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ABSTRACT: The goal of this research was to investigate the effects of torrefying

temperature (220, 260, and 300 °C) on the physicochemical properties, kinetics,

thermodynamic parameters, and reaction processes of Acer palmatum (AP)

during the pyrolysis process. The kinetics of raw materials and torrefied biomass

were studied by using three kinetic models, and the main function graph 2
approach was employed to find the reaction mechanism. The torrefied biomass
produced at temperatures of 220 °C (AP-220), 260 °C (AP-260), and 300 °C
(AP-300) was thermogravimetrically analyzed at four different heating rates (S,
10, 15, and 20 °C/min). In comparison to the raw material, the average
activation energy of torrefied biomass declined with increasing temperature, from
174.13 to 84.67 kJ/mol (FWO), 172.52 to 81.24 kJ/mol (KAS and DAEM). The
volatile contents of AP and AP-220 are higher than those of AP-260 and AP-300,
indicating that the random nucleation model occupies the central position.
Compared with the raw biomass, the average Gibbs free energy (AG) of torrefied biomass increased from 157.97 to 195.38 kJ/mol.
The mean enthalpy change (AH) during the torrefaction process is positive, while the mean entropy change (AS) of the torrefaction
of biomass is negative, decreasing from 16.93 to —151.53 kJ/mol (FWO) and from 14.36 to —156.06 kJ/mol (KAS and DAEM).
Overall, the findings provide a comprehensive understanding of the kinetics and improved features of torrefied biomass as a high-

quality solid fuel.

1

1. INTRODUCTION beneficial.' Bioenergy emits less greenhouse gases such as
carbon dioxide during its usage than typical fossil fuels,

With the fast growth of human society and the acceleration of oo ) 2 i
resulting in less environmental damage.”” Second, bioenergy

industrialization, greenhouse gas emissions have caused a : ] ) ! »
sustainability dilemma.! Although the COVID-19 pandemic has a diverse variety of supplies and may be efficiently utilized

had a substantial impact on world health and the economy, through sustainable agriculture and recycling, therefoge%:
climate change may have far more catastrophic implications.” avoiding energy crises caused by resource depletion.
Extreme weather events, droughts, floods, and other difficulties Furthermore, the production and use of bioenergy can
caused by climate change might result in food shortages, water stimulate regional economic growth and generate job
scarcity, health challenges, and other human aspects, jeopard- possibilities.14 Bioenergy, however, also has significant
izing global society’s long-term growth.3_7 Excessive use of disadvantages. First, it is challenging to gather, store, transport,
traditional fossil fuels is one of the causes of climate change, and process biomass, and it costs a lot of money and time to
which creates environmental issues, notably those connected do s0."® Second, different biomass types can create different
to carbon dioxide emissions.® Energy efficiency and renewable pollutants during combustion or gasification operations,
energy sources, such as solar energy, wind energy, geothermal including exhaust gases, wastewater, and solid waste, having
energy, hydropower, and bioenergy, are critical to fulfilling an effect on the environment.'®"” Additionally, there can be
rising energy demands while addressing environmental issues with the power density, dependability, and stability of

concerns. Bioenergy, nowadays, is gaining more attention
among different renewable energy sources such as solar energy,
wind energy, geothermal energy, marine energy, and hydro-
electric power.” Bioenergy is defined as energy materials
derived from organic raw materials such as plants, animals, or
microorganisms, such as wood, crop residues, agricultural
waste, biomass leftovers, and industrial waste.' Bioenergy
offers several advantages and disadvantages as a sustainable
energy source. To begin with, bioenergy is ecologically

bioenergy. Currently, bioenergy is widely used in several
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industries, such as transportation, heating, and power
generation.'* " Biofuels, for instance, may be used to power
gas turbines and heat homes. Biomass gasification technology
may create synthetic gas and other gases, whereas biomass
liquefaction technology can create biodiesel and other fuels. In
order to better produce and use bioenergy, many scientists are
also investigating strategies to increase the effectiveness of
biomass consumption and decrease the environmental impact
of bioenergy.

Biomass pyrolysis or torrefaction is an efficient way to
transform subpar biomass into high-energy materials with
consistent and homogeneous physical and chemical properties
in order to enhance the energy and environmental features of
biomass for successful energy conversion.”> Torrefaction is a
light thermal treatment that takes place at temperatures
between 200 and 300 °C under an environment of regulated
oxygen or inert gas for a duration of 30—60 min. Torrefied
biomass has better properties than raw biomass, such as a
higher heating value and lower hydrogen/carbon (H/C) and
oxygen to carbon (O/C) ratios. Additionally, torrefaction
makes biomass more easily ground and less likely to absorb
water. Torrefied biomass has a greater carbon content and a
lower oxygen content than the original biomass, because
torrefaction can remove moisture and certain volatile chemicals
from the original biomass.

There has already been a substantial amount of research on
the kinetic and thermodynamic characteristics of various
biomasses.”>~*® The functional link between the pyrolysis
kinetics of spruce twigs and rice husks and torrefied
temperature was assessed by Bach®” et al. and Zhang™ et al,,
respectively. Three pseudocomponent models were used by
Hu'' et al. to explore the thermal behavior and torrefied
kinetics of biomass pellets. Their results showed that the
contribution of hemicellulose to the reaction kinetics reduced
with an increase in the torrefied temperature because the
activation energy of the process dropped. Their results also
showed that when the torrefied temperature rises, hemi-
cellulose’s contribution to the reaction kinetics declines as a
result of the drop in activation energy. Castells’” and others
studied raw palm oil and torrefied palm oil waste samples’
combustion kinetic characteristics, and it was discovered that
torrefaction increased the activation energy while improving
the thermal stability of the samples. Doddapaneni®® research
indicates that the pyrolysis of eucalyptus is somewhat related
to its kinetics and reaction mechanism. Bach® used
independent parallel reaction models for air-torrefaction and
kiln-torrefaction to perform a comparative investigation on the
thermal deterioration of Norway spruce.

For the design, optimization, and scaling of process reactors
and parameters, the kinetic parameters (activation energy and
pre-exponential factor), thermodynamic parameters (enthalpy,
Gibbs free energy, and entropy), and reaction mechanism are
critical.’’ Thermally treated biomass may behave differently
than untreated biomass in terms of thermal—chemical
conversion. Furthermore, the cofiring of thermally treated
biomass with coal in a power plant will be impacted by distinct
kinetic, thermodynamic, and reaction processes for both the
thermally treated biomass and coal. As a result, a full
understanding of the kinetic and thermodynamic parameters
as well as the torrefaction biomass reaction process is required.
However, it is scarce to systematically express the kinetic and
thermodynamic parameters and then illustrate the reaction
mechanism of torrefied wood wastes.
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The purpose of this research is to investigate the thermal
behavior of raw AP and torrefied AP. At different torrefaction
temperatures, the thermal breakdown behavior, kinetic
parameters, and thermodynamic parameters of raw AP and
torrefied sawdust are compared. Proximate analysis, elemental
analysis, heating value analysis, and fiber component analysis
are used to compare the physicochemical parameters of the
original biomass with those of torrefaction biomass.
Thermogravimetric methods are used to examine the thermal
breakdown behavior and pyrolysis product properties of
biomass before and after torrefaction. Flynn—Wall-Ozawa
(FWO), Kissinger—Akahira—Sunose (KAS), and distributed
activation energy model (DAEM) conversion models are used
to determine the kinetic parameters and conduct thermody-
namic investigations, providing technical support for thermal—
chemical conversion technology from wood waste.

2. MATERIALS AND METHODS

2.1. Material. Lignocellulosic biomasses, AP, from south of
Anhui province in China were used as the raw material. They
were ground to <0.3 mm and stored under cryogenic
environment for subsequent analysis. The proximate analysis
was determined by standard method: moisture content (UNE-
EN 14774-1:2010), ash content (UNE-EN 14775:2010),
volatile matter (UNE-EN 15148:2010), and fixed carbon
(determined by mass difference). The elements of C, H, N,
and S were monitored using an elemental analyzer (Elementar
Vario Micro Cube, Germany), and the percentage of O
elements was calculated by mass difference. The heating values
of biomasses and biochar were measured with a calorimeter
(HYHW-8A, manufactured by He bi Hua yu Instruments
LTD), according to GB/T 213-2008. Cellulose, hemicellulose,
and lignin contents were determined according to the method
proposed by Van Soest.”> The cellulose content is obtained by
treating with acidic detergents, while the hemicellulose content
is subtracted from the cellulose content in the residue treated
with 72% sulfuric acid. The residue treated with 72% sulfuric
acid is dried and then incinerated, and the portion that escapes
during the ashing process is the lignin content.

2.2. Torrefaction. The experimental device for the biomass
torrefaction process is shown in Figure 1. Torrefaction
experiments were carried out in a vertical, 800 mm X 40

1 7 8
1 Nitrogen Cylinder; 2 Flowmeter; 3 Hanger; 4 Temperature controller; 5 Sample tube;
6 Heating zone; 7 Condensation collection device; 8 Gas-washing bottle; 9 Air bag
Figure 1. Schematic diagram of the experiment.
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mm diameter quartz tubular reactor. The samples were placed
in the middle 400 mm of the reactor, where isothermal. 10 g of
samples was placed in the reactor and heated at 10 °C/min to
a set point of 220, 260, and 300 °C for 30 min. Nitrogen with a
purity of 99.999% was injected into the reactor at a flow rate of
90 mL/min to create an inert environment and remove the
torrefaction gas. After torrefying pretreatment, the reactor was
removed from the furnace, and the torrefaction samples were
cooled. AP-220, AP-260, and AP-300 represent torrefaction AP
at temperatures of 220 °C, 260 °C, and 300 °C, respectively.
The basic analyses before and after biomass torrefaction are
shown in Table 1.

Table 1. Fundamental Analysis of Raw Biomass and
Torrefied Biomass

sample AP AP-220 AP-260 AP-300
Proximate Analysis (%)
A, 113 1.55 2.90 3.61
A 85.12 73.07 46.00 32,03
FCyy 14.88 2693 54.00 67.97
Ultimate Analysis (%)
N“ 0.39 0.40 0.43 0.55
c” 50.53 56.58 70.82 76.75
H 5.95 5.70 4.93 4.42
N 0.00 0.01 0.01 0.01
o’ 43.12 37.31 23.81 1827
Compositional Analysis (%)
cellulose 44.76 45.46 4.16 0.34
hemicellulose 25.96 5.64 0 0
lignin 17.61 39.81 91.19 96.67
other 11.67 9.09 4.65 2.99
HHV (MJ/kg) 17.98 2421 30.02 3247

“Nitrogen, carbon, hydrogen, and sulfur elements are measured by
elemental analysis instruments. bOxygen element is calculated by
difference.

2.3. Thermogravimetric Analysis. A Pyris 1 TGA from
PerkinElmer (USA) was used for thermogravimetric analysis to
investigate the thermal degradation behavior of AP, AP-220,
AP-260, and AP-300. A 15 mg sample was heated from room
temperature to 100 °C and held for 1 h to remove moisture.
Then, the sample was heated from 100 to 900 °C at heating
rates of 5, 10, 15, and 20 °C/min, with a 5 min hold, using
99.999% purity helium (He) as the carrier gas. The data for
each thermogravimetric sample were repeated 2—3 times.

2.4. Pyrolysis Kinetics. The typical expression for
nonisothermal kinetics of biomass degradation is as follows:

da
— = k(@)
dt (1)
k is the rate constant; a represents the fractional conversion
rate during biomass thermal decomposition.
The biomass conversion rate is defined as

(M, — M,)

- Moo) (2)

a represents the fractional conversion rate during biomass
thermal decomposition; M, is the initial mass of the sample, g;
M, is the mass of the sample at any time t, g; M, is the final
mass of the sample, g.

= x 100%
(M,
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The response mechanism is represented by the heteroge-
neous function f(a), which may be written as

fla) =1 -a) 3)

a represents the fractional conversion rate during biomass
thermal decomposition; # is the reaction order.

The rate constant varies with the temperature and may be
represented as follows:

E

k(T) = A exp( RT] @

T is the temperature, K; E is the activation energy, kJ/mol; A
is the pre-exponential factor, min~'; R is the universal gas
constant, 8.314 J/(mol -K).

Combining eqs 1, 3, and 4 provides the fundamental
expression for computing kinetic parameter analysis based on
TGA (thermogravimetric analysis) data.

da

dt (%)

a represents the fractional conversion rate during biomass
thermal decomposition; n is the reaction order; T is the
temperature, K; E is the activation energy, kJ/mol; A is the pre-
exponential factor, min~}; R is the universal gas constant, 8.314
J/(mol -K).

TGA analysis is performed with a constant heating rate;
hence, the heating rate is specified as follows:

(6)

B is the heating rate, K/min.
Temperature influences the conversion rate, although the
temperature is also affected by the heating rate. Therefore,

da _ da dt
dT  dt dT (7)
da _dal

dT  dt p (8)

B is the heating rate, K/min.
The rate equation for nonisothermal experiments may be
represented as eq 9, by combining eqs S and 8:

da E
da_ A/ﬂexp(—ﬁl/(a) o

a represents the fractional conversion rate during biomass
thermal decomposition; A is the pre-exponential factor, min™";
B is the heating rate, K/min; E is the activation energy, kJ/mol;
R is the universal gas constant, 8.314 J/(mol ‘K); T is the
temperature, K.

We derive the integral function of this by integrating both

sides of the equation:

° da A % _prr
da _A d
d@ =k (10

g(a) is the integral function of conversion rate a; «
represents the fractional conversion rate during biomass
thermal decomposition; A is the pre-exponential factor,
min~'; f§ is the heating rate, K/min; E is the activation energy,
kJ/mol; R is the universal gas constant, 8.314 J/(mol -K); T is
the temperature, K.

gla) =
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Table 2. Models of Pyrolysis Reactions with Varying g(«) and f(a) Values

reaction mechanism symbol g(a) fla) references
one-dimensional diffusion D1 o 1/2a 36
binary diffusion D2 (1-a)In(1-a) + « [—In(1—a)™"] 28
three-dimensional diffusion D3 [1—-(1-a)?]? 3(1 - ) 1-(1 - &)1 28
2
three-dimensional diffusion D4 1— %a - (- (1)2/3 %[(1 —a)V? -1 36
geometric contraction F2 1-(1-a)'? 2(1-a)'? 37
geometric contraction F3 1-(1—a)'? (1—a)'/? 37
power law P2/3 a? 2,12 37
3
power law P2 a'? 207 37
power law P3 a'? 3a*? 37
power law P4 al’* 4074 36
nucleation and growth Al [-In(1-a)]*? L - a)[-In(1 - )13 »
2
nucleation and growth A2 [-In(1—a)]*? 2(1=a)[~In(1-a)]? 25
nucleation and growth A3 [—In(1—a)]3 3(1—a)[-In(1-a)]*? 25
nucleation and growth A4 [— In(1—a)]"* 4(1-a)[— In(1—a)]¥* 25
first-order random nucleation on a single particle R1 — In(1-a) (1-a) 38
second-order random nucleation with two nuclei on a single particle R2 (1—a)™ -1 (1—a)? 38
third-order random nucleation with three nuclei on a single particle R3 %[( 1—a)?—1] (1-a)? 38
The kinetic model f(a) is an algebraic expression that is i B E I AR p
related to a physical model describing the reaction kinetics. n T2 RT +ln E + 0.6075 (13)

The functions f(a) and g(a) represent different forms of
reaction mechanisms, as shown in Table 2.

The thermal breakdown of biomass is a complicated process.
As a result, analogous conversion models and distributed
models are frequently used to investigate the thermal
degradation process in depth. Two common integral
approaches for comparable conversion rate modeling are
KAS (Kissinger—Akahira—Sunose) and FWO (Flynn—Wall—
Ozawa). The distribution of activation energy and pre-
exponential factor may be calculated using the equivalent
conversion rate approach, which can offer a range for the
distributed activation energy and optimize the kinetic
parameters.39

2.4.1. FWO Model. The FWO model, model free method,
provides a more precise way for determining activation
energy.’ In(f8) has a linear connection with 1/T at different
heating rates. The FWO model may be represented in its
simplest form as follows:

E
In(p) = —1.052-— + ln[ RG(G)] - 533 o

2.4.2. KAS Model. For the KAS model, the linear
connection between In(f/T*) and 1/T at varying heating
rates yields the slope E/R, which may be used to calculate the
activation energy and frequency factor.*’ The simple KAS
model may be written as

By _E [ _AE
In(Tz) ~ RT *1 [RG(a)] (12)

2.4.3. Distributed Activation Energy Model (DAEM).
DAEM is a useful tool for investigating the response behavior
of complicated systems, including an endless number of
simultaneous first-order reactions.” The process of biomass
pyrolysis is described in this work using DAEM. The simplified
DAEM model is as follows:
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2.4.4. Prediction of Reaction Models. Combination of
Criado and main function diagram methods:*°

Z(a) _ fla) x g(a) _[LTX(MMm

7(0.5)  f(0.5) x g(0.5) | Ty (da/dt), s
(14)
A theoretical curve can be shown in the equation:M
7(0.5) % g(0.5)

to reflect the properties of various reaction processes

T, da / dt . . .
(To(:) X ((d: // dt)):s is the experimental curve derived from

experimental values. Using a = 0.5 as the reference value, the
principal curves of all reaction mechanisms cross the
experimental curve at Z()/Z(0.5) = 1. The major reaction
mechanism of the experimental values may be established by
comparing the theoretical curve to the experimental curve. As
the reaction mechanism,”’ the theoretical curve that is closest
to the observed curve is chosen.

2.5. Thermodynamic Analysis. The thermodynamic
parameters can be used for estimating the feasibility of
combustion, which includes enthalpy (AH), Gibbs free energy
(AG), and entropy (AS). These parameters can be evaluated
depending on the following equations:

ko T
AH=E + RTIn(B—)
hA

(15)

AG = E + RT (16)
AS = AH — AG

T (17)

where AG is the Gibbs free energy, kJ/mol; AH is the enthalpy
change, kJ/mol; AS is the entropy change, J/(mol-K); kg is the
Boltzmann constant, 1.38 X 107> J/K; h is the Planck
constant, 6.626 X 107 J s,

https://doi.org/10.1021/acsomega.3c07179
ACS Omega 2024, 9, 4474—-4485
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3. RESULTS AND DISCUSSION

3.1. The Physicochemical Parameters of AP Prior to
and after Torrefaction. The industrial, elemental, fiber
content, and heating value of raw (AP) and torrefied biomass
(AP-220, AP-260, and AP-300) are shown in Table 1. The
results show that when the torrefaction temperature rises, the
fixed carbon and ash contents rise from 14.88% to 67.97% and
1.13% to 3.61%, respectively. The elimination of water and
volatile materials at high temperatures results in an increase in
the fixed carbon content of torrefied biomass. Furthermore, at
lower temperatures (220 °C), cellulose breakdown is minimal,
resulting in a larger solid yield. However, at higher temper-
atures (300 °C), hemicellulose decomposes with cellulose and
lignin, reducing the hemicellulose and cellulose contents from
25.96% to 0% and 44.76% to 0.34%, respectively, resulting in a
loss in solid yield. Because hemicellulose decomposes at lower
pyrolysis temperatures, biomass with a greater hemicellulose
content produces less solid products during the torrefaction
process than liquid and gas products.*” Furthermore, at higher
temperatures, the breakdown of hydroxyl groups accelerates,
resulting in more volatile molecules. The qualities of the
torrefied products are also determined by the content of the
biomass. As illustrated in Figure 2, as the torrefaction

R e

L o | |

35 T Anthracite 1 3
‘ CAP-300-

s

[
<

HHV(MJ/kg)
3

(] o

Figure 2. Effect of torrefying temperature on the H/C and O/C ratios
and calorific value.

temperature rises from 220 to 300 °C, the H/C ratio falls by
0.69, and the O/C ratio falls by 0.64. The elimination of
hydrogen and oxygen during torrefaction is greater than that of
carbon. As a result, both the H/C and O/C ratios fall
dramatically. Furthermore, increased carbon content and fixed
carbon content due to torrefaction are the causes for the
torrefied biomass having a higher heating value than raw
biomass. The heating value of the original biomass increases
from 17.98 to 32.47 MJ/kg when the torrefaction temperature
rises. Coal has a heating value that ranges between 25 and 35
MJ/kg.*’ Torrefied biomass may therefore be compared to
lignite and cofired with coal in power plants to generate
electricity.

3.2. Thermogravimetric Analysis. Figure 3a—d depicts
the pyrolysis behavior of raw biomass and torrefied biomass
(AP-220, AP-260, and AP-300) at heating rates of S, 10, 185,
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and 20 °C/min. The degradation process is separated into
three stages: (1) drying, (2) devolatilization, and (3) char
production. The first stage includes the removal of surface
moisture as well as certain volatile chemicals.** It is also worth
noting that the moisture-induced mass loss in torrefied
biomass (AP-220, AP-260, and AP-300) is somewhat lower
than that in raw biomass. The second stage is connected with
devolatilization, which causes considerable mass loss, owing to
hemicellulose and cellulose breakdown. The third stage is a
sluggish process, caused mostly by char oxidation. Poly-
saccharides hemicellulose and cellulose have low thermal
stability at high temperatures. Lignin, on the other hand, is
made up of optically active polymers and has high thermal
stability. Temperature ranges for hemicellulose, cellulose, and
lignin breakdown are 220—315 °C, 314—400 °C, and 160—900
°C, respectively. It is difficult to identify hemicellulose
degradation in the DTG curves of torrefied samples,
demonstrating the considerable disintegration of hemicellulose
during torrefaction. The major peak in the 300—600 °C range
relates mostly to cellulose decomposition,**® with a higher
peak intensity seen for AP-220 compared to AP, showing a loss
in cellulose thermal stability during moderate torrefaction. The
peak intensity related to cellulose is drastically decreased for
AP-300 due to severe torrefaction. The peak intensity of
cellulose breakdown increases and decreases for mild and
severe torrefaction, respectively, compared to raw biomass.
Furthermore, when the torrefaction temperature rises, the
temperature range for lignin breakdown for AP-260 expands,
most likely due to a reduction in the polysaccharide
concentration and partial carbonization of sugars.

The DTG curve shows that when the heating rate increases
from 5 °C/min to 20 °C/min, the peak of the DTG curve
changes slightly toward higher temperatures. This is because
the pyrolysis process has a reduced heat transfer efficiency at
higher heating rates.”” Lower heating rates have been found in
studies to improve the heat transmission efficiency of biomass
particles, resulting in a more uniform pyrolysis breakdown. The
greater form of the peak at high heating rates may be ascribed
to the compositional variety and complexity of the biomass.*®

3.3. Kinetic Analysis. The least amount of energy needed
for a reaction to take place is called the activation energy.
Greater temperatures or longer residence durations are
therefore necessary for reactions with higher activation
energies in order to generate enough energy for the reaction
to proceed. The FWO, KAS, and DAEM methods were used to
determine the activation energy for raw biomass and torrefied
biomass (AP-220, AP-260, and AP-300), the results are shown
in Table 3, which ranged from 146.32 to 187.18 kJ/mol,
171.09 to 205.33 kJ/mol, 60.36 to 134.34 kJ/mol, and 75.75 to
91.08 kJ/mol, respectively. The hemicellulose, cellulose, and
lignin components of biomass all have different activation
energies. According to Vamvuka® et al, cellulose, hemi-
cellulose, and lignin each have an activation energy of 145—
285 kJ/mol, 90—125 kJ/mol, and 30—39 kJ/mol, respectively.
The largest activation energy is said to be found in cellulose,
followed by hemicellulose and lignin. A biomass that has more
cellulose will, therefore, have a higher activation energy.
According to the table, AP-220 has a little greater relative
cellulose content than raw biomass. As a result, AP-220 has a
greater activation energy than raw biomass. The breakdown of
cellulose becomes considerable as the torrefaction temperature
rises. As a result, AP-260 and AP-300 have lower activation
energies than raw biomass. AP-300’s lower activation energy
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Figure 3. TG and DTG analyses of raw biomass and torrefied biomass at different heating rates: (a) AP, (b) AP-220, (c) AP-260, and (d) AP-300.

makes it appropriate for thermochemical conversion.’®
Furthermore, it may be cofired with other biomass or coal.
The collision frequency of reactant molecules converting to
products is represented by the pre-exponential factor A, and
the average values of A for raw AP and torrefied AP estimated
by the FWO, KAS, and DAEM models are shown in Table3.
The values for raw AP are 1.34 X 10'%, 9.86 X 10'3, and 6.05 X
10"3; for AP-220, they are 5.11 X 10'% 3.22 X 10'2, and 1.51 X
10"%; for AP-260, they are 3.17 X 10%, 7.41 X 10%, and 3.46 X
10%, and for AP-300 they are 7.83 X 10%, 7.77 x 10%, and
9.15 X 10%. It is observed that the pre-exponential factor
decreases as the torrefaction temperature increases. A low pre-
exponential component suggests a slower pace of reaction and
necessitates a longer reaction time. Conversely, a large pre-
exponential factor denotes a higher rate of reaction and allows
for a quicker pace of reaction.”**" The variation of the pre-
exponential factor could be attributed to the complexity of
biomass as well as the complexity of biomass pyrolysis.
Estimating kinetic parameters is extremely important for the
efficient design and scaling-up of industrial-scale reactors. For
the kinetic study of raw materials and torrefied biomass, the
Flynn—Wall-Ozawa (FWO), Kissinger—Akahira—Sunose
(KAS), and distributed activation energy model (DAEM)
models were used, with conversion rates ranging from 0.3 to
0.7. Figure 4 depicts the acquired isoconversional plots for raw
materials and torrefied biomass (AP-220, AP-260, and AP-
300). The slopes of the isoconversional lines, which are used to
calculate the activation energy, alter as the conversion rate
increases. As a result, the activation energy’s value fluctuates.
The activation energy, as given in the table, is comparable to
the fluctuation in conversion rate represented in the graph.
The activation energy derived from the FWO, KAS, and
DAEM techniques is equivalent for both raw and torrefied
biomasses (AP-220, AP-260, and AP-300). The activation
energy obtained by the FWO model is somewhat greater than
those calculated by the KAS and DAEM models, as indicated
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in the table. The variation in activation energy across models
can be traced to the assumptions utilized in each technique.
The fluctuation in activation energy with conversion
throughout the pyrolysis process implies that the biomass
conversion process is multistep and complicated, rather than
single-step. As a result, the overall breakdown of biomass is
established via a multistep response mechanism, with each
stage contributing to the global mechanism in part dependent
on the degree of decomposition.*

3.4. Prediction of Reaction Mechanisms. As shown in
Figure S, the prediction of the pyrolysis reaction model for raw
biomass and torrefied biomass (AP-220, AP-260, and AP-300)
under heating conditions at a rate of 10 °C/min was
performed using the main function plot method combined
with the Criado method. The pyrolysis mechanisms of raw AP
and torrefied AP are most similar to theoretical curves D1, D2,
D3, and D4, which correspond to one-dimensional diffusion
models, two-dimensional diffusion models (Valensi models),
and three-dimensional diffusion models (Jander models and
Ginstlinge—Brounshtein models), respectively. AP-260 follows
the R2 model, which corresponds to second-order random
nucleation with two nuclei on a single particle (R2), while AP-
300 follows the R2 and R3 models, which correspond to
second-order random nucleation with two nuclei on a single
particle (R2) and third-order random nucleation with three
nuclei on a single particle (R3), respectively. The diffusion
models AP and AP-220 have a larger volatile content, as seen
in Table 1. On the contrary, the volatile compounds in AP-260
and AP-300 have already been released during the torrefaction
process as the torrefaction temperature rises. As a result, the
random nucleation model takes center stage. These findings
are congruent with those of Doddapaneni et al.*”* and Mishra
et al.*® When the conversion rate exceeds 0.5, the raw biomass
approaches theoretical curve R2, which corresponds to second-
order random nucleation with two nuclei on a single particle,
as well as the Avrami—Erofeev model (Al, A2, A3, and A4)
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Figure 4. Thermal breakdown kinetics of AP before and after torrefaction were evaluated using the FWO, KAS, and DAEM techniques. AP (a),

AP-220 (b), AP-260 (c), and AP-300 (d).

associated with nucleation and growth. AP-220, on the other
hand, adheres to the R2 model, which corresponds to third-
order random nucleation with two nuclei on a single particle
(R2). It seems that the temperature has a certain impact on the
conversion rate. Some ordered cellulose may depolymerize at
higher temperatures, turning it into smaller molecular weight
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chains.*® These smaller molecular weight chains might be used
as locations for random nucleation, growth, and degradation
processes.

3.5. Thermodynamic Parameters. The thermodynamic
parameters, including Gibbs free energy (AG), enthalpy
change (AH), and entropy change (AS), obtained from the
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Figure 5. The theoretical and experimental plots (Z-master plot) of solid reaction mechanisms predicted by using the Criado method for (a) AP,
(b) AP-220, (c) AP-260, and (d) AP-300.

Table 4. FWO, KAS, and DAEM Methods Were Used to Calculate the Thermodynamic Parameters of Raw AP and Torrefied

AP
FWO KAS DAEM
AG AH AS AG AH AS AG AH AS

a (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

AP 0.3 148.68 143.73 —-8.34 148.68 141.39 —12.30 148.68 141.39 —-12.30
04 15421 163.04 14.37 15421 161.37 11.65 154.21 161.37 11.65

0.5 158.94 175.87 26.75 158.94 174.57 24.69 158.94 174.57 24.69

0.6 162.58 180.14 27.15 162.58 178.84 25.14 162.58 178.84 25.14

0.7 16543 181.71 24.75 165.43 180.30 22.60 165.43 180.30 22.60

average 157.97 168.90 16.93 157.97 167.29 14.36 157.97 167.29 14.36

AP220 03 164.71 152.46 -18.71 164.71 149.53 -23.19 164.71 149.53 -23.19
0.4 167.01 145.61 —-32.23 167.01 142.15 —37.44 167.01 142.15 —37.44

0.5 169.07 145.50 —35.07 169.07 141.91 —40.42 169.07 14191 —40.42

0.6 171.52 151.12 —-29.93 171.52 147.67 —35.00 171.52 147.67 —35.00

0.7 175.59 179.54 5.66 175.59 177.35 2.52 175.59 177.35 2.52

average 169.58 154.85 —22.06 169.58 151.72 -26.71 169.58 151.72 -26.71

AP-260 0.3 159.87 62.66 —152.75 159.87 55.07 —164.68 159.87 55.07 —164.68
0.4 169.59 71.70 —145.27 169.59 63.98 —156.73 169.59 63.98 —156.73

0.5 179.72 91.12 —124.31 179.72 83.83 —134.53 179.72 83.83 —134.53

0.6 189.06 107.66 —108.74 189.06 100.69 —118.06 189.06 100.69 —118.05

0.7 201.70 127.72 -92.83 201.70 121.02 -101.24 201.70 121.02 -101.24

average 179.99 92.17 —124.78 179.99 84.92 —135.05 179.99 84.92 —135.05

AP-300 0.3 181.54 72.52 —151.47 181.54 69.76 —155.30 181.54 69.76 —155.30
0.4 189.69 77.80 —148.99 189.69 70.90 —158.18 189.69 70.90 —158.18

0.5 196.13 79.16 —150.80 196.13 73.38 —158.24 196.13 73.38 —158.24

0.6 201.90 79.65 —153.25 201.90 75.78 —158.09 201.90 75.78 —158.09

0.7 207.65 82.11 —1583.14 207.65 84.26 —150.51 207.65 84.26 —150.51

average 195.38 78.25 —151.53 195.38 74.82 —156.06 195.38 74.82 —156.06

process of torrefied AP along with their variations with Gibbs free energy (G) is the change in total energy increase

conversion rate are shown in Table4. Thermodynamics studies
the laws of energy exchange, and the thermodynamic
properties of a system are state functions, which will help
investigate the energy changes during the pyrolysis process.
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of a system after the development of an activated complex.

24

Raw and torrefaction biomass Gibbs free energy values (AP-
220, AP-260, and AP-300) are 148.68—165.43 kJ/mol,

164.71—175.29 kJ/mol, 159.87—201.70 kJ/mol, and 181.54—
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207.65 kJ/mol, respectively. The fact that the Gibbs free
energy is positive suggests that the biomass pyrolysis process is
not spontaneous and requires external energy for thermal
breakdown. The average value of AG for torrefied AP increases
with the conversion rate, according to the three models.
Positive AG values suggest that the raw and torrefaction
biomasses (AP-220, AP-260, and AP-300) exhibit unfavorable
processes that require substantial energy.”” The increase in the
Gibbs free energy of biomass after torrefaction is caused by
chemical reactions and material transformations that occur
during the torrefaction process. These chemical reactions
involve the pyrolysis and other processes of organic molecules,
resulting in the production of substantial volumes of gas and
organic debris. These reactions demand energy, which
increases the Gibbs free energy. Furthermore, heat loss and
energy conversion occur throughout the torrefaction process,
leading to a rise in the system’s Gibbs free energy. As a result,
the increase in Gibbs free energy of the biomass following
torrefaction is the outcome of chemical processes and energy
conversion.

Enthalpy is a thermodynamic property that represents the
total heat content of a system. In the case of biomass pyrolysis,
it signifies the total amount of heat absorbed when biomass is
converted into different products, such as biochar, bio-oil, and
gases. The average AH values, calculated using the FWO and
KAS models, respectively, decreased from 168.90 to 78.25 kJ/
mol and from 167.29 to 74.28 kJ/mol. The positive values of
AH for biomass during the pyrolysis process indicate that the
endothermic reactions dominate in parallel reactions. The
cellulose content of AP-220 is slightly higher than that of AP,
resulting in higher AH values compared to those of the raw
biomass. During the torrefaction process, the moisture and
volatile components in the biomass gradually evaporate and
burn, leading to a reduction in its mass. Therefore, the
enthalpy change (i.e., heat change) becomes lower. Specifically,
the enthalpy change refers to the change in energy within a
system at a certain temperature. The moisture and volatile
components in biomass contain high energy, and when they
are evaporated and burned, the energy within the system
decreases, resulting in a decrease in enthalpy change.’!
Additionally, during the torrefaction process, the main
components of biomass, such as cellulose and lignin, undergo
chemical structural changes, which also contribute to a
decrease in the enthalpy change. In conclusion, the enthalpy
change of biomass after torrefaction becomes lower due to the
loss of moisture and volatile components and the chemical
structural changes that lead to a decrease in the energy within
the system.

Entropy is a state function that represents the level of
disorder or unpredictability in a response system.’* The results
show that the average AS values computed using the FWO and
KAS models declined from 16.93 to —151.53 kJ/mol and from
1436 to —156.06 kJ/mol, respectively. Larger AS values
indicate that the biomass samples are distant from thermody-
namic equilibrium, whereas decreasing AS values indicate that
the biomass samples are gaining a new state that is near
thermodynamic equilibrium. However, the AS values for AP-
260 and AP-300 are negative, suggesting that the products
generated via bond dissociation are disordered. The low
entropy values also suggest that the components have recently
experienced certain physical and chemical changes, allowing
them to enter a thermodynamic equilibrium state during the
pyrolysis process. After torrefaction, the entropy change of
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biomass flips from positive to negative values, progressively
diminishing. This is because organic substances undergo
processes such as heat breakdown, oxidation, and dehydration
during the torrefaction process, resulting in a more organized
and stable structure. These reactions induce high-energy bonds
in organic molecules to break, resulting in the creation of
lower-energy products and a decrease in the system entropy.
This phenomenon suggests that organic molecules undergo
structural changes during torrefaction, making them more
organized and stable. Organic components’ moisture and
volatile chemicals of organic components evaporate or
degrade, while the remaining organic matter becomes more
compact and stable. Torrefaction biomass becomes drier and
tougher as a result of this. Furthermore, the torrefaction
process may generate organic gas and smoke with a high
organic component content, lowering the concentration of
organic matter in the system and thereby decreasing entropy.
In summary, the change in biomass entropy from positive to
negative during torrefaction may be linked to structural
changes in organic molecules, a decrease in the organic matter
concentration, and a decrease in the system entropy.

4. CONCLUSION

This article studies the pyrolysis kinetics and thermodynamic
parameters of sawdust biomass during the torrefaction process,
indicating that sawdust has sufficient thermochemical con-
version characteristics to bioenergy and also confirms that
biomass can be used as a potential energy production raw
material. The following conclusions are drawn:

Physical and chemical investigation reveals that the fixed
carbon content of the torrefied biomass grew from
14.88% to 67.97% when compared to the original
biomass. This is because water in the biomass
evaporated and internal components continued to
decompose owing to torrefaction. The H/C ratio
drops by 0.69, the O/C ratio lowers by 0.62, and the
calorific value increases from 17.98 MJ/kg to 32.47 MJ/
kg as the temperature rises from 220 to 300 °C,
progressively approaching the characteristics of combus-
tible coal. Every attribute has been enhanced in
comparison to the initial biomass.

The results of the fiber composition study indicate that
the torrefaction biomass (AP-220) has a little greater
cellulose content than the original biomass, and that the
fiber content decreases with increasing temperature. The
activation energy of AP-220 is larger than that of the
original biomass due to the increased cellulose content.
The average activation energy of AP-300 was deter-
mined to be 89.46 kJ/mol and 91.28 kJ/mol lower than
that of the original biomass, respectively, under the
FWO and KAS models. Enthalpy and activation energy
differ slightly, which promotes the creation of activated
complexes.

According to the principal function graph method.
Thermodynamic research revealed that the torrefaction
temperature had no effect on the average Gibbs free
energy of AP, although there is a significant upward
trend from 157.97 kJ/mol to 195.38 kJ/mol, the increase
is not significant. The enthalpy changes of the FWO and
KAS models decreased from 168.90 kJ/mol to 78.25 kJ/
mol and 167.29 kJ/mol to 74.82 kJ/mol, respectively,
while the entropy changes decreased from 16.93 kJ/mol

https://doi.org/10.1021/acsomega.3c07179
ACS Omega 2024, 9, 4474—-4485


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

to —151.53 kJ/mol and 14.36 kJ/mol to —156.06 kJ/
mol, indicating higher stability of the end products. It is
noticed that at lower conversion value (@ < 0.5), the
diffusion mechanism was rate determining for raw and
AP-220; however, for AP-260 and AP-300, the second-
order random nucleation model is dominant for rate
determination. At higher conversion (a > 0.5), raw and
AP-220 follow the second order random nucleation and
Avrami—Erofeev models, while, in case of AP-260 and
AP-300, third-order random nucleation is dominant.
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