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Abstract: The effect of zinc sulfate as a catalyst on the pyrolysis of empty fruit bunches (EFB) from
oil palm was assessed. Thus, a thermo-gravimetric analyzer coupled with a Fourier transform
infrared spectroscopy (TG-FTIR) was used, while the percentage of catalyst varied between 0 wt%
and 3 wt% at different heating rates (10, 30, and 50 K/min). The kinetic parameters (activation energy,
pre-exponential factor, and reaction order) and activation energy distribution were calculated using
three kinetic models. The thermogravimetric curves for the EFB pyrolysis showed three prominent
peaks in which the maximum mass loss rate was mainly due to cellulose and lignin pyrolysis. On
the other hand, FTIR analysis indicated that the main gaseous products were CO,, CO, H,O, CHy,
NHj, acids, and aldehydes (CH3COOH). The samples with 2 wt% of catalyst presented higher
activation energies in pseudo reactions 1 and 2, ranging between 181,500 k] /mol-184,000 kJ /mol
and 165,200 k] /mol-165,600 k] /mol, respectively. It was highlighted that the first pseudo reaction
with an activation energy range between 179,500 kJ /mol and 184,000 k] /mol mainly contributes to
the cellulose pyrolysis, and the second pseudo reaction (165,200 k] /mol-165,600 k] /mol) could be
ascribed to the hemicellulose pyrolysis.

Keywords: pyrolysis; empty fruit bunches; biomass; catalyst; kinetics

1. Introduction

The ongoing search for energy security and environmental sustainability and the
depletion of oil reserves has boosted the development of processes based on alternative
resources. One of them is biomass, a renewable energy source that can partially replace
fossil fuels, reducing gas emissions into the atmosphere [1]. The oil palm industry is one of
the largest producers of residual solid biomass, generating quantities that are approximately
twice the amount of crude palm oil (CPO) produced in a palm oil mill (POM) [2]. It is worth
noting that CPO is the vegetable oil with the highest production in the world. In 2020, CPO
production was 72.27 million metric tons [3]. Indonesia (10,830,000 ha of plantation) and
Malaysia (5,150,000 ha of plantation) are the two countries with the most significant CPO
production, corresponding to 78% of the global production area [4].

In comparison, Colombia (465,000 ha) is the fifth-largest CPO-producing country,
with 2.3% of the global production area [5]. According to estimates by Fedepalma [6],
sector production is equal to 8.1% of Colombian agriculture. Recently, expansion of the oil
palm sector has been associated with deforestation. In the lead-producing countries, the
environmental impacts are also associated with deforestation, biodiversity loss, land-use
change, soil quality, landscape deterioration, and greenhouse gas emissions by removing
carbon stock from the soil [7]. In Colombia, the situation is different because the oil palm
has been correlated with the conversion of scrublands, croplands, and savannas [8-10]. The
solid biomass from POM is composed of empty fruit bunches (EFB) in a mass ratio of 22 to
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25% of fresh fruit bunches (FFB), the fiber in a mass fraction from 12 to 14% of FFB, and
palm kernel shell with 6 to 7% of FFB mass fraction [11]. The EFB has a high calorific value,
approximately 16.7 k] /kg on a dry basis, and, with proper treatment, can be used for steam
generation in boilers, furnaces, and ovens [12]. In addition, 800 dm3 of effluent from palm
oil mill effluent (POME) is produced for each ton of EFB [13].

The problematic management of the biomass generated in the agro-industrial sector
has led to environmental and economic concerns. Therefore, its use to obtain bioenergetic
products through biochemical and thermochemical routes could be a promising alternative
to resolve those difficulties [14]. Currently, the thermochemical route is the most used
since it can efficiently and economically convert biomass and wastes into valuable fuels
for different applications, e.g., biofuels, raw materials for the chemical industry, heat and
electricity generation, among others [15]. Among the main thermochemical processes
are gasification, hydrothermal liquefaction, combustion, and pyrolysis. The pyrolysis
process is the most promising because it can simultaneously obtain bio-oil, bio-char, and
non-condensable gases without using oxygen [16]. The quality of pyrolysis performance
is affected by various process parameters such as heating rate, temperature, residence
time, pressure, type of reactor, and raw material with diverse characteristics such as size,
structure, and shape [17]. Biomass pyrolysis process types include conventional or slow,
vacuum, fast, and flash [18]. Fast pyrolysis stands out from the others because it can
maximize bio-oil production, which is a desirable and easy-to-transport product [19].

The characteristic parameters of the fast pyrolysis process are very high heating rates,
reaction temperatures in the range of 425 to 600 °C, vapor residence times in the reactor
less than 3 s, and quickly produced gas-cooling [20]. Therefore, a fundamental understand-
ing of the behavior and kinetics of pyrolysis is essential for the efficient thermochemical
conversion of biomass. Thermogravimetric analysis (TGA) coupled with Fourier transform
infrared spectrometry (FTIR) is an accurate means to study, not only mass loss characteris-
tics, but also, kinetic parameters [21].

Ma et al. [22] determined the behavior and characteristics of African palm kernel
pyrolysis using TGA-FTIR analysis and studied the reaction kinetics using free integral
method models. The authors calculated the activation energy describing the thermal de-
volatilization mechanism of African palm kernel pyrolysis processes at different conversion
rates using the multiple heating rates method (heating rates of 10, 20, 30, and 40 K min—1).
Thus, the palm kernel pyrolysis mechanism was established to design and efficiently
operate palm kernel thermochemical conversion. Ordonez-Loza et al. [23] investigated
non-isothermal TGA of the pyrolysis (inert atmosphere) and combustion (using air) of
bio-oil from sugarcane bagasse at three heating rates: 5, 10, and 20 °C/min. The biomass
samples were heated from 25 °C to 900 °C, and the evolved gases in the TG furnace were
carried in an FTIR cell, where the composition and present functional groups were analyzed.
The authors observed that the intensity of the CO, FTIR peaks during bio-oil combustion
was ten-times higher than the intensity of the CO, peaks obtained during the pyrolysis
process. They concluded that TGA-FTIR analysis of sugarcane bagasse bio-oil is crucial for
studying biomass thermal degradation/oxidation.

On the other hand, biomass pyrolysis studies have shown that the bio-oil obtained
is not high-quality enough to be used directly as fuel. Therefore, it must be submitted to
treatments such as upgrading, considerably increasing production costs. Catalytic pyrolysis
improves the quality of bio-oil and reduces production costs, promoting the production and
quality of bio-oil through appropriate catalysts [24]. Albis et al. [25] studied the catalytic
effect of ferric and zinc sulfate on hemicellulose pyrolysis through the thermogravimetric
analysis technique. The results were fitted to kinetic models: n-order, isoconversional,
and activation energy distribution (DAEM). The authors concluded that the presence of
these salts considerably altered the shapes of the thermogram. Chen et al. [26] analyzed
biomass (sawdust and sorghum distillery) catalytic pyrolysis phenomena and mechanisms
using a Zeolite Socony Mobil-5 (ZSM-5) as a catalyst via TGA and pyrolysis-gas chro-
matography/mass spectrometry, focusing on catalytic level identification and aromatic
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hydrocarbons (AHs) formation. The results suggested that biomass pyrolysis processes
could be divided into three zones, from a heat-transfer dominant zone (zone 1) to dominant
catalysis zones (zones 2 and 3). The optimum biomass-to-catalyst ratio was 1/10, where
AHs formation was significantly intensified, especially for sawdust.

Regarding zinc sulfate use, Rachel-Tang et al. [27] evaluated the EFB thermochemical
conversion considering some supported Zn catalysts. The results indicated that a catalyst
with 15 wt% of Zn supported on ZSM-5 led to the highest bio-oil yield conversion, where it
was concluded that zinc catalysts improve the bio-oil yield and favor the furfural content in
the bio-oil. However, high zinc content catalysts are expensive, and their utilization could
be unfeasible. Li et al. [28] studied zinc sulfate as a contaminant of corn biomass and its
catalytic effect on pyrolysis. The ZnSO4 demoted the fragmentation of hemicellulose while
promoting cellulose degradation. Thus, the zinc catalyst use benefited the multimolecu-
lar repolymerization of the primary degradation products (biochar and bio-oil). Mayer
et al. [29] investigated the effect of biomass preparation on the pyrolysis process using zinc
sulfate and zinc nitrate and found that sample preparation changed the matrix and the
biomass physical-chemical properties, increasing the thermal stability of cellulose during
pyrolysis. Thus, biomass pyrolysis in the presence or absence of zinc catalysts must be
prepared carefully to gain reliable and comparable results.

Based on the previous discussion, limited studies analyzed the effect of mineral
catalysts on EFB pyrolysis and the chemical compounds present in their products. Thus,
this work aims to evaluate the catalytic effect of zinc sulfate on the behavior and kinetics
of EFB pyrolysis, focused on the EFB mass-loss characteristics at heating rates of 10, 30,
and 50 K/min. Three models (activation energy, pre-exponential factor, and reaction order)
were used to calculate the activation energy and to describe the thermal devolatilization
mechanism of EFB pyrolysis processes. Finally, the products resulting from the EFB
pyrolysis were analyzed, considering the FTIR of different samples and their evolution
through different heating rates.

2. Materials and Methods
2.1. Samples Preparation and Characterization

The EFB was subjected to a grinding and sieving process where particles with di-
ameters of approximately 60 pm were obtained. Once the sample was dry and free of
impurities, the characterization process was performed. The method of Ona et al. [30] was
used for structural analysis, which indicates the procedure for extractives, lignin, holocellu-
lose, and cellulose determination. The proximate analysis was performed according to the
ASTM D3172-07a standard [31], while the ultimate analysis was carried out following the
CHNS/O equipment procedure.

Regarding the catalyst, the zinc sulfate was initially dehydrated at a temperature
of 180 °C, and it was then mixed with the biomass by impregnation using solutions or
suspensions. Appropriate amounts of catalyst were mixed with the biomass to obtain
percentages of 1%, 2%, and 3% of catalyst. The mixtures obtained were stirred for 2 h, and
the solid phases were recovered and dried at 105 °C. The biomass and catalyst mixtures
were reserved in a desiccator until further analysis.

2.2. TGA-FTIR Analysis

The TGA-FTIR test setup consisted of a thermogravimetric balance (Setsys Evo, Se-
taram) coupled to a Fourier transform infrared spectrometer (IR-Afinnity, Shimadzu)
equipped with a gas cell with a pathlength of 10 cm and KBr windows (Pike). Approx-
imately 15-18 mg of the EFB/catalyst mixtures samples was used for each test. The
temperature was raised from room temperature (25 °C) to 750 °C under heating rates of 10,
20, and 30 K/min. The flow rate of the carrier gas (high-purity Ny) was 50 mL/min. The
resolution and spectral region of the FTIR ranged from 400 to 4000 cm ™, and the spectrum
scan was conducted at 13.35-s intervals [32].
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2.3. Kinetic Modeling

The thermogravimetric data were fitted by using three models extensively reported
in the literature: the n-reaction order model, the pre-exponential factor model, and the
distributed activation energy model (DAEM) [33-37].

2.3.1. N-Reaction Order Model

This is a differential model in which the pyrolysis rate is considered a conversion-
dependent reaction and can be expressed as a temperature-dependent function [38]. The
decomposition rate of a solid substance heated at a constant rate (8 = ‘%) can be written as

shown below [39]:
do

B(57) = Ao (T ) F@) )
where A is the pre-exponential or frequency factor; Ea is the activation energy; R, the
universal gas constant; T, the absolute temperature; f(«), the kinetic function represents
the kinetic model, and « is the conversion. By applying the Napierian logarithm function to
(1) and assuming the reaction model f(a) = (1 — a)", typically used in this type of process
and analysis [40], the following equation is obtained:

du A Ea
1n<dT) —nln(l —a) —ln<’B> ~®T (2)

If the left side of (2) is plotted as a function of 1/T, it is possible to obtain the activation
energy from the slope and the pre-exponential intercept factor with the ordinate.

2.3.2. Pre-Exponential Factor Model

This model estimates the activation energy with an isoconversional method in which
the activation energy is related to the heating rate, keeping the conversion constant [41].

Ea
Inf=C— —— 3
P=Ci— 27 ®)
where C; is an integration constant and R is the universal gas constant. The activation

energy can be calculated from the slope of In(B) as a function of 1/T.

2.3.3. Distributed Activation Energy Model

DEM is a parallel reaction model with activation energy based on Gaussian distribu-
tion, where the mass spectrometric intensities signal or the derivative thermogravimetry
(DTG) curve could be calculated using Equation (4) [42].

ax;
Yoy = -y o @

where x; represents the fraction of unreacted material by the j-th equations, and Cj repre-
sents the partial equation of the j-th measured quantity. The model assumes first-order
kinetics and a dependence on the kinetic constant of the Arrhenius equation.

The activation energies for the involved reactions agree with a Gaussian distribution
function with parameters E(0, j) and ;. If the solution of a first-order kinetic equation at
a given value of E is denoted as X;(t, E), the x; functions of (4) can be calculated using
Equation (5).

[e9) 1 _ —(E — E i 2
xi(t) :/0 (ZH)—EUJ- Lexp l<2ajzoj) X;(t,E)dE )
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2.4. Standard Deviation

The dispersion of the data obtained was analyzed through the standard deviation,
which can be defined by Equation (6).

[vN (. _3)\2

where X is the sample mean, x; is each data value, and N is the number of data-points.

2.5. Experimental Design

A 3 x 4 factorial design of experiments was selected. Manipulated variables were
catalyst concentration (4 levels: 0, 1, 2, and 3% of ZnSO;) and heating rate (10, 30, and
50 K/min) for 12 experimental treatments.

2.6. FTIR Analysis of Evolved Gases
Infrared spectra (IR) of the different samples were analyzed to identify the products

resulting from the EFB pyrolysis aiming to study their evolution through temperature.

3. Results
3.1. Samples Characterization

The results from the structural characterization and proximate and ultimate analysis
of the EFB are presented in Table 1.

Table 1. Structural, ultimate, and proximate analysis of EFB.

Structural Analysis, Dry Basis (wt.%)

Extractives 20.0
Lignin 17.1
Cellulose 50.2
Hemicellulose 12.8

Ultimate analysis, dry basis (wt.%)

Carbon 429
Sulfur 0.2
Nitrogen 0.8
Hydrogen 6.0
Oxygen 1 50.1
Proximate analysis, dry basis (wt.%)
Moisture content 8.0
Ash 17.6
Volatiles 65.6
Fixed carbon 16.8
Higher heating value (k] /kg) 17953.5

1 By difference.

3.2. Thermogravimetric Analysis

The thermogravimetric curves of the samples were analyzed as a result of the catalytic
pyrolysis process. Figures 1-3 illustrate the mass loss curves during the EFB catalytic
pyrolysis at the different heating rates (10 K/min, 30 K/min, and 50 K/min) and the stages
of the catalytic pyrolysis where the mass loss of the samples occurs can be seen in the
DTG curves.
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Figure 1. EFB at 10 K/min heating rate: (a) Mass loss curve for samples with 0%, 1%, 2%, and 3%
catalyst. (b) DTG curves for samples with 0%, 1%, 2%, and 3% catalyst.
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Figure 2. EFB at 30 K/min heating rate: (a) Mass loss curve for samples with 0%, 1%, 2%, and 3%
catalyst. (b) DTG curves for samples with 0%, 1%, 2%, and 3% catalyst.
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Figure 3. EFB at 50 K/min heating rate: (a) Mass loss curve for samples with 0%, 1%, 2%, and 3%
catalyst. (b) DTG curves for samples with 0%, 1%, 2%, and 3% catalyst.
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In Table 2, the carbonization percentages of the samples and the mass loss during the
pyrolysis reaction were related. In addition, Table 3 shows the temperatures at which the
50% mass loss was reached.

Table 2. Percentage of carbonization and mass loss for different heating rates.

Heating Rates EFB EFB + 1% Zn EFB + 2% Zn EFB + 3% Zn

Max. temperature (°C) 750.3 750.4 750.3 750.3

10 K/min % mass loss 67.9 69.0 68.9 63.6
% Char/carbonized 32.1 31.0 31.1 36.4

Max temperature (°C) 799.8 749.5 749.5 749.6

30 K/min % mass loss 68.2 65.2 68.5 67.2
% Char/carbonized 31.8 34.8 31.5 32.8
Max. temperature (°C) 746.6 746.6 746.7 746.7

50 K/min % mass loss 66.3 66.7 68.8 66.9
% Char/carbonized 33.7 33.3 31.2 33.1

Table 3. EFB samples temperature at 50% conversion.

EFB EFB + 1% Zn EFB + 2% Zn EFB + 3% Zn

Heating Rates Temperature Temperature Temperature Temperature
€O O O O
10 K/min 311.7 309.3 313.8 313.6
30 K/min 328.4 350.7 339.6 342.6
50 K/min 350.3 358.7 347.8 353.0

3.3. Kinetic Parameters
3.3.1. N-Reaction Order Model Assessment

Table 4 shows kinetic parameters such as activation energy (Ea), pre-exponential factor
(A), and reaction order (N), as well as the determination coefficient (R?) obtained from the
n-reaction order model. A fitting graph for EFB using the n-reaction order model is shown
in supporting material A.

Table 4. Kinetic results n-reaction order model.

Heating Rate Ea A
% Catalyst (K/mgin) (J/mol) 1) N R?
0 10 2.37 x 107 298.12 0.10 0.88
0 30 2.38 x 107 734.80 0.08 0.86
0 50 2.65 x 107 1665.90 0.07 0.85
1 10 2.51 x 107 363.83 0.10 0.87
1 30 2.80 x 107 1347.35 0.09 0.84
1 50 2.85 x 107 2133.51 0.11 0.84
2 10 2.55 x 107 381.53 0.10 0.88
2 30 2.69 x 107 1136.15 0.09 0.87
2 50 2.81 x 107 2008.06 0.08 0.85
3 10 1.79 x 107 117.95 0.05 0.78
3 30 2.64 x 107 1082.68 0.09 0.85
3 50 2.71 x 107 1760.98 0.08 0.85

3.3.2. Pre-Exponential Factor Model Assessment

Table 5 shows the activation energy and the determination coefficient obtained from
the pre-exponential factor model. In Table 6, the average activation energies for the central
conversions (0.3-0.8) were calculated since those values were considered the most repre-
sentative of the reaction. A fitting graph for EFB using the pre-exponential factor model is
shown in supporting material A.
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Table 5. Kinetic results pre-exponential factor model.
EFB EFB + 1% Zn EFB + 2% Zn EFB + 3% Zn
Conversion Ea R2 Ea R2 Ea R2 Ea R2
(J/mol) (J/mol) (J/mol) (J/mol)
0.1 7.74 x 10* 0.98 7.57 x 10* 1.0 8.52 x 10° 1.00 8.49 x 10% 0.99
0.2 1.03 x 10° 0.98 1.05 x 10° 0.99 1.10 x 10° 0.99 1.12 x 10° 0.99
0.3 1.17 x 10° 0.97 1.17 x 10° 0.99 1.24 x 10° 0.99 1.23 x 10° 0.99
0.4 1.30 x 10° 0.97 1.29 x 10° 0.99 1.37 x 10° 0.99 1.37 x 10° 0.99
0.5 1.41 x 105 0.98 1.40 x 10° 0.99 1.48 x 105 0.99 1.50 x 10° 0.99
0.6 1.45 x 10° 0.98 1.46 x 10° 0.99 1.51 x 10° 0.99 1.56 x 10° 0.99
0.7 1.48 x 105 0.99 1.46 x 10° 0.99 1.49 x 105 0.99 1.59 x 10° 0.99
0.8 1.82 x 10° 0.99 1.61 x 10° 0.99 1.66 x 10° 0.99 1.89 x 10° 0.99
0.9 2.30 x 10° 0.99 2.08 x 10° 0.99 2.10 x 10° 0.98 254 x 10° 0.99
1.0 9.36 x 10* 0.40 240 x 10° 0.85 2.02 x 10° 0.86 212 x 10° 0.86

Table 6. Average kinetic energy (Ea) and standard deviation between central conversions (0.3 to 0.8).

Samples Average Ea (J/mol) Standard Deviation
EFB 1.44 x 10° 21,885
EFB + 1% Zn 1.40 x 103 15,250
EFB + 2% Zn 1.46 x 103 14,162
EFB + 3% Zn 1.52 x 103 22,376

3.3.3. Distributed Activation Energy Model (DAEM) Assessment

This model allowed fitting of the DTG curve through a series of parallel first-order
reactions. Figure 4 shows the different fits applied for EFB sample with 1% Zn. The different
fits applied for EFB without catalyst, EFB + 2% Zn, and EFB + 3% Zn samples are shown in
A supporting material B.
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Figure 4. DAEM model fitting for: (a) EFB + 1% Zn at 10 K/min; (b) EFB + 1% Zn at 30 K/min;
(c) EFB + 1% Zn at 50 K/min.

Tables 7-10 show the values obtained for the activation energy and their standard
deviation (s), the proportionality constant (C), and the standard deviation (SE) using the
model at constant values of pre-exponential factor.
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Table 7. Kinetics results DAEM model for the EFB sample.
P ¢ Heating Rate (K/min)
arameters 10 30 50
G 0.48 0.47 0.49
Aq (57 2.01 x 1013 2.01 x 1013 2.01 x 1013
Ea; (Kj/mol) 1.79 x 10° 1.79 x 10° 1.81 x 10°
s1 2.98 x 102 1.92 x 103 1.75 x 103
C, 0.28 0.26 0.23
Ay s 2.09 x 1013 2.09 x 1013 2.09 x 1013
Eaj (Kj/mol) 1.65 x 10° 1.65 x 10° 1.66 x 10°
S 5.01 x 103 4.80 x 10° 428 x 10°
Cs 0.94 1.08 1.11
Az (s 2.09 x 1013 2.09 x 1013 2.09 x 1013
Eaj (Kj/mol) 1.77 x 10° 1.77 x 10° 1.77 x 10°
s3 3.97 x 10* 3.97 x 10* 3.97 x 10*
SE 3.36 x 10715 1.77 x 10~1° 8.38 x 10716
Table 8. Kinetics results DAEM model for the EFB + 1% Zn sample.
P ¢ Heating Rate (K/min)
arameters 10 30 50
G 0.47 0.46 0.43
Aq (s7) 2.01 x 1013 2.01 x 1013 2.01 x 1013
Ea; (Kj/mol) 1.82 x 10° 1.82 x 10° 1.83 x 10°
sy 7.12 x 102 3.20 x 103 2.37 x 103
Cy 0.24 0.21 0.14
Ay (s71) 2.09 x 1013 2.09 x 1013 2.09 x 1013
Ea; (Kj/mol) 1.65 x 10° 1.65 x 10° 1.66 x 10°
sy 5.07 x 103 5.41 x 103 4.96 x 103
Cs 1.09 1.14 1.34
Az (s71) 2.09 x 1013 2.09 x 1013 2.09 x 1013
Ea3 (Kj/mol) 1.77 x 10° 1.77 x 10° 1.77 x 10°
s3 3.97 x 10* 3.97 x 10* 3.97 x 10*
SE 1.12 x 10716 8.92 x 10716 5.61 x 10715
Table 9. Kinetics results DAEM model for the EFB + 2% Zn sample.
P ¢ Heating Rate (K/min)
arameters 10 30 50
G 0.50 0.49 0.42
A (s 2.01 x 1013 2.01 x 1013 2.01 x 1013
Ea; (Kj/mol) 1.82 x 10° 1.83 x 10° 1.84 x 10°
s1 6.69 x 102 7.75 x 103 1.54 x 10*
C, 0.19 0.24 0.17
Ay (s7) 2.09 x 1013 2.09 x 1013 2.09 x 1013
Ea, (Kj/mol) 1.65 x 10° 1.65 x 10° 1.66 x 10°
s 5.17 x 103 5.39 x 10* 1.12 x 10*
Cs 1.06 1.10 1.32
Az (s71) 2.09 x 1013 2.09 x 1013 2.09 x 1013
Eaj (Kj/mol) 1.77 x 10° 1.77 x 10° 1.77 x 10°
s3 3.97 x 10* 3.97 x 10% 3.96 x 10
SE 494 x 10716 7.08 x 10716 9.11 x 10715
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Table 10. Kinetics results DAEM model for the EFB + 3% Zn sample.
P ¢ Heating Rate (K/min)
arameters 10 30 50
G 0.37 0.36 0.35
Aq (57 2.01 x 1013 2.01 x 1013 2.01 x 1013
Ea; (Kj/mol) 1.81 x 10° 1.81 x 10° 1.81 x 10°
$1 7.69 x 103 70,58 1.63 x 102
Cy 0.27 0.28 0.20
Ay s 2.09 x 1013 2.09 x 1013 2.09 x 1013
Eaj (Kj/mol) 1.65 x 10° 1.65 x 10° 1.66 x 10°
s 5.09 x 10* 6.86 x 10° 8.72 x 10°
Cs 1.10 1.17 1.36
Az (s 2.09 x 1013 2.09 x 1013 2.09 x 1013
Eaz (Kj/mol) 1.77 x 10° 1.77 x 10° 1.77 x 10°
s3 3.97 x 10* 3.97 x 10* 3.97 x 10*
SE 226 x 10716 5.46 x 10716 2.54 x 10715

3.4. FTIR Analysis of Evolved Gases

Two crucial temperatures were considered for the analysis at which the most significant
IR spectrums were evidenced. Figure 5 shows the graphs obtained to identify the chemical
compounds of EFB samples. The spectrums for EFB + 1% Zn, EFB + 2% Zn, and EFB + 3%
Zn samples are shown in supporting material C.
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4. Discussion

The data in Table 1 show that the structural analysis of the rachis indicated that its
composition was mainly cellulose (47%), followed by lignin (16.25%) and hemicellulose
(12%). The ultimate analysis showed that EFB has a high percentage of carbon and oxygen,
42.8% and 50.05%, respectively, which was validated with the FTIR study where the
presence of hydroxyl, carbonyl, aliphatic, and alkyl groups were evidenced. Proximate
analysis indicated that the biomass studied is rich in volatile matter, making it a suitable
fuel for pyrolysis, facilitating the elimination of gas compounds [43].
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From Table 2, it was determined that samples at the different heating rates presented
a mass loss of approximately 67%, and the carbonized percentages ranged from 31-33%.
Significant mass loss of the samples occurred between 200 °C and 400 °C, and moisture
removal was evident around 120 °C with a relatively constant mass loss, as shown
in Figures 1-3.

It was expected that with higher heating rates, the samples would present a higher
percentage of char since the pyrolysis reaction occurred in a shorter time [44]. However, this
was only observed in the EFB sample without catalyst, where at a heating rate of 50 K/min,
the highest percentage of carbonized was obtained (33.72%); for the other EFB samples
with catalyst, the highest percentage of char was obtained at 30 K/min and 10 K/min.

The DTG curves of the different samples (Figures 1-3) showed three noticeable zones
related to the mass loss rate. The first stage, between 30 and 200 °C, was due to the release
of water by evaporation and dehydration. A second peak found between 250 and 320 °C
could be ascribed to hemicellulose pyrolysis, which occurs between 220 and 315 °C [45].

A third phase occurred between 300 and 400 °C which was attributed to the cellulose
pyrolysis whose maximum mass loss occurred at around 350 °C. The lignin pyrolysis cov-
ered almost the entire temperature range and presented a low mass loss at approximately
350 °C. Hence, it was deduced that the maximum loss rate for the samples was mainly due
to the cellulose and lignin pyrolysis, the main composition of the biomass [46].

It can be observed in Figure 1 that the sample with 3% Zn presented more noticeable
peaks in stages 1 and 2. Likewise, the EFB sample without catalyst had a weak second peak.
The prominent reaction peak for the 0% and 3% catalyst samples occurred at around 325 °C,
and for the samples with 1% and 2%, at 350 °C. The results of Figure 2 indicate that in the
reactions at 30 K/min, the EFB sample without catalyst had the first stage of mass loss with
a more pronounced peak as opposed to its second stage with an almost non-existent peak
in the hemicellulose pyrolysis as described by Salem et al. [47]. For curves at 10 K/min, it
could be observed that the third stage corresponds to cellulose and lignin pyrolysis and
occurs at temperatures lower than 350 °C for the samples with 0% and 3% Zn [48]. For EFB
samples with 1% and 2% Zn, the cellulose and lignin pyrolysis occur at around 375 °C.

Finally, Figure 3 indicates that the first and second stages present very subtle peaks
for all the samples, where the most notable peaks correspond to the EFB samples mixed
with 1% and 2% of catalyst. As observed in Figure 4, the third stage appeared first with
temperatures around 350 °C for the samples with 0% and 3% of Zn.

In general, it was analyzed that the variation in the heating rates influenced the first
stages of the reaction since the peaks became more prominent at a lower heating rate.
Thus, as the heating rate was increased, the peaks in the first and second stages tended
to markedly decrease [49]. The reaction of the third stage corresponding to the cellulose
pyrolysis was delayed for higher heating rates (30 K/min and 50 K/min) [50], occurring at
temperatures greater than 350 °C, while for 10 K/min, the third stage occurred from 325 °C.

Table 4 shows the kinetic parameters obtained for the n-reaction order model, where
R2 values close to 1 were observed for some heating rates. However, the reaction orders do
not have a logical physicochemical meaning since data between 0.08 and 0.1 for pyrolysis
reactions have not been reported. It was also observed that the activation energy values
were in the magnitude of 10; these values are considered very high and far from the ex-
pected values, which may be a consequence of the model only considering one stage, while
pyrolysis occurs in several stages. Therefore, the model was not considered appropriate to
simulate the EFB pyrolysis behavior.

Table 5 shows that the activation energy at the different conversions did not maintain
a constant range, i.e., the pyrolysis process occurred in several stages. Thus, Table 6 shows
the activation energy averages in the central conversions between 0.3 and 0.8, considered
the most representative of the reaction. The average values in Table 6 are far from those
reported by Albis et al. [51] and Li et al. [28] who reported activation energy higher than
300 KJ/mol by using zinc sulfate as a catalyst.
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It is worth mentioning that it was not possible to fit the model to the experimental
data using one and two pseudo components. Hence, as shown in Figure 4, three pseudo
components were used to model all the experimental runs carried out at the different
heating rates and catalyst percentages. Considering the kinetic parameters shown in
Tables 7-10, it was observed that the kinetic constant (c) presents similar results in all cases,
that is, within the same range, in each run performed.

For catalyst percentage of 1%, the highest values of activation energy were obtained at
a heating rate of 50 K/min, for 2% of Zn at 30 K /min, and with a 3% catalyst, the highest
values of Ea were obtained at 10 K/min. Therefore, increasing the catalyst percentage
increases the maximum Ea value without augmenting the heat rate [52].

The activation energy results for the first pseudo reaction were similar between
the samples with and without catalyst, obtaining values between 179,000 k] /mol and
181,000 kJ /mol for samples of 0%, 1%, and 3% Zn. The EFB sample with 2% Zn showed a
higher result than the previous one, ranging between 181,500 k] /mol and 184,000 k] /mol.
In the second pseudo reaction, there was little difference between the analyzed reactions,
obtaining the same range of values between 165,200 kJ/mol and 165,600 k] /mol in the
activation energy. In the third pseudo reaction, the energy activation values varied between
176,900 kJ /mol and 177,100 kJ /mol for all samples.

The species considerably decreased in the EFB pyrolysis without a catalyst as the
temperature increased from approximately 300 °C to 600 °C. CO, was the main product,
reaching maximum peaks in a temperature range of 350 °C to 380 °C and began to decay at
500 °C, as shown in Figure 5. This behavior was related to breaking the C-O bond, and it is
also possible to identify the CH3COOH appearance at temperatures between 300 °C and
380 °C and the NHj3 presence with low peaks in some samples [53].

The FTIR spectra of the samples with catalyst subjected to pyrolysis (Figures S6-58 in
supporting material) showed different behaviors for the evolution of the product concerning
temperature. The species decreased with increasing temperature for the EFB samples with
1% Zn, obtaining maximum CO, peaks between 290 °C and 330 °C. However, the H,O
evolution increased with temperature for pyrolysis at 10 K/min [54]. The species evolution
in the pyrolysis with 2% Zn did not present a considerable variation between 300 °C and
500 °C for the heating rates of 10 K/min and 30 K/min. Nevertheless, it is observed that
the samples subjected to heating of 50 K/min did begin to decrease slightly from 400 °C.
This is evidenced mainly in secondary species such as CH3COOH which reduced its peak
by more than half, and NH3 which no longer had a visible spectrum at that temperature.

The sample mixed with 3% Zn showed a significant decrease in the products with in-
creasing temperature between 400 °C and 600 °C, where the maximum CO; peaks occurred
between 250 °C and 360 °C, while species such as CO and CH4 augmented considerably in
the same temperature range when using 10 K/min and 50 K/min. The release of CO was
probably due to the decarbonylation reaction of the alkyl with carbonyl groups (-CHO)
and the increase in its emissions at high temperatures as a result of secondary reactions,
while the cleavage of methoxide possibly caused the emission of the CH4 (-OCHj3-) and
methylene (-CHj-) groups [55].

5. Conclusions

The growth in the demand for energy, fuels, and chemical products is crucial in
developing biorefineries. Thus, analyzing the possibility of diversifying the use of by-
products from the oil palm industry through catalytic pyrolysis is essential. The catalyst
could contribute to absorbing the oxygenated compounds present in bio-oil which can then
be used as a by-product in biorefineries and thus promote actions to reduce dependence on
fossil fuels and, consequently, CO, emissions.

Based on the results of the evaluation conducted in the energy analysis fields, there is
evidence for the possible implementation of these alternatives for the use of biomass in the
contexts of agro-industrial economies which require the inclusion of residual biomass from
oil palm, specifically from EFB as a complement to improve yields.
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This work focuses on analyzing the effect of zinc sulfate on EFB pyrolysis. For this
purpose, a thermo-gravimetric analyzer coupled with a Fourier transform infrared spec-
troscopy (TG-FTIR) was used to assess the kinetic parameters (activation energy, pre-
exponential factor, and reaction order) and activation energy distribution considering three
kinetic models. The experiments were carried out using catalyst percentages ranging from
0 wt% to 3 wt% and different heating rates (10, 30, and 50 K/min).

The results showed that the crucial pyrolysis temperature was found at around 350 °C
where the main mass loss was associated with cellulose and lignin pyrolysis. The sample
that presented the highest mass loss was the EFB mixed with 1% Zn at 10 K/min (68.99%),
while the mixture of EFB/3% Zn at 10 K/min presented the lowest mass loss (63.58%) but
the highest percentage of char (36.42%). On the other hand, three significant peaks were
evidenced in the TG curves, the first associated with eliminating moisture and the second
with hemicellulose pyrolysis. However, it became less noticeable for the reactions with
heating rates of 30 K/min and 50 K/min. The third peak corresponded to cellulose and
lignin pyrolysis.

Using the DAEM model, it was possible to model all the experiments with favorable
results, thus adjusting the curve DTG through a series of first-order parallel reactions. For
this case, the best fit occurred when using three pseudo components, i.e., three independent
reactions in parallel. It is opportune to mention that using zinc sulfate as a catalyst in
EFB pyrolysis did not contribute to accelerating the reaction or decreasing the activation
energy. On the contrary, this parameter increased for pseudo reaction 1 in the samples
of 2% Zn and remained in the same value range in pseudo reactions 1 and 3 for the four
samples analyzed.

The FTIR of the evolved gases determined that the main gaseous pyrolysis products
are CO,, CO, H,O, CHy, NH3, and CH3COOH. CO, was the main product, reaching the
highest peaks at temperatures close to 300 and 400 °C. In comparison, secondary products,
such as CH3COOH and NHj, presented low peaks and were only noticeable in some
samples at specific temperatures (close to 400 °C).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr10091748/s1, Figure S1. N-Reaction Order model fitting for
EFB. Figure S2. Pre-Exponential Factor model fitting for EFB. Figure S3. DAEM model fitting for:
(a) EFB at 10 K/min; (b) EFB at 30 K/min; (c) EFB at 50 K/min. Figure S4. DAEM model fitting for:
(a) EFB + 2% Zn at 10 K/min; (b) EFB + 2% Zn at 30 K/min; (c) EFB + 2% Zn at 50 K/min. Figure S5.
DAEM model fitting for: (a) EFB + 3% Zn at 10 K/min; (b) EFB + 3% Zn at 30 K/min; (c) EFB + 3% Zn
at 50 K/min. Figure S6. FTIR spectrum of EFB + 1% Zn sample: (a) 10 K/min at 95 °C, (b) 10 K/min
at 693 °C, (c) 30 K/min at 303 °C, (d) 30 K/min at 600 °C, (e) 50 K/min at 326 °C, (f) 50 K/min at
599 °C. Figure S7. FTIR spectrum of EFB + 2% Zn sample: (a) 10 K/min at 326 °C, (b) 10 K/min at
475° C, (c) 30 K/min at 331 °C, (d) 30 K/min at 545 °C, (e) 50 K/min at 277 °C, (f) 50 K/min at 414 °C.
Figure S8. FTIR spectrum of EFB + 3% Zn sample: (a) 10 K/min at 267 °C, (b) 10 K/min at 493 °C,
(c) 30 K/min at 359 °C, (d) 30 K/min at 600 °C, (e) 50 K/min at 296 °C, (f) 50 K/min at 436 °C.
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Nomenclature

CPO Crude palm oil

POM Palm oil mill

EFB Empty fruit bunches

FFB Fresh fruit bunches

TGA Thermogravimetric analysis

FTIR Fourier transform infrared spectrometry
DAEM Distributed activation energy model
ZSM-5  Zeolita socony mobil-5

AHs Aromatic hydrocarbons

HV Heating value

dTG The first derivative of the TGA curve respect to time
Ea Activation energy

A Pre-exponential factor

N Reaction order

R? Determination coefficient

IR Infrared spectra
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