resistance
to heat and mass transfer, thereby providing energy for endothermic reactions [35]. The first stage
occurs from the beginning of analysis to approximately 130°C and corresponds to volatile
compounds associated with the residual nitrogenated components from MDF treatment [36] and
adsorbed water. As shown in Table 2, the values were similar among the samples regardless of the
catalyst, which illustrates the results obtained at 10°C min’. The second stage is more pronounced
and can be considered the main decomposition event since the biomass components are
decomposed in this temperature range. It starts around 200°C and rises to 430°C, comprising a
conversion fraction range (a) of around =10-85%. It is related to the decomposition of hemicellulose
(200-350°C), cellulose (300-375°C) and lignin (250-500°C) [20, 37]. At this temperature range,
biomass has enough energy to break the bonds of C=0, -OH and C=C long chain to produce liquid
and gaseous primary products such as water, carbon monoxide and carbon dioxide [35, 38]. Other
products are produced in this step, mainly those associated with lower molecular weight
hydrocarbon chains, from the breaking of side chains and of a- and B-aryl-alkyl-ether [39, 40]. In
this range, the highest conversion was observed for the MB3Ni sample, as shown in Table 2.

Table 2 Temperature ranges (°C) and weight losses (%) of samples during MDF pyrolysis
at heating rate B = 10°C min™.

Stage | Stage Il Stage Il
Samples
(°C) (%) (°C) (%) (°c) (%)
M 25.0-114.0 6.82 114.0-413.6 69.32 413.6->900 20.08
MB 25.0-102.8 6.55 102.8-416.3 71.15 416.3-763.7 12.72
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MB3Ni 25.0-94.3 6.12 94.3-413.6 74.12 413.6-758.2 18.85
MB5Ni 25.0-114.0 7.43 114.0-419.1 68.77 419.1-761.0 16.86

100 100
= : M s MB
X 804 2\°/80
é 60+ é 60
..._1 —
%40 @40
[5) 5]
= 20 = 20

0 , - x — 0 ; ] ; :
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)

100 100
S s0. MB3Ni Q\Eso-
é 60 - EGO—
"Sh 40- §D40-
L L
= 20 = 20

0 : : - v 0 T i : :
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)

Figure 1 TG profiles of (a) M, (b) MB, (c) MB3Ni and (d) MB5Ni samples at  heating rates:
(=)5, (=)10, (=)15 e (=) 20°C min™.

The weight losses were better shown in DTG curves (Figure 2), in which the maximum conversion
rate was related to the second decomposition step. The peaks occur in the same temperature range
for the different samples. The catalyst slightly shifted the DTG peak to higher temperatures
compared to non-catalytic pyrolysis, suggesting a change in the reaction pathways. As found by
Mavyer et al. (2022), studied the MDF decomposition over beta zeolite obtained from commercial
silica, catalytic pyrolysis produced mostly high-value aromatics (benzene, toluene, xylenes and
ethylbenzene), whereas non-catalytic pyrolysis produced only oxygenated compounds [9]. the DTG
peak temperatures of the samples were summarized in Table 2.
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Figure 2 DTG profiles of samples (a) M, (b) MB, (c) MB3Ni and (d) MB5Ni at heating rates
B: (=)5, (=)10, (=)15 e (=) 20°C min.

As shown in Figure 2, the MDF decomposition rate increases with the heating rate and the
temperature range remain constant, indicating an increased gas and volatile production. This
tendency is observed for all samples regardless of the catalyst. The third decomposition stage
(Figure 1 and Figure 2) is related to other products, such as biochar mainly formed at low heating
rates. This condition causes low weight losses close to thermal stability and can be considered as a
pseudo-steady state. In this step, some rearrangement reactions occur, such as the production of
free radicals, bond breakage and secondary products [41]. Table 2 summarizes the temperature
ranges and weight losses for MDF catalytic and non-catalytic pyrolysis at a heating rate (B) of 10°C
minL. For catalytic pyrolysis, the pseudo-steady stage was reached at around 760°C, indicating the
end of MDF decomposition while for non-catalytic pyrolysis, the weight loss continued until the end
of the analysis.

The data from Table 3 show that MB3Ni produced the lowest residue amount among the samples,
followed by non-catalytic pyrolysis, MB5Ni and MB. The highest amount occurred over beta zeolite,
probably related to its high acidity that favors cracking and biochar formation (9,10). Nickel addition
decreases the amount of Brgnsted acid sites (BAS) [9] and then reduces the biochar production. It
can be observed that the amount of residue over beta zeolite was higher than that noted for non-
catalytic pyrolysis, indicating an increased polymerization reaction for biochar production due to
the high internal and external acidity of the beta zeolite catalyst. In a previous work [9] it has been
found that beta zeolite significantly decreased the O-content in the products due to the optimized
properties of the catalyst, such as high specific surface area, strong BAS and LAS (Lewis acid sites)
and large pores.
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Table 3 Maximum MDF decomposition temperature (Tm) and biochar produced during
pyrolysis (B = 10°C min?)

Sample Tm (°C) MDF weight loss (%) Biochar (%)
M 389.4 96.97 3.03

MB 398.8 88.95 11.05
MB3Ni 395.0 98.10 1.90
MB5Ni 395.3 92.40 7.60

Furthermore, the large pore size facilitates the diffusion of compounds into the channel structure,
leading to cracking, deoxygenation/hydrodeoxygenation, hydrogenation/dehydrogenation, and
other reactions in the internal acidic sites. However, the large pores also increase the formation of
polyaromatic hydrocarbons (PAH) on the acidic sites of the catalyst, which increase the formation
of biochar and consequently lead to the catalyst deactivation. Without any catalyst, the amount of
decomposed MDF is high but the products are only oxygenated compounds found in previous work
[9]. On the other hand, although the amount decomposed on beta zeolite was lower, there was an
advantage that less oxygenated compounds were formed. Moreover, BTEX, other monoaromatics,
polyaromatics and naphthalene were produced. The addition of nickel to beta zeolite increased the
maximum decomposed MDF and decreased the amount of oxygenated compounds even more. It
was reported [9] that nickel oxide entered a reduced state during pyrolysis, producing metallic nickel
species which will cooperate with the acidic sites of zeolites to produce BTEX and other compounds.
In addition, the amount of toxic PAH was decreased and reached trace levels on MB5Ni. Over the
MB3Ni sample, the highest maximum decomposed MDF and the lowest amount of oxygenated
products and PAH were detected, besides the highest amount of BTEX.

3.3 Kinetic Study

The activation energy and pre-exponential factor were calculated at each conversion step from
the slopes and intercepts of plots shown in Figure S2. The activation energies and the logarithm of
pre-exponential factor obtained from the different methods are shown in Table 4. It can be noted
that activation energy values have small fluctuations in the conversion range (a = 0.2-0.8) regardless
of the method used. They are related to complex multi-step reactions such as competitive, parallel,
and successive reactions occurring during pyrolysis [32]. These results are illustrated in Figure 3,
where these variations can be better visualized. The values follow the same trend for all models as
a increases from 0.2 to 0.7. However, when a reached 0.7 from 0.8 values a decrease in E; was
observed at around 420°C, where the maximum decomposition of biomass occurred (Figure 2).
These results were in agreement with those found by Aslan et al. (2018) who used DAEM model to
obtain thermokinetic parameters of MDF pyrolysis using TGA data [37].
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Table 4 Activation energies (Es) for MDF pyrolysis catalysts calculated by Flynn-Wall-Ozawa (FWO), Kissinger-Akira-Sunose (KAS) and

Friedman (F) isoconversional methods. R? is the correlation coefficient for each method.

Activation Energy (Ea) — kJ mol?

MB

* FWO R? KAS R2 F R2 FWO R? KAS R? F R?

0.2 120.34 0.9272 116.80  0.9155 116.30  0.9286 101.32 0.9877 96.71 0.9850 96.43 0.9861
0.3 123.58 0.9666 119.78  0.9607 119.39  0.9693 104.37 0.9887  99.58 0.9865 99.85 0.9877
0.4 127.44  0.9865 123.49 0.9841 123.38  0.9894 109.43  0.9917 104.44  0.9899 104.99 0.9910
0.5 128.22  0.9926 124.06  0.9913 124.03  0.9948 115.55 0.9946 110.63 0.9934 111.37 0.9944
0.6 127.90 0.9933 123.56  0.9920 123.82  0.9951 118.77 0.9954 113.86 0.9944 114.86  0.9955
0.7 128.68  0.9968 124.21  0.9961 12441  0.9980 118.32  0.9950 113.24  0.9938 114.29  0.9949
0.8 100.61 0.8475 94.49 0.8157 9494 0.9953 84.39 0.9441  77.29 0.9272  78.48 0.9953
Average 122.40 0.9586 118.06 0.9501 118.04 0.9815 107.45 0.9853 102.25 0.9658 102.90 0.9921

MB3Ni MB5Ni
FWO R? KAS R2 F R2 FWO R? KAS R? F R?

0.2 76.20 0.9746  70.36 0.9673 71.86 0.9694 103.97 0.9869 99.51 0.9841  99.23 0.9864
0.3 87.34 0.9897  81.60 0.9870  83.65 0.9881 107.77  0.9905 103.03 0.9884  103.20 0.9902
0.4 97.46 0.9966 91.91 0.9957  94.40 0.9961 113.71  0.9938 108.93 0.9924 109.46  0.9938
0.5 106.82  0.9985 101.50  0.9982 104.33  0.9982 120.87  0.9952 116.24  0.9942 117.04  0.9955
0.6 112.03  0.9986 106.80  0.9983 109.96  0.9981 124.70  0.9958 120.10  0.9949 120.92  0.9961
0.7 111.81  0.9982 106.42  0.9977 109.44  0.9972 120.72  0.9952 115.76  0.9941 116.80 0.9951
0.8 53.62 0.9531 44.61 0.9983  46.77 0.9982 50.28 0.9393  40.97 0.8996  42.36 0.9959
Average 92.18 0.9870 86.17 0.9918  88.63 0.9922 106.00 0.9852 100.65 0.9782 101.29 0.9933
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Figure 3 Activation energy change versus conversion rate for (-) M, () MB, (-) MB3Ni
and (-) MB5Ni samples.

The correlation coefficients obtained from all three methods showed high values, indicating the
suitability of the experimental data. Friedman method resulted in the highest values for all samples
because it considers the conversion rate in addition to the temperature for each conversion. This
provides greater accuracy for this method to respond to infinitesimal variations in conversion,
despite the kinetic parameters provided being independent of the reaction model [42]. This is why
we have chosen the Friedman method.

As expected, the catalysts decreased the activation energy, with an even greater reduction in
nickel. For all methods, the activation energies followed the following order: MB3Ni < MB < MB5Ni
< M (Figure 3). For the Friedman method, the activation energy reduction in comparison with non-
catalytic pyrolysis (118.04 kJ mol?) was 15.14 kJ mol?, 29.41 k) mol* and 16.75 kJ mol* for MB
(102.90 k) molt), MB3N:i (88.63 k) mol) and MB5Ni (101.29 kJ mol?) respectively. As demonstrated
by Mayer et al. (2022), the non-catalytic pyrolysis of MDF generated large amounts of oxygenated
compounds (76.01%) and low amounts of mono or polyaromatic compounds. However, when
performed over beta zeolite, the pyrolysis produced more aromatic compounds, especially BTEX
increased of 39.35%, 38.65% and 23.51% for beta zeolite impregnated with 3% (B3Ni) and 5% (B5Ni)
nickel and nickel-free catalysts, respectively. Furthermore, the order of reduction in the amount of
oxygenated compounds was B (0.64%) < B5Ni (2.64%) < B3Ni (14.16%) [9]. Therefore, we can
conclude that the reaction pathway provided by the catalysts promotes the production of non-
oxygenated aromatic compounds, which involves lower activation energy. In addition, Bienik et al.

(2022) investigated the MDF decomposition under argon atmosphere using the Friedman, FWO and
KAS methods [43]. The authors found activation energy values significantly higher (E :216.7

QFriedman

kl mol?, Eg, .1 198.2 kI mol* and E,_, ., : 197.9 k] mol?) than those found in our work for all
conversion ranges (a). The Friedman method also showed the best fit, in agreement with our work.
The differences between the results of the two works may be associated with the pre-treatment we

have done, since many toxic compounds have been removed, eliminating their reaction during
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pyrolysis which then affects the global activation energy [9]. They probably decomposed and/or
reacted during pyrolysis affecting the kinetic parameters. The introduction of nickel as an active
phase in the catalyst promotes a change in the chemical environment, modifying the amount and
strength of acid sites, in addition to favoring cracking/hydrocracking,
hydrogenation/dehydrogenation and isomerization reactions, producing aromatic compounds [9].
However, this change did not cause a significant decrease in activation energy, except for B3Ni
sample.

Criado model-fit master plots were used to determine the theoretical reaction mechanism that
best describes the solid phase processes of MDF pyrolysis and the curves are shown in Figure S2.
The non-catalytic pyrolysis showed a better fit to the one-dimensional interface reaction
mechanism (R1), which describes a model in which the decomposition depends on the reaction rate,
controlled both by the progression of interface reaction towards the crystal center or by the rate
conversion raised to a power (fractional or integral), which is the reaction order [43]. On the other
hand, the mechanism for catalytic pyrolysis was different, showing the best fit by the two-
dimensional diffusion model (D2). In this case, the rate of product formation decreased with the
increasing thickness of the product barrier layer. In addition, the solid particles were assumed to be
cylindrical and diffusion occurs radially through a cylindrical shell with an increasing reaction zone,
indicating the influence of geometric particles [44, 45].

To determine the pre-exponential factor from the integral isoconversional models, it is necessary
to know the model solid-state reaction [f(a)], and the y-intercept. Table S2 shows the observed pre-
exponential factor for pyrolysis and Figure 4 shows the values of the pre-exponential factor, the
value was expressed as logio(A) to show more comprehensive values. It can be noted that the value
varies to a large extent with conversion and also among the samples.

15 8
13 e T e S g R 6 R e T Y
~ g \.
T 1" \ z i s
=3 D
= -]
-1 9 N\ -4 24
7 ]
5 -2
0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9
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9
— e — ot
Rt —Ai— M
7 N
- B MB
< P
g° & .
= ' —A— MB3Ni
: MBS5Ni
1
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Figure 4 Logio(A) versus conversion (a) for catalytic and non-catalytic pyrolysis using
FWO, KAS and Friedman models.
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Thermodynamic parameters obtained using Friedman model are displayed in Table 5. The Gibbs
free energy (AG) is a parameter that determines the spontaneity of reactions, in addition to the
direction and degree of chemical reactions that occur during a process. The values showed small
differences for catalytic and non-catalytic pyrolysis in the order AGm < AGmesni = AGme < AGmsani.
This may be related to the different pathways provided by the different catalysts, some reactions
that occur too slowly on the catalysts are suppressed.

Table 5 Evaluation of thermodynamic parameters of catalytic and non-catalytic systems.

AG AH AS (10?)
(kJ mol?) (kJ mol?) (k) mol? K)
M 189.55 120.07 -1.05
MB 191.86 97.45 -1.41
MB3Ni 192.36 88.72 -1.54
MB5Ni 191.63 101.29 -0.14

These evaluation values were higher than those obtained by Aslan et al. for MDF pyrolysis, which
ranged from 147.87 and 169.20 kJ mol™ with a calculated mean value of 175.29 kJ mol™ [37]. The
differences among the values suggested the role of catalysts and the MDRF pre-treatment in
affecting the reaction network, resulting in different thermodynamics parameters. Table S3
presents Gibbs free energy, enthalpy and entropy values for each conversion fraction (a) studied.

Enthalpy (AH) is also a significant thermodynamic state function of a chemical reaction that
reflects the endothermic or exothermic behavior of reactions. Enthalpy values also changed among
the samples, showing the following order: AHmgani < AHms < AHwmssni < AHy, indicating a less
endothermic global process for MB3Ni.This suggested that more exothermic reactions were favored
over this catalyst compared to the others. The negative entropy values are consistent with the Gibbs
free energy, indicating that pyrolysis decreases the freedom degree of biomass higher than its
products. Therefore, MDF pyrolysis is a global non-spontaneous and endothermic process.

4. Conclusions

The use of catalysts based on beta zeolite and zeolite-supported nickel in MDF pyrolysis
promoted a reduction in activation energy throughout the process. The 3% nickel catalyst led to the
lowest activation energy, probably due to the synergy between the metal and zeolite, which reduces
the BAS sites that promote the deoxygenation of compounds. The activation energy following the
order: Eama3ni < Eams < Eamssni < Eam.

The theoretical mechanism reaction obtained by Criado master-plots showed that catalytic and
non-catalytic processes had different mechanisms. In the last case, the two-dimensional diffusion
model (D2) was the most suitable to describe MDF decomposition. According to this model, the rate
of product formation was decreased with increasing thickness of the production barrier layer. For
non-catalytic process, the MDF decomposition depended on the reaction rate, controlled both by
the progression of the reaction interface towards the crystal center and the increase in the
conversion of the reactants to a power (fractional or integral) which is the reaction order.
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MDF pyrolysis has been proven to be a non-spontaneous and endothermic global process in each.
The Gibbs free energy was nearly the same, but enthalpy and entropy changed among the samples.
This finding may be related to the different reactions occurring without catalyst and on different
catalysts.
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