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This work provides insight into possibilities of maximum utilization of C3-C4 energy crops for thermo-chemical
conversion (slow pyrolysis) into high value biochemicals, platform chemicals, drop-in fuels and combustible
gases, using coupled kinetic and thermodynamic analyses. In order to examine the kinetics of decomposition of
lignocellulosic components, model-free and model-based methods faded from thermal analysis data were used.
Thermodynamic compensation was used for explicatory of entropy controlled process, where conformational
changes and chemical exchange directly affect the type and distribution of obtained pyrolytic products. It was
shown that external variable (i.e. the heating rate/temperature) does not change either an entire reaction
mechanism (mechanistic nature of MG and AD pyrolyses) or transition state, but it changes activation enthalpy
and activation entropy which lead to differences in terms of heat energy consumption, pyrolysis favorability and
thus rates of generation of activated complex among feedstocks. To investigate the interplay of catalysts (present
in feedstocks as minerals) and reactants, selective energy transfer (SET) model was applied. The model showed
an activity of catalyst with different outputs towards two reactants, lignin part of the structure in MG and 1,8-
cineole in AD. It was shown that AD is more convenient for thermal conversion than MG, regarding to lower
transformation energy requirement, higher reactivity, as well as much faster accumulation of products.

hectare of arable land is equivalent values of 400 GJ for C4 crops, 250 GJ
for cereals, and 70 GJ for oilseeds (biodiesel) (Dzeletovic et al., 2007).

1. Introduction

Biomass in energy production is very important as broad term that
includes, among other things, all forms of organic matter such as wood,
organic matter herbaceous plants, agricultural crops, agricultural resi-
dues, aquatic vegetation, fertilizers of animal origin and municipal solid
waste. There are many plants which have the ability to convert solar
energy into biomass with high efficiency, including herbaceous crops,
fast-growing woody crops, forage crops (alfalfa, clover, switchgrass, and
miscanthus), sugar crops (sugar cane, sugar beet, fiber, and sweet sor-
ghum), grains (corn, barley, and wheat), and oilseeds (soybean, canola,
sunflower, safflower, oilseed rape and cotton). Annual production per

* Corresponding author.

C4 perennial crops represent suitable bioenergy crops because effi-
ciently use available resources, retain carbon in the land, have a high
degree of water use efficiency for bioproduction, they are not invasive
species and have small feeding requirements (Gupta and Demirbas,
2010). Additionally, grassy biomass occupies a significant place in the
view of remediation of pollutants from waste-water/soil, where dried
biomass after phytoremediation can be used as a fuel feedstock as it
contains high carbon and volatile matter content (Thakur et al., 2018).
More recently, it was announced that because of amorphous nature,
some specific grass biomasses show serious potential to produce more
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pyro-gas and biochar (Kumar et al., 2023). A grass that possesses some of
the above characteristics, and that produces a large amount of biomass,
is Miscanthus x giganteus (Figala et al., 2015). Miscanthus plantation is
based on rhizome planting or plants produced by micropropagation on
the previously prepared land on which it remains productive in the
course of 15 — 20 years. The yield potential of this bioenergy crop, which
is characterized by an annual harvest, has proven to be very significant,
but due to the high costs of establishing plantations, there remain some
limitations for its wider cultivation. On the other hand, significant
agronomic investments (annual ploughing, planting and fertilizing)
have been reduced, since it was shown that Miscanthus x giganteus does
not require the application of fertilizers to the extent required, for the
annual production of cereals such as maize (Lewandowski et al., 2000;
Drazic et al., 2010). In the Republic of Serbia, experiments with Mis-
canthus x giganteus were first started in 2007. Although, it is necessary to
carry out long-term monitoring of growth parameters (primarily yield)
as a function of environmental parameters, as well as genetic and
physiological characteristics of the plant with the aim of obtaining
relevant data, the results so far have shown that in the Republic of
Serbia, a fairly high production of Miscanthus biomass is possible. On the
other hand, comparing the potentials for Arundo donax L. C3 energy crop
cultivation in an area with a moderate climate (such as the Republic of
Serbia), with other types of plants for biomass production, we come to
the conclusion, that in the case of planting a plantation with Arundo
donax, significantly less herbicides, pesticides and fertilizers are needed,
and that even on non-irrigated lands, 20 — 40 tons of the dry matter can
be planned. Based on past experience in planting areas with Arundo
donax plantations, the life cycle of plants is about 20 years, and during
that time significant financial expenses are only in a preparing the land
and the planting. During other years, Arundo donax does not require
additional costs, because the land planted with Arundo donax also does
not require an subsequent processing (Corno et al., 2014; Tauler and
Baraza, 2015).

Lignocellulosic biomass has a great potential for the production of
bio-fuels and bio-materials, energy crops such as Arundo donax L. (giant
cane) or Miscanthus x giganteus (Miscanthus) with high yields, low pro-
duction costs are reliable and sustainable raw material for the biomass.
However, several aspects must be taken into account when selecting
suitable plants for energy crops, such as soil quality, technologies
available in the area and other environmental influences. Although,
both cultures have promising characteristics, where multiple trials and
research efforts by the company “ARUNDO Bioenergy” (ArundoBioE-
nergy (2022)) have shown that Arundo donax L. has greater potential in
all significant aspects. A comparative study of Miscanthus and Arundo
donax conducted by the Ohio Agricultural Research and Development
Center (Ge et al., 2016) highlights that giant cane has a higher biomass
yield ranging up to 15 — 45 dry tons per hectare, while Miscanthus has
only 10 - 30 dry tons. It is also emphasized that Arundo donax is able to
adapt to the wider environment. Although both energy crops, have the
ability to thrive on marginal soils, and it is stated that Arundo donax is
more resistant to poor soils (salty, flooded, contaminated, alkaline) with
a lifespan of 25 — 30 years. According to the research of University of
California (Mann et al., 2013), Arundo donax has been shown to be more
adaptable to drought and the moisture stress and tolerates a wider pH
range (5.00 — 10.00 pH) than Miscanthus giganteus. Namely, the culti-
vation of Arundo donax is already being implemented in Italy, Portugal,
France, Greece, China, Australia and USA. Also in Serbia, planting of
Arundo donax is implemented, but, Miscanthus is currently more often
studied (Brosse et al., 2012), and, it is widely known that giant reed has a
higher biomass yield and has the potential to be competitive with Mis-
canthus in all aspects, gaining increasing importance in the bio-
energy/renewable energy sector, as a new source for biomass
production. Formerly, both C3 and C4 (types of CO, fixation meta-
bolism) grasses are studied from the aspect of their productive charac-
teristics and energy balance (Angelini et al., 2009). Namely, the main
interest in growing plants with high biomass is to replace fossil energy
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sources in order to reduce greenhouses gas emissions, primarily CO5
originating from the fossil fuels. Drying, pyrolysis and gasification are
the initial steps in the burning of solid fuels. The advantage of burning
woody and herbaceous biomass is reflected in the neutrality of CO2
emissions, considering that the burning biomass, releases the amount of
CO4, that the plant assimilated during growth (Lewandowski et al., 1995;
Felten et al., 2013). This assumption can be considered correctly, if one
observes the burning of biomass from herbaceous, fast-growing crops
that are cut once a year, but it cannot be applied to the slow-growing
biomass of trees. Considering that trees need up to a hundred years to
grow, the system can be marked as CO3 neutral, only at the end of the
appropriate time limits, while in the case of fast-growing energy crops,
COq neutrality is achieved in a much shorter period of time. In addition
to CO4 emissions, burning of biomass also releases nitrogen oxides (NO,)
that arise from nitrogen (N) contained in a plant tissues, and the ash is
also obtained (potassium and chlorine as sources of KCl). Energy crops
offer the possibility of complete use in the production of heat and
electricity through direct combustion, or indirectly through various
processes of thermo-chemical conversion into other forms of energy,
such as bio-fuels. The most important properties of lignocellulosic
biomass are very good strength, flammability, biodegradability and
reactivity (Putro et al., 2016). Lignocellulose represents one of the most
common polymers in nature and the bulk of the structure of lignocel-
lulosic biomass contains 40% — 50% cellulose, 25% — 35% hemi-
celluloses and 15% — 20% lignin (Bajpai, 2016). The ratio of the
mentioned components (often called biomass “pseudo-components”) de-
pends on the type of the culture (Gray et al., 2006), and it also contains
other compounds such as proteins, terpene oils, fatty acids/esters and
inorganic substances, mainly based on the nitrogen, phosphorus and
potassium. The conversion of biomass into energy includes a wide range
of different sources and types of biomass, conversion possibilities,
methods of the use and technological possibilities. Biomass can be
converted into energy by various processes depending on the type and
quality of raw material. There are three basic pathways of converting
biomass, such as: a) thermo-chemical, b) bio-chemical and ¢) mechanical
extraction with esterification. Bio-chemical transformations include
anaerobic digestion and alcoholic fermentation, while the
thermo-chemical transformations include combustion, pyrolysis, gasi-
fication and liquefaction (Chandraratne and Daful, 2021). Among the
mentioned pathways of converting the biomass into the energy, pyrolysis
as a thermo-chemical route of converting biomass into liquid fuel
attracted, and continues to attract the most interest due to its advantages
in terms of storage, transportation and adaptability, for the use in
boilers, gas turbines, etc. The pyrolysis process involves the thermal
decomposition of biomass in the absence of oxygen, where the final
products represent an following: 1) pyrolytic bio-oil (liquid fraction), 2)
bio-char (char-solid fraction) and 3) non-condensable gases (such as
CH4, CO, CO3 and Hy) (Rajpoot et al., 2022). Depending on the reaction
temperature, heating rate and residence time, there are three types of
pyrolysis as: slow (conventional), fast and flash pyrolysis. Detailed dif-
ferences between all three types of pyrolysis can be seen elsewhere
(Demirbas and Arin, 2002). The fast pyrolysis is desirable to produce
bio-oil, since it uses very ‘high’ heating rates (10 — 200 °C/s), reaction
temperatures (600 °C — 1000 °C), short residence times (0.5 - 10 s), and
small particle sizes (< 1 mm). The opposite, the slow pyrolysis operates
at much lower heating rate magnitudes (0.1 — 1 °C/s), using prolonged
residence times (300 — 550 s) with primary target of obtaining the solid
product viz bio-char (~ 35%) and gases (~ 35%) (Escalante et al., 2022).
With this kind of long-term activity, the vapor remains too long and the
components in the vapor system continue to react with each other; the
result is the formation of solid carbon and other liquids. However, the
conditions of slow pyrolysis are generally applied for laboratory tests,
which were adapted for the use of analyzers based on the thermal
analysis techniques (Raza Naqvi et al., 2021) (thermogravimetric anal-
ysis (TGA) / derivative thermogravimetry (DTG) and/or differential
thermal analysis (DTA) / differential scanning calorimetry (DSC))
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coupled with spectroscopic techniques such as mass spectrometry (MS)
with evolved gas analysis (MS-EGA) and Fourier transform infrared
spectroscopy (FTIR), as well as GS-MS (Gas Chromatography — Mass
Spectrometry) analysis. Accumulation of experimental data from
mentioned techniques, especially an thermo-analytical (TA) measure-
ments, enable the implementation of chemical kinetics models (Raza
Naqvi et al., 2021; Kirti et al., 2022). This is strictly related to the
phenomena related to the consequences of the thermal decomposition of
pseudo-components of biomass (cellulose, hemicelluloses and lignin)
and their reaction paths to specific products such as gaseous, liquid and
solid fractions, excluding the setup of comprehensive models (referring
to the description of pyrolysis by reaction rates, which are calculated
based on the local temperature, using the Computational Fluid Dy-
namics (CFD)) (Rogaume, 2019). The computational pattern approach
based on qualitative and quantitative analysis of CFD results has found
the significant application in fluidized bed gasification, for converting
various biomass feedstocks into useful energy (Raza et al., 2021). The
microscopic kinetic models are based on physico-geometrical models
(Khawam and Flanagan, 2006) which determine kinetic behavior of the
reaction as much as the microscopic chemical reactions. The actual
situation becomes even more complex, if the initial reactant (‘biomass’
feedstock) is a mixture of different compounds, and if multiple reactions
occur as a combination of consecutive and concurrent sequences. The
described case actually represents a thermo-chemical conversion of
energy crops through slow pyrolysis process, reflecting endothermic
structural transformations. Encompassing all of the above, thermogra-
vimetric techniques (measurements usually carried out under
non-isothermal (dynamic) conditions) were used for reactivity testing,
evaluation of the physical and chemical properties, and to predict
optimal conditions for these types of biomass, that can be applied as
bio-fuels (Raza Naqvi et al., 2021). Table 1 shows imminent studies
related to kinetics, thermodynamics and mechanistic models obtained
for the pyrolysis process of Arundo donax L. and Miscanthus x giganteus,
with the main goals of these studies.

Most of the recent research related to the investigation of the kinetics
and thermodynamics of slow pyrolysis of Arundo donax L. and Mis-
canthus x giganteus are related to the application of model-fitting and
isoconversional methods (Verma et al., 2022) as well as derivation of
thermodynamic parameters (entropy (AS®), enthalpy (AH®) and Gibbs
free energy (AG®) via Eyring theory (Kirti et al., 2022) to predict
feasibility of thermo-chemical conversion (Table 1). The most charac-
teristic kinetic mechanism for describing a complex set of reactions is
independent parallel reaction (IPR) model in order to describe the
decomposition of the main components of biomass, with non-integer
reaction orders. There are significant differences in the ranges of vari-
ation of the activation energy (E,) in the pyrolysis of both energy crops,
as a result of the influence of various factors such as: a) type of soil,
environment and climate where the crops were grown b) particle size of
samples, c) the applied range and symmetry of heating rates used, d)
reliability and accuracy of selected kinetic methods, and e) evaluations
of the proposed reaction mechanism, whether it realistically describes
the given process of interest.

The isokinetic relationship (IKR) (sometimes called kinetic
compensation effect — KCE; however, KCE is related to, but distinct from
the IKR, where IKR is obeyed, if the rate constants for a family of
chemical reactions become identical at a particular temperature -
termed the isokinetic temperature, Tjs,) is a well-known phenomenon that
occurs in pyrolysis of lignocellulosic materials and bio-fuels (Xu et al.,
2018; Zhang et al., 2020; Jankovic et al., 2021). For a complex processes
(parallel reactions, successive reactions, etc.), it is characteristic that
activation energy (E,) and pre-exponential factor (A) depend on the
degree of conversion. Thus any increase in activation energy is
compensated by an increase in the pre-exponential factor beyond their
linear relationship via IKP. There is an assertion: “The appearance of IKR
shows that only one mechanism is present and that all reactions have
analogous reaction profiles, whereas the existence of parameters that do
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not agree with the IKR implies, which there are multiple reaction
mechanisms” (Vyazovkin and Linert, 1995). However, the application of
this relationship is usually carried out through kinetic complexity of the
process and which is closely related to detected changes in reaction
pathways during system transformation. The mutual variation among
kinetic parameters (E, and logA (logarithmic form of the
pre-exponential factor)) for the same type of reaction system can be
caused by distinct kinetic models, in which the studied samples were
decomposed. On the other hand, the thermodynamic compensation (or
enthalpy-entropy compensation (EEC)) can similarly to be found for an
equilibrium situations, when enthalpy variation (AH®) realizes a linear
dependence on the entropy variation (AS®) (Moulik et al., 2019). The
isokinetic temperature (Tj,) (this temperature corresponds to separate
lines on the Arrhenius plot, intersecting at a single point) and iso-
equilibrium temperature (Tjsoeq) are quantities related to the phenomena
described above, and which are attributed to the temperature at which
the kinetic constant is approximately the same for the same set of re-
actions, apropos to the temperature at which the equilibrium constant is
approximately the same for the same set of reactions, respectively (Liu
and Guo, 2001). However, only when the transition state theory can be
applied, if one kind of compensation happens, it can be concluded that
the other also occurs, and therefore, both, isokinetic and isoequilibrium
temperatures have to be approximately the same (Ibarz et al., 2017). It
should be emphasized that appearance of the kinetic compensation ef-
fect does not entail the obligatory appearance of a thermodynamic
compensation and vice versa. There are rigorous mathematical proced-
ures in connection with checking whether there is an appearance of the
real enthalpy-entropy compensation (EEC), or is it a consequence of
propagation of experimental errors, which have a tendency to distribute
an estimates of kinetic compensation (logA and E,, both received from
ordinary linear regression of the Arrhenius equation), following a linear
relation, which is called an statistical compensation (Barrie, 2012).
The main goal of this study is to provide an accurate and detailed
description of the reaction mechanism of slow pyrolysis of C3 (Arundo
donax L.) and C4 (Miscanthus x giganteus) energy crops, through appli-
cation of kinetic modeling and process optimization using model-free
and model-based methods (Moukhina, 2012), which are accommo-
dated in a computational package of highly sophisticated software
NETZSCH Kinetics Neo (product version: 2.6.0.1, build date:
2/16/2022). Based on the obtained results, the appearance of both, KCE
and EEC compensations were discussed against the background of
highly complex reaction pathways that are realized during the
non-isothermal conversion of the studied samples in an inert atmo-
sphere, through the application of thermal analysis methods. In addi-
tion, based on spectroscopic results from FTIR measurements of the raw
samples, as a consequence of the calculated compensation parameters,
the specific vibrational resonances are extracted, and they were asso-
ciated with parts of the lignocellulosic structure that most affect the
change in the type of pyrolysis reaction mechanism. The obtained results
are then discussed in the light of the possible energy dissipation in a
excited macromolecules, which can lead to differences in the reaction
stages of biomass decomposition, and therefore to differences in the
distribution of possible pyrolytic products. This can be summarized
through the framework of catalytic upgrading (Raza Naqvi et al., 2015)
of investigated energy crops over existed ‘mineral-host’ catalysts. Re-
sults presented in this study can significantly contribute to a much better
understanding of reaction mechanisms (mechanistic features) and
thermodynamic changes during pyrolysis processes of perennial crops.

2. Materials and methods
2.1. Materials
Miscanthus x giganteus Greef et Deu. and Arundo donax L. were grown

on the experimental plot of INEP (Institute for the Application of Nuclear
Energy), Zemun, Serbia (44°51 "N, 20°22 E, 82 m a.s.l.), in the high
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Table 1

Kinetic and thermodynamic results related to pyrolysis of C3 (Arundo donax L.) and C4 (Miscanthus x giganteus) energy crops based on evaluation of physico-
geometrical kinetic model functions, with the main research objectives of the last six years (2017-2022) highlighted.

Energy Technique Conditions Kinetic methods Kinetic results Thermodynamics Main goal Reference
crop
Miscanthus TGA/DSC Non- Model-fitting (ASTM- Advantage of ) Better understanding of Osman
isothermal E698) and model-free isoconversional methods: its physicochemical et al.
(AT =25 - (isoconversional) variation in the activation combustion/pyrolysis (2017)
750 °C (NJ)): methods. energies (E,): 40 — 150/ characteristics
2.5, 10, 20, 165 kJ/mol. and consequently to
30 °C/min achieve highest benefit
from combustion /
pyrolysis conversion.
Miscanthus ~ TGA Non- Model-fitting and model-  Application of ) Can the decomposition of ~ Zabel
isothermal free (isoconversional) independent parallel Miscanthus during (2018)
(AT =25- methods; optimization of  reaction (IPR) model: pyrolysis be explained
900 °C (N2)): kinetic parameters via Pyrolysis was modeled based on decomposition
5,10, 20 °C/ objective function using three independent of their main pseudo-
min minimization. reactions, one for each of components and can this
its main components: decomposition be
hemicellulose, cellulose predicted using IPR
and lignin. model?
Kinetic parameters are
found for each
independent reaction,
together with fractions of
volatiles associated with
each biomass component.
Miscanthus ~ TGA/DTG Non- Model-free Application of three ) Compare the pyrolysis Matusiak
isothermal (isoconversional) parallel independent kinetics of three types of et al.
(AT =30 - methods and non-linear reactions responsible for energy crops; pyrolytic (2020)
600 °C (AD): regression. pyrolysis of pseudo- potential of energy
5, 10, 20 components crops can be used in
°C/min (hemicelluloses, cellulose designing the efficient
and lignin) with n-th pyrolizers.
reaction order
mechanisms; kinetics of
Miscanthus pyrolysis can
be
described by nonlinear-
regression analysis, with
E;=92.9,190.1 and 170
kJ/mol for
hemicelluloses, cellulose,
and lignin decomposition,
respectively.
Miscanthus ~ TGA, TGA/  Non- Model-free Kinetic study showed that ~ (-) The investigation was Kumar
FTIR isothermal (isoconversional) pyrolysis followed concentrated on et al.
(AT =30- methods multistep decomposition physicochemical (2022)
900 °C (N)): steps; increasing trend of properties, kinetic
10, 20, 30 °C/ E, is attributed to varied behavior and thermal
min compositions of biomass, decomposition of biomass
which is a very complex profiled in a nitrogen
matrix of hemicelluloses, atmosphere, where
cellulose, lignin, evolution of hot vapors
extractives and other was investigated using
inorganic compounds. E, TGA-FTIR analyzer.
=164.14-231.75 kJ/mol.
Arundo TGA Non- Model-free Application of three O] To determine pyrolysis Oginni and
donax isothermal (isoconversional) independent reactions, characteristics of Arundo Singh
(AT =30 - method with each reaction donax grown on marginal (2019)
700 °C (N5)): corresponding land and provide detailed
5,15, 25 °C/ to decomposition of characterization of
min hemicelluloses, cellulose resulting bio-char.

and lignin; High degree of
variation of E, values in
the range of
210.64-2093.04 kJ/mol.
Decomposition of
hemicelluloses, cellulose
and lignin encompasses
E, values between 210.64
and 246.41 kJ/mol, while
much higher E, can be
attributed to
devolatilization of
produced bio-char.

(continued on next page)
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Table 1 (continued)
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Energy Technique Conditions Kinetic methods Kinetic results Thermodynamics Main goal Reference
crop
Arundo TGA/DTG- Non- Deconvolution of DTG Kinetic analysis at 5 - 25 ) Emphasis on the lignin Yang et al.
donax IR-GC/MS isothermal curves of lignin were °C/min shown that the E, utilization from direct (2020)
(AT =25 - simulated by three of lignin during Arundo pyrolysis pathway of
800 °C (N2)): independent reactions; donax pyrolysis was Arundo donax to improve
5, 10, 15, 20, Model-free method; ranged from 166 to 182 economic
25 °C/min Application of multi- kJ/mol and InA (pre- effectiveness for future
peak fitting procedure. exponential factor) was bio-ethanol production
ranged from 35 to 40; All and lignin valorization.
fitting peaks can be
described by random
nucleation followed by
growth mechanism.
Arundo TGA/FTIR Non- Multiple linear The average value of E, Thermodynamic quantities To compare the two types ~ Nawaz and
donax isothermal regression obtained using various AH® (kJ/mol) AG® (kJ/ of biofuels obtained from Kumar
(AT =25 - (MLR) method; model- model-free methods are mol) AS° (J/mol) are HTC and torrefaction of (2022)
1000 °C (N5)): fitting and model-free 259.1, 262.5 and 250.2 calculated at different Arundo
10, 20, 30 °C/  (isoconversional) kJ/mol; It has been conversions for fixed donax biomass; TGA was
min methods; master plots identified a wide heating rate; From positive  used to pyrolyze the raw

method.

variation in E,, due to
complex multistep
reactions (parallel,
complex and
competitive). Diffusion
represents the main
controlling mechanism at
lower conversion value
due to higher cellulose
content in biomass
resulting in higher
thermal stability and the
lower degradation rate,
whereas at higher
conversion value, random
nucleation was the main
controlling mechanism.

reported that for raw
of unpredictability

deteriorated
products.

entropy changes, it was
Arundo donax, the degree

is higher than for thermally

and pre-treated biomass,
as well as to evaluate
kinetic parameters.
Thermodynamic analysis
was implemented to
understand the biomass
decomposition behavior
and spontaneity of
studied process.

quality luvic chernozem soil (IUSS Working Group WRB 2015) at INEP,
unpolluted by heavy metals, fertilizers and pesticides (pH in water: 6.7;
pH in 1 M KCl: 5.5; total organic C: 1.71%; total N: 0.14%; available
Py0s: 6.0 mg 100 g'}; available K»0: 17.8 mg 100 g™1). Serbian climate is
mostly moderate continental. Average July (the hottest month of the
year) temperature is > 22 °C, and average January (the coldest month of
the year) temperature values vary mostly between 0 °C and —2 °C
(Dzeletovic et al., 2013). In the Republic of Serbia, annual precipitation
curve displays the two maxima: in the late spring and in the late autumn,
while winters and summers are mostly dry periods. Miscanthus har-
vesting is considered to be performed in February/March when, despite
lower yields compared to the autumn harvest, better biomass combus-
tion properties are obtained (Dzeletovi¢ et al., 2014; Fournel et al.,
2015). The lowest Miscanthus yield obtained on chernozem from spring
harvest is 23 t (66.5% d.m.) for wet yield or 18 t (85% d.m.) for dry
yield, while the highest Miscanthus yield obtained is 42 t (66.5% d.m.)
for wet yield, or 33 t (85% d.m.) for dry yield (Peric et al., 2018). A
photographic representation of the planted Miscanthus x giganteus in full
growth is shown in Fig. 1.

Among the different perennial crops, giant reed (Arundo donax L.)
has received a great interest in recent years due to its tolerance to many
environmental stresses (contamination, pests, salts) and its beneficial
effect on soil organic carbon, soil structure and water retention (Pulighe
et al., 2019). It was suggested (Visconti et al., 2020) that giant reed
might mitigate soil erosion by reducing water runoff and, indirectly, soil
erodibility. Besides this, studies of the average yields of Arundo donax L.
at the INEP location are ongoing and currently not available. A photo-
graphic representation of the planted Arundo donax L. in full growth is
shown in Fig. 2.

Miscanthus x giganteus and Arundo donax L. were harvested from
November until the beginning of the following vegetation cycle (March,
April).

-

Fig. 1. Miscanthus x giganteus Greef et Deu. planted in the INEP.

2.2. Samples preparation

Biomasses (stem portions) are cut into little bits after being air dried.
A mean sample for each biomass material with a weight of roughly 1 kg
was prepared for further testing by dividing the total mass of the sample
from each harvest period in quarters. In this manner, a sample of the
provided biomass was chosen, milled, and after sieving, the r, = 1.0 mm
particle sizes were employed in this research. Currently available sam-
ples of each biomass were split into two portions: one for chemical
analysis and the other for spectroscopic measurements and tests linked
to thermal analysis measurements. Fig. 3 depicts the biomass samples
that were prepared for experimental measurements.
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Fig. 2. Arundo donax L. planted in the INEP.

Fig. 3. Miscanthus x giganteus (left) and Arundo donax L. (right) samples.
2.3. Metal content determination

Samples of Miscanthus x giganteus and Arundo donax L. (Fig. 3) were
prepared and liquefied by a standardized microwave assisted acid
dissolution procedure, for plant material (EPA Methods 3052) in a mi-
crowave digester. The concentrations of K, Mg, Ca, Na, Fe, Mn, Cu, Pb,
Cd, Ni, and Zn were determined by atomic absorption spectrometry
(AAS) using a Perkin Elmer PinAAcle900 T spectrometer (Perkin Elmer,
Waltham, Massachusetts, USA).

In the following text, samples of Miscanthus x giganteus and Arundo
donax L. will be abbreviated as MG and AD, respectively.

2.4. Proximate and ultimate analyses

The proximate analysis was performed in accordance with repre-
sentative ASTM standards. For determination of moisture, ash (A) and
volatile matter (VM), the ASTM E (2008) (ASTM E1756-08, 2015),
ASTM E (2001) (ASTM E1755-01, 2010) and ASTM (1998) (ASTM
E872-82, 2019) standards were used, respectively. The total carbon (C),
hydrogen (H), nitrogen (N), and sulfur (S) contents were determined by
Vario EL III CHNS/O Elemental Analyzer System. The content of oxygen
(0) was calculated by subtracting the C, H, N, and S and ash (A) content
from 100%. After obtaining the experimental data of proximate and
ultimate analysis for considered raw biomass samples, the fuel ratio (FR)
was evaluated using the formula FR = FCD/yM@), where superscript
(db) denotes dry basis, FC is the fixed carbon (%), while VM represents
volatile matter (total volatiles) (%).
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2.5. Determination of lignocellulosic content of raw samples

Determination of cellulose, hemicelluloses and lignin content was
performed by the modified ISO 5351-1:2004 standard (ISO, 2004)
(original procedure: Cellulose in dilute solutions - Determination of
limiting viscosity number - Part 1: Method in cupri-ethylene-diamine
(CED) solution (ISO 5351-1:1981)) in a laboratory conditions. Hol-
ocellulose content was calculated from the expression: Holocellulose
(%) = (Glucose (%) + Hemicelluloses (%)). The extractives content was
calculated by the difference as Extractives (%) = (Hollocellulose (%) —
Lignin (%)).

2.6. Fourier-transform infrared (FTIR) spectroscopy analysis of raw
samples

The chemical structure of the raw materials was characterized by
FTIR spectroscopy (functional groups which give surface chemistry of
raw samples are usually obtained from FTIR spectroscopy), where FTIR
spectra are recorded on the ATR-FTIR Nicolet iS10 (Thermo Scientific)
spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
The spectra were collected at 4 cm™! resolutions in the spectral range
between 4000 cm™! and 500 em L.

2.7. Thermogravimetric analysis (TGA) and derivative thermogravimetry
(DTG)

Thermal decomposition experiments of energy crops were carried
out by simultaneous thermal analysis (STA) equipment, using NETZSCH
STA449F5 Jupiter thermal analyzer (NETZSCH-Geratebau GmbH, Ger-
many)) that provides simultaneous TGA-DTG curves scanning at each
heating rate. Pyrolysis measuring was performed with sample masses of
Am = 8.0 £+ 0.2 mg which are placed in alumina crucibles without lids
and heated from the room temperature (RT) to 600 °C in a non-
isothermal conditions, using three different heating rates of g =5.1,
10.6 and 22.1 K/min, under a constant supply of 99.999% purity (Class
5.0) argon (Ar) gas, with a gas flow rate of ¢ = 40 mL/min.

In order to avoid the buoyancy effect on thermal balance, the stan-
dard test procedure was performed before the measurement of each of
the considered heating rate. This procedure includes the minimum three
correction measurements with an “empty” sample crucible, which pro-
vides the correction file that could be applied (through the software for
an analysis) to measurements with samples, performed in triplicate.
Furthermore, the minimization of buoyancy effect was also performed
during the preparation sequence for each TA measurement. Before
opening the furnace, the protective gas flow was increased to 200 mL/
min to reduce atmospheric air purge into the balance area. After closing
the furnace, the flow of protective gas was held at 20 mL/min for three
minutes before the measurement began, and with setting the purge gas
flow to a desired value.

Corresponding dynamic STA tests were performed under the con-
stant heating rate (i.e. normally the linear increase with time). This is
important when applying kinetic methods that can be extended to var-
iable heating rate data, since the constant heating rate is not a necessary
assumption for these methods. Nevertheless, data should be analyzed as
a function of time, since the time and temperature derivatives are no
longer linearly related when heating rate is not constant. In addition, the
sample spends longer time at a certain temperature, when the maximum
decomposition rate is approached. Afterwards, the maximum in the DTG
curve with respect to time may becomes broader and does not have a
clear maximum. For a given requirements, a high resolution (“Hi-Res™)
in TA tests is achieved by using the low linear heating rates and small
sample mass, so that, the sample reacts under a near equilibrium con-
ditions (of course, such heating strategies may cause the processes to
occur over a very narrow temperature range, and leads to an increase in
resolution in the temperature domain, where this can be useful when we
want to perform a qualitative kinetic analysis of the process).
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In order to restrict the effect of secondary reactions and heat transfer
limitations during slow pyrolysis process, we have adopted a recom-
mendation to the work with small mass samples and low heating rates
(Slezak et al., 2018). TA measurements were performed in triplicate, and
the arithmetic average was adopted for the data interpretation. All
collected data from STA analyses are processed through analytical
software Proteus® 8.0, with unique AutoEvaluation function which de-
tects and evaluates present thermal effects, i.e., peaks or mass changes
without user intervention. NETZSCH advanced kinetic software (Ki-
netics Neo) is used for the advanced analysis of TA data and further
predictions and simulations. Kinetics Neo software was adapted for
precise kinetic analysis of TA measurements, including model-free and
model-based kinetic approaches (Supplementary Material). If obtained
experimental TA curve looks complex, with several maxima and seems
to contain several overlapping peaks, then the OriginPro® 9.0 64 bit
software was used to qualitatively separate these peaks and to analyzes
each peak, separately.

2.7.1. Specific characteristic indexes

The specific characteristic indexes are used according to the results
of the TGA scans as well as kinetic analysis. The main advantage of these
indexes is to provide quick identification of thermal properties of
investigated biomass feedstocks. Using these indices, it is possible to
evaluate the efficiency of the pyrolysis process of tested enegy crops
monitored by TGA. Three indices were used in this work, as: pyrolysis
peak temperature (Tp,), pyrolysis index (P) and pyrolysis characteristic
index (D) (Paniagua et al., 2018). All the listed indices can be calculated
based on the data of TGA and DTG curves, obtained for considered
biomass sample. The pyrolysis peak temperature (T}), is the temperature
corresponding to the maximum mass loss rate on the DTG curve. The
pyrolysis index (P) denotes the pyrolysis capacity for each particular
pyrolysis stage or the peak (usually located in the active pyrolytic zone).
From a physical point of view, the higher the P value, the easier it is for
the biomass to pyrolyze, making it easier to identify the sample pyrolysis
capacity. This index is defined through a relation in the following form:

_ ()
P ¢

where (dm/dt)max is the maximum pyrolysis rate (%,/min), t, is the time
(min) of the largest peak (maximum decomposition rate) and ¢, is
referred to the pyrolysis peak temperature (Tp) (Paniagua et al., 2018).
Pyrolysis characteristic index or the reactivity index (D) assesses the
pyrolysis performance and denotes the energy required to pyrolyze the
biomass feedstock. It is inferred that a higher (D) value translates to a
better pyrolysis property of the biomass. Since a several vital parameters
are analyzed in the current index, it gives a reasonably comprehensive
evaluation, which can be regarded as a reference for practical opera-
tions. The reactivity index can be calculated using an following relation:

D= (%) max.(%) mean )

T
where (dm/dt)max is the maximum pyrolysis rate (%/min), (dm/dt)mean
is the mean pyrolysis rate (%/min), T} is the pyrolysis peak temperature,
and Ty is the temperature value at the end of the peak (the burn-out
temperature) (Paniagua et al., 2018; Liu et al., 2020).

2.8. Kinetics modeling

Pyrolysis mechanisms of C3 and C4 energy crops were studied with a
variety of computational methods by fitting data derived from TGA and
DTG experiments, into appropriate mathematical expressions. A sum-
mary of kinetic methods and kinetic models as well as process optimi-
zation approaches used in this study, are presented in the theoretical
section of Supplementary Material (sections I., III., IV., and sub-sections
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L1, 1.2, IIL1.).

2.9. Thermodynamic analysis and enthalpy-entropy compensation (EEC)

Procedures for calculating the thermodynamic parameters (changes
in the reaction enthalpy (AH®), entropy (AS®) and free Gibbs energy
(AG®) for the pyrolysis processes of investigated energy crops are pro-
vided in theoretical section related to thermodynamic analysis within
Supplementary Material (section V., and sub-section V.1.). Additionally,
the origin of IKR (iso-kinetic relationship) and EEC (enthalpy-entropy
compensation), which can provides an extra thermodynamic informa-
tion about investigated processes is also described in the theoretical part
of enclosed Supplementary Material (sections II., VI., and sub-sections
II.1., VL.1.).

3. Results and discussion
3.1. General analysis of C3 and C4 energy crops

The results of biomass samples (MG and AD) characterization are
presented in Table 2.

Considering moisture content for observed samples and appropriate
harvest periods, AD has higher moisture content than MG (Table 2).
Degree of moisture retention in a given energy crops largely depends on
whether the harvest season was “wet” or “dry”. Considering the above-
mentioned harvested periods, the moisture content may varies, where it
would be understandable that typically, high moisture content in the
harvested feedstocks can be measured after the “wet” growing season.
However, despite this, the moisture content values (Table 2) are
acceptable considering harvest periods and still represent a good pre-
condition for safe crops storage. Therefore, in order to utilize the feed-
stock for energy purposes, as long as possible, the lowest value of
moisture content is required (generally, the moisture content of less than
15% in the biomass sample is preferred for thermo-chemical conversion
via pyrolysis). Obtained values of the moisture content after drying for
both samples, are associated with their calorific value (Table 2). In that

Table 2
Physicochemical properties and lignocellulosic composition of MG and AD
feedstocks used in this study.

MG

Proximate analysis /wt% Ultimate analysis” /wt%

Moisture 6.75 C 43.10

Volatile matter (VM) 79.59 H 5.92

Fixed carbon (FC) 11.33 o¢ 48.18

Ash (A) 2.33 N 0.30

HHV /MJ-kg'1 18.19 H/C 1.64

LHV® /MJ-kg! 16.81 0/C 0.84

Fuel ratio, FR 0.142

AD

Proximate analysis /wt% Ultimate analysis” /wt%

Moisture 10.98 C 44.20

Volatile matter (VM)  75.85 H 6.10

Fixed carbon (FC) 11.57 o 47.65

Ash (A) 1.60 N 0.25

HHV /MJ kg™ 17.50 H/C 1.65

LHV® /MJ-kg! 16.04 0/C 0.81

Fuel ratio, FR 0.152

Lignocellulosic composition

Sample  Cellulose  Hemicelluloses  Lignin Holocellulose Extractives
/wWt%, /wWt%, dry /Wt%, /Wt%, dry /wWt%, dry
dry basis  basis dry basis basis®

basis
MG 53.04 18.10 25.24 71.14 3.62
AD 45.40 19.20 32.31 64.60 3.09

# On a dry basis (db).

b calculated according to EN ISO 18125:2017 (ISO 18125, 2017).
¢ By the difference.

4 By the difference.
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context, the higher energy potential shows MG (HHV = 18.19 MJ-kg,
LHV = 16.81 MJ-kg}) compared to AD (HHV = 17.50 MJ-kg™}, LHV =
16.04 MJ-kg™)). This is because the higher moisture content reduces the
amount of available energy for considered feedstock. Consequently,
based on HHV and LHV values, MG seems to have advantages towards
energy content compared to AD. Nevertheless, both samples with high
heating values and high carbon content compared with other biomass
feedstocks (such as sugarcane bagasse (Munir et al., 2009), rice husk and
corn cob (Titiloye et al., 2013)) indicate the potential of MG and AD as a
sources of bioenergy. The heat content of the feedstock type can vary
significantly, depending on the climate and soil in which the biomass is
grown as well as other conditions. As the result, the energy content of
biomass should be thought of as a range rather than a fixed value.
Additionally, the ash (A) content of different biomasses varies broadly
with agricultural residues and energy crops, typically generating a more
ash content than woody biomass, partially due to harvesting techniques
and partially due to inherent differences in feedstocks. Anyway, for our
samples, there is no negative correlation between LHV and ash content.
There is already a positive correlation. Namely, herbaceous biomass and
residuals have higher levels of the A-content compared to woody
biomass, and ranges should be considered in the boiler design or par-
ticulate control technology, if these feedstocks are to be used. Compared
with coals, energy crops and woody biomass are characterized by higher
volatile matter (VM) contents, typically in the range of 65.0-85.0 wt%
(Runge et al., 2013). Both samples are characterized by high content of
volatile matter (VM) (above 70 wt%), whereby MG has a slightly higher
VM content (Table 2). VM is the fraction of the biomass which trans-
forms into vapors during pyrolysis and condenses to produce a bio-oil
and non-condensable gaseous products. Vapors include mainly hydro-
carbons (HC), hydrogen (Hj), carbon monoxide (CO), carbon dioxide
(CO2) and tars present in considered feedstock. A higher fraction of VM
in the feedstock indicates its ease of conversion and disintegration
through the pyrolysis. The obtained values of VM for our samples
(75.85-79.59 wt% (Table 2)) are comparable with VM values for the
same types of energy crops reported elsewhere (Kricka et al., 2017).
Both samples in respect to VM contents seem superior to the VM content
identified in some crop residues such as Peanut straw (~ 66.4 wt%) and
cotton straw (~ 64.9 wt%) (Wan et al., 2019). The fixed carbon (FC)
content is the fraction of biomass which usually does not decomposes
during pyrolysis and contributes to the char production. Both samples
have FC values in a very narrow range as 11.33-11.57 wt% (Table 2),
where these feedstocks can show significant potential for higher char
yields, which can be reconfirmed from VM content as well. Considering
VM and FC values, the tested samples have significant potential for
producing the higher yields of chars and bio-oils from the pyrolysis
process.

In addition, the ultimate analysis is an important, because this
analysis has a fundamental importance for the biomass investigation,
before its use in thermo-chemical conversion process. The C, H and O
contents are the most important regarding its fuel-value. On the other
hand, the nitrogen (N) and sulfur (S) contents are the essential from an
environmental emissions perspective. Both samples exhibit higher car-
bon (C) content, directly related to their relevant heating values. Also, a
high oxygen (O) content exists in both samples (Table 2), where C, O and
H are principal elements present in plant biomass as building blocks of
major constituents, including cellulose, hemicelluloses and lignin. The
content fractions of these elements in the feedstock are influenced by
growing conditions of plants and these constituents have significant
effects on the pyrolytic behaviors of given feedstock and products
formed. Higher contents of H and O in feedstocks are responsible for the
higher VM. Slightly higher nitrogen (N) content is present in MG than in
AD (Table 2), not neglecting the formation NO, species (may causes
severe environmental pollution and require additional treatment pro-
cedures, if the concentration of this element exceeds allowable limits).
Additionally, the presence of nitrogen in both samples originated from
stems of a given crops can be attributed to the nitrogen-fixing
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capabilities of these plants which allow them to thrive in deprived soils.
The formation of sulfur oxides is minimized due to the zero tolerance for
the presence of sulfur in both samples.

The H/C and O/C ratios are very similar for both samples (Table 2),
and their position on the Van-Krevelen diagram is typical for “green”
solid fuel (biomass feedstock) rich with cellulose (in the Van-Krevelen
diagram, carbohydrates appear at H/C ratios > 1.50 and O/C ratios >
0) (Schimmelpfennig and Glaser, 2012). Higher H/C ratio values indi-
cate a higher biomass potential, while lower O/C ratio values (below the
unity) indicate a higher heating value and the VM content in considered
feedstocks (Table 2). The obtained fuel ratio (FR) for studied samples is
ranged between 0.142 and 0.152 (Table 2). The FR value represents the
property of solid fuel and increased FR’s suggest improved conversion
performance and reduced emissions of air pollutants, when the raw
biomass is used in thermo-chemical transformation. Generally speaking,
when FR is less than 1.5, afterwards, the solid fuel easily burns. When
the biomass is subjected to elevated temperature during
thermo-chemical conversion, the reaction temperature and the time
strongly affect the conversion property such as FR. This is because the
indicated feature is dependent on the VM and its conversion to FC.

Concerning lignocellulosic composition, Galletti et al. (2015)
investigated the lignocellulosic content of AD, and they are reported an
following contents: cellulose: 41.6%, hemicelluloses: 23.6%, and lignin:
24.6%. Our results (AD) (Table 2) are consistent in terms of cellulose
content (45.40%), but not in terms of hemicelluloses (19.20%) and
lignin (32.31%). The lignocellulosic composition of MG was studied by
Wroblewska et al. (2009) and they reported results in an following
manner: cellulose: 43.2%, hemicelluloses: 25.2% and lignin: 23.0%.
Other authors are reported somewhat different results as: cellulose:
45.0%, hemicelluloses: 30.0% and lignin: 21.0% (Collura et al., 2005).
Considering these reports, our results are partly in line (Table 2) with the
aforementioned, but obviously, there are deviations between biomass
constituents. Such differences in the investigated lignocellulosic biomass
feedstocks can be expected, because lignocellulosic composition is
influenced by the soil, location and the harvest time. Taking these data
and investigation of the chemical composition of different herbaceous
and oilseed crops by Abreu et al. (2022), it was clearly indicated that
herbaceous crops show promising results in thermo-chemical processes,
such as pyrolysis of Miscanthus. Additionally, results reported by the
indicated authors suggest that Arundo donax is suitable for bioenergy
production, carried out either by bio-chemical pathway or
thermo-chemical conversion routes. Considering our results related to
lignocellulosic composition of MG and AD (Table 2), they fit very well
within the range of variation of these biomass constituents reported
from different reference sources (Abreu et al., 2022). Extractives in
biomass contains non-structural aromatic compounds such as alkaloids,
proteins, phenolics, simple sugars, pectins, mucilages, gums, fats, oils,
wasxes, resins, and terpenes (Kumar et al., 2020). Extractives content is
slightly higher in the case of MG sample than in the case of AD sample
(Table 2). MG contains fatty acids, sterols and other aromatic com-
pounds as extractives (Brosse et al., 2012). These extractives are of high
value in terms of precursors for industrial chemicals and materials. AD is
rich with lipophilic extractives which are widely used in the pulp and
papermaking industry. However, extractives content in MG and AD can
vary considerably in a ranges 9-17% (MG) and 12-22% (AD) (Abreu
et al., 2022), while actual samples are characterized with “lower” ex-
tractives content (note: based on theoretical calculation, but not directly
by extraction).

Results related to the main ash-forming elements (K, Mg, Ca, Na, Fe,
Mn, Cu, Pb, Ni, Cd and Zn; where K, Mg, Ca, Na and Fe represent the
major elements, while Mn, Cu, Pb, Ni, Cd and Zn represent the minor
elements) for both samples are listed in Table S1 (Supplementary Ma-
terial). Generally, the ash is formed by combusting inorganics under
controlled conditions, where ashing temperature for biomass feedstock
is ~ 550 °C, while for coals is higher ~ 780 °C. Namely, the chlorine,
potassium and sodium are usually released during high temperature
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combustion process. Major elements, such as K, Mg, Ca, Na and Fe are
typically manifested in terms of their oxides and chlorides. They have a
major impact on the ash melting, fouling and corrosion, whereas they
have a low impact on the environment. From obtained results
(Table S1), both samples are rich in K and Ca, as well as by elevated
quantity of Fe. AD sample is particularly distinguished in increased
quantity of K and Fe compared to MG. Calcium and magnesium increase
the ash melting temperature, whereas potassium and sodium decrease it.
Therefore, it should be expected that the perennial crops ashes have low
melting temperatures, while much higher melting temperatures can be
expected for wood feedstocks. Comparing with coals, biomass samples
have higher amounts of K30 and KCl (Kowalczyk-Jusko et al., 2022).
Later in this study, it will be particularly highlighted the catalytic effect
of the ash components, briefly discussed through proposed model for
pyrolysis process of C3 and C4 energy crops.

3.2. FTIR analysis

Fig. 4 shows FTIR spectra of MG and AD samples in the range be-
tween 4000 cm™! — 500 cm!. It is shown that the most prominent bands
of MG and AD are similar with those previously observed FTIR spectra of
other lignocellulosic materials (Arellano et al., 2016; Carrier et al.,
2011). The bands that appear at 3300 cm ™! are characteristic for O-H
groups which are assigned to intermolecular hydrogen bonds in the
cellulose (Kenkyu, 1997). Then, the peaks that are presented at
2917 cm ™}, 2849 cm™! in AD, and the peak at 2916 cm ™! in MG, belong
to stretching in methyl and methylene groups (C-H), that are presented
in both samples (Chen et al., 2019). In both samples, there are presented
peaks at 1732 cm’l, that are attributed to acetyl and uronic ester groups
of hemicelluloses, and also the characteristic of C=0 conjugates in
hemicelluloses (Oh et al., 2005). Further, the peaks at 1062 cmtin MG,
1593 cm™! in AD are associated with the aromatic skeletal stretching
together with —COO— stretching in the hemicelluloses, which is related
to the connection of lignin and hemicelluloses (Mou et al., 2013), while
the peaks at 1506 cm™ that are presented in the both samples were
ascribed with aromatic skeletal vibrations of lignin.

The content of lignin in the sample can be determined with the vi-
bration band presented at 1508 cm, which did not overlap with those

—— Arundo donax
—— Miscanthus giganteus

829

Transmittance, %
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Fig. 4. FTIR spectra of Arundo donax L. (AD) and Miscanthus x giganteus (MG)
in wavenumber range of 500-4000 cm™.
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related to the polysaccharides, as shown in the study Horikawa et al.
(2019). Then, the C-H bending vibration in the cellulose and hemi-
celluloses are attributed to the weak peaks at 1376 cm™ and 1375 cm™!
(Chen et al., 2019). The bands that appear at 1369 cm™ and 1370 cm™
in AD and MG respectively, are characteristic for the vibration of ben-
zene ring, and corresponded to C-O groups. Aromatic skeletal vibrations
are around 1324 cm’! in the AD sample, and 1423 cm’l, 1320 cm™,
1235 cm™ in the MG sample. The C-O-C vibration is appeared at
1158 cm’! in the MG sample which is characteristic for the cellulose and
hemicelluloses (Mosiewicki et al., 2011). Further, peaks at 1027 emtin
AD and at 1031 cm™ in MG, are attributed to C-O-C and C-O starching
that is characteristic for the cellulose and hemicelluloses. Likewise, the
peak at 900 cm™ in the MG is attributed to C-H deformation in the
cellulose (Osman et al., 2017; Casillo et al., 2018). Two weak peaks at
808 cm™ and 829 cm™, for AD and MG, respectively, can be attributed
to C-H deformation. These bands belong to the region of aromatic C-H
out of plane vibration, because of the presence of lignin (Mosiewicki
et al., 2011). Table 3 provides an overview of identified chemical band
assignment obtained through FTIR measurements.

Likewise, the presence of other two weak peaks at wavenumber
position of 652 em’! (Schulz and Baranska, 2007) in the AD sample, and
634 cm™ (Larsen and Barsberg, 2010; Agarwal, 1999) in the MG sample,
are detected as, ring deformation of 1,8 cineole which belongs to the
bicyclic monoterpenes (Schulz and Baranska, 2007), and the ring and
skeletal deformation of the lignin (Lupoi et al., 2015), respectively. In
addition, terpenes as a chemical compounds are identified in the Arundo
donax L. (Al-Snafi, 2015).

3.3. Pyrolysis profiles derived from TG-DTG scans and thermal properties
of investigated feedstocks

TG-DTG measurements were accomplished at various heating rates
(5.1, 10.6 and 22.1 K/min) for both considered samples, and the effect
of applied heating rates on the obtained TA curves of pyrolysis process
was presented in Fig. 5a) — b). In all observed cases, the moisture
evaporation stage (biomass dehydration step) (from room temperature
(RT) up to T ~ 130 °C) was not shown and will not be considered in the
further analysis.

For both samples, the mass loss curve in Fig. 5a) shows continuous

Table 3
Summary of chemical bands assignment by FTIR.
Functional groups Wavenumber
(em™)
Hydrogen bonded stretching (O - H) 3300
Stretching in methyl and methylene groups (C — H) 2916
2917
2849
Acetyl and uronic ester groups of hemicellulose, conjugates in 1732
hemicellulose (C=0) 1062
Aromatic skeletal stretching together with —COO— 1593
stretching in hemicellulose 1506
Aromatic skeletal vibrations in lignin 1508
The content of lignin 1375
Bending vibration in cellulose and hemicellulose (C - H) 1376
Vibration of benzene ring (C — O) 1369
Aromatic skeletal vibrations 1370
C - O - C vibration in hemicellulose and cellulose 1324
C- O-C and C - O starching 1423
C - H deformation in cellulose 1320
C - H deformation in lignin 1235
Ring deformation - terpenes 1158
Ring and skeletal deformation of lignin 1027
1031
900
808
829
652
634
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Fig. 5. Simultaneous display of TG a) and DTG b) curves (conversion rate vs. temperature) for the pyrolysis process of C4 (Miscanthus x giganteus: MG) and C3
(Arundo donax L.: AD) crops at # = 5.1, 10.6 and 22.1 K/min; Simultaneous TG-DTG curves at 10.6 K/min for pyrolysis processes of MG c) and AD d) with marked
reaction zones, determined on the basis of position of inflection points in thermo-analytical curve (values of residual mass loss for both samples are also indicated).

reduction in the mass of the specimen with the increase of pyrolysis
temperature at various heating rates. The heating rate represents a key
operational parameter in the pyrolysis of biomass. The onset and offset
temperatures as well as peak (“max”) temperature of the main devolati-
lization stage (“III” (Fig. 5a) — b))) shift obviously toward the high
temperature region as the heating rate increases. This phenomenon was
attributed in previous studies to the heat and mass transfer limitations
(Haykiri-Acma et al., 2006; Mani et al., 2010). Thus, the Fig. 5b) clearly
shows this phenomenon which appears in the pyrolysis of both samples,
so this means that temperature gradients can exist in tested sample, and
the devolatilization rate is faster than volatile release. Therefore, the
different devolatilization stages take place, and because of that, the
small particle size of the sample with an uniform distribution is
preferred for TGA tests.

Given that relatively small amounts of sample were used in TA
measurements and small particle sizes were relevant, it can be noted that
there are almost no differences in the appearance and distance of the TG-
curves with the change of the heating rate (Fig. 5a)). Consequently, the
influence of different parameters such as particle size, the initial mass of
the sample and the heating rate on the devolatilization of biomass
particles, can be monitored by TGA measurements. For quality obtained
results from TG scans, the small mass and uniform biomass sample are
preferred in order to mitigate the effects such as non-uniform temper-
ature distribution and the product decomposition.

It was noted that there is a certain difference in pyrolysis residues (i.
e., the char) considering both samples (MG and AD, Fig. 5a)), especially
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at the highest heating rate. However, among the given samples, these
differences are not large (MG: 23.36% at 5.1 K/min to 21.84% at
22.1 K/min; AD: 23.31% at 5.1 K/min to 23.93% at 22.1 K/min).
However, observed changes, 1.52% (for MG) and 0.62% (AD), suggest
that indicated ranges are “spread out” enough to see a measurable dif-
ference (~A(Amyes) = 0.90%). At this difference magnitude, heating rate
affects on the char yields in pyrolysis of C4 and C3 crops monitored by
TG-DTG techniques. In addition to observed difference, still, for both
samples, the obtained data of residues yields are very close. Conse-
quently, the residues yields of MG and AD pyrolyses at different heating
rates were found as: 10.6 K/min > 5.1 K/min > 22.1 K/min, and
10.6 K/min > 22.1 K/min > 5.1 K/min, respectively. In our cases, the
influence of the heating rate is limited, since that residues yields do not
increase regularly with an increasing of the heating rate (Oyedun et al.,
2013).

Fig. 5a) — b) shows four regions of steep mass losses, numbered “I” to
“IV”. The region I, which extends from 130 °C to 250 °C, can be
attributed to volatilization of the extractives with smaller contribution
to the overall pyrolytic process of both samples. Regions II and III are
located approximately at 275 °C and 330 °C, respectively, and represent
the highest mass loss rate, as shown by one “shoulder” feature, and one
peak in DTG curves (Fig. 5b)). The identified decomposition range of
both regions is comparable with the decomposition temperatures of
hemicelluloses and cellulose constituents of investigated feedstocks
(Singh et al., 2021). The apparent differences in the decomposition rates
of these components of lignocellulosic material (Fig. 5b)) originate from
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their thermal stability diversities. This especially applies to the third
constituent of biomass, lignin. The final thermo-analytical slope change
occurs at approximately 380 °C considering both samples (region IV),
which is consistent with decomposition of lignin, which occurs at much
broader temperature ranges from roughly T ~ 200 °C to T ~ 525 °C.
Considering biomass constituent structural components, hemicelluloses
has higher reactivity in respect to thermal decomposition by virtue of its
un-fixed structure, with short molecular chains and many branches. On
the other hand, the cellulose is a highly linear, non-branching polymer
formed by D-glucose, leading to a much higher thermal stability. Finally,
the lignin is full of the aromatic rings and is heavily cross-linked, and
therefore, it is difficult to decomposes. If we look at the pyrolysis DTG
curves of MG and AD samples (Fig. 5b)), the former “shoulder” feature
resulting from hemicelluloses devolatilization, while the latter, the main
pyrolysis peak, resulting from the cellulose devolatilization. Lignin
decomposition is not characterized by a “pure” (clearly visible) thermal
decomposition peak, but it is already reflected by tailing reaction path.

The evaluated process range was split into three zones: active py-
rolysis, passive pyrolysis and char formation (Fig. 5¢) — d)). Considering
the obvious difference in the kinetic behavior of these reaction zones, in
which there is a coupled reaction complexity among the components of
the biomass being decomposed, further analysis will use the recom-
mendations set by the International Congress on Thermal Analysis and
Calorimetry (ICTAC) Kinetics Committee (Vyazovkin et al., 2020). The
active pyrolysis zone includes extractives removal (130 °C — 250 °C),
where in this zone (step s-1), all organic compounds with lower thermal
resistance undergo decomposition. Furthermore, within the same zone,
in the temperature range between 250 °C and 335 °C (step s-2), hemi-
celluloses and partly cellulose are pyrolyzed. Several cellulose structural
fragments are temporarily stable at latter temperature, so its co-products
and their subsequently decomposition requires a rise in the temperature,
moving into the area of passive pyrolysis (up to 380 °C) (step s-3)
(Fig. 5¢) — d)). From 380 °C to 525 °C, the passive pyrolysis takes place,
where the mass loss is mostly generated by lignin and fixed carbon (FC).
Beyond 525 °C, the residual pyrolysis process occurs and final amount of
char is formed. The residual pyrolysis stage includes as well decompo-
sition of co-products generated during the previous steps. It should be
emphasized that the lignin decomposition covers a wide temperature
range mixing in the active and passive pyrolytic zone, and this can lead
to a serious decrease in accuracy, if we want to determine sample
composition based on TG-data. Considering the strong heterogeneity of
the reaction stages in which, there is clearly an effect of parallel re-
actions, then, it is necessary to apply the deconvolution procedure to
identify and isolate these reactions, in the kinetically complex process.
Hence, among available methods for the separation of parallel reactions,
the most widely used is the deconvolution of conversion rate curves
(Fig. 5b)), in which a fit of multiple peaks with some pre-selected
function was performed. It should be pointed out that in the case of
multi-component decomposition, such as the pyrolysis of energy crops,
the application of the deconvolution approach with asymmetric func-
tions (such as Lorentzian function) was applied (Ba et al., 2020).

For our monitored process, we used the best selected function for this
kind of operation and that is the amplitude version of Gaussian peak
function (GaussAmp), which is described in detail within Supplementary
Material (sub-section III.1.). This function turned out to be the best
choice, because it gave best fits, according to the coefficient of deter-
mination (R2 - Adj. R-Square) (high R? values; R? > 0.99930). It should
be mentioned that deconvolution approach was not used in this work for
kinetic calculation, where kinetic parameters are determined simulta-
neously. It was announced that the deconvolution method gives worse
results than for an example, model-fitting methods (Fonseca et al.,
2022). In this sense, the deconvolution approach was used here as a tool
for the efficient separation of the presence of possible parallel and
overlapping reactions during decomposition of lignocellulosic compo-
nents. Fig. S1 a) - f) (Supplementary Material) shows experimental re-
sults of conversion rate curves and the cumulative fit curve for
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considered heating rates considering both samples, in which, there are
five peaks, identified as Peak 1, Peak 2, Peak 3, Peak 4 and Peak 5. It can
be immediately noticed that the number of determined peaks does not
correspond to the number of established stages in Fig. 5a) — b). Namely,
there is obviously the presence of parallel and overlapping reactions in
the pyrolysis process of both samples. The applied deconvolution func-
tion (Eq. (S23)) separates these reactions very efficiently, resulting in a
very high values of R? in fitting procedure. As can be seen in Fig. S1 a) —
f), there is considerable overlap between three lignocellulosic compo-
nents due to concurrent decomposition. There are also two overlapping
reactions in the cellulose decomposition region with different contri-
butions to the pyrolysis processes of MG and AD samples (Fig. S1 a) - f)).
Therefore, the observed peaks can be attributed to the following trans-
formations: Peak 1 - volatilization of extractives, Peak 2 — thermal
decomposition of hemicelluloses, Peak 3 and 4 - strong overlapping
degradation reactions attached to cellulose breakage, and Peak 5 —
thermal decomposition of lignin. Peak related to lignin pyrolysis is
characterized by the inclusion of a very wide duration time in
thermo-chemical conversion of both samples, which is in agreement
with previously established facts. On the other hand, observing inde-
pendently of each other, reactions related to Peak 3 and Peak 4, have
shorter duration of the transformation (considering as the short range of
cellulose pyrolysis) compared to the Peak 5, and this is consistent with
literature report (Zhang et al., 2014). Table S2 (Supplementary Mate-
rial) lists the values of deconvolution parameters for AD and MG py-
rolysis processes at various heating rates, using GaussAmp function (Egs.
(S23) and (S24)). The values of T, (specific temperature related to the
‘maximum’ of the corresponding peak is associated to x. value (the peak
center time)) are also presented in Table S2. Comparing both samples, at
all heating rates and for all peaks, T, values for AD are higher than T,
values related to MG, suggesting a higher thermal stability of AD. The
values of x. attached to a given samples behave in accordance with the
above discussion of “temporal reactivity” ranges of lignocellulosic
components, such as cellulose and lignin. Achieving the maximum
duration of hemicelluloses decomposition during the pyrolysis of a given
samples (Table S2), approximately, corresponds to its presence in a
samples, based on determined hemicellulosic composition (Table 2).
Considering established errors (standard errors) related for both sam-
ples, generally, the lowest errors were found for extractives, hemi-
celluloses and partly cellulose (Peak 4) decompositions (Table S2).
However, these errors show some variation with the heating rate
change, but are essentially stable. Considering the values of fitting peak
area, their percentages clearly suggest that in both samples, cellulose
and lignin contribute the most to the production of the pyrolytic
by-products (Table S2). However, defining the peak area contribution, it
is obvious that lignin decomposition from MG pyrolysis leads to a larger
contribution of the charring reaction at high temperatures, compared to
the same for AD pyrolysis (Table S2). The listed results obtained by
deconvolution of the complex conversion rate curves, are in very good
agreement with the examination of the lignocellulosic content, as well as
thermal properties of tested energy crops (Table 2 and Fig. 5).

Table 4 shows the experimental T, values, the maximum pyrolysis
rates ((dm/dt)max), pyrolysis index (P) and reactivity index (D) values for
MG and AD samples.

Considering both maximum pyrolysis rates, an increasing of the
heating rates causes the material to reach the temperature in a shorter
time, in turn, leading to the shift of the peak temperature towards higher
values (Table 4).

This is a result of the larger temperature gradient which is developed
between the inside and the outside of investigated material. Beside, the
higher temperatures are less effective than a lower temperatures.
Additionally, the lower heating rates allow the biomass samples to be
heated gradually, giving rise to more efficient heat transfer within a
given material (Biagini et al., 2006). Namely, TGA devices can use a high
heating rates even with a extreme value of 500 K/min, but to minimize
the effect of the temperature gradient within tested sample, most of the
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Table 4

Characteristic parameters (T, (dm/dt)max, P and D) related to pyrolysis process
of MG and AD feedstocks at different heating rates (8 = 5.1, 10.6 and 22.1 K/
min).

MG
p/K/min T, /°C* (dm/df)max /%/min® P /%-min’> D /%% min2.°C3
5.1 336.0 6.600 151 x10°  6.49 x 10°
10.6 345.0 12.500 5.33x10° 263 x10°
22.1 351.0 24.400 1.90 x 102 9.78 x 10

AD

$ /K/min T, /°C* (dm/dB)pmax /%/min® P /%-min> D /%>min2.°C"
5.1 340.0 6.709 1.48 x 107 6.90 x 10°°
10.6 350.0 13.152 5.41 x10° 253 x 10°
22.1 357.5 25.230 1.88 x 102 9.21 x 10°

@ Related to the main pyrolysis peak (main devolatilization stage: “III").

laboratory-scale experiments are performed by using the lower heating
rates (as in the range of 5 — 50 K/min) (Ng et al., 2018). Further, the
heating rate can also influence the resolution of obtained
thermo-analytical features. So that, the choosing slower heating rates
usually results in a higher resolution of the curves. Our used heating
rates clearly show this situation, which is very important for a precise
and accurate kinetic analysis (Fig. 5). On the other hand, experimentally
obtained values of T, (Table 4) are in good agreement with the behavior
of the corresponding T, values attached to the Peak 4 (within cellulose
decomposition region) in resolved conversion rate curves for MG and AD
pyrolyses (the difference between these temperatures is two to three
Celsius degrees) (Table S2). Based on the established P values, both
samples are characterized by being easier to pyrolyze at higher values of
the heating rate,  (Table 4). Comparing mutually P values among given
samples, on individual g-values, very low and high heating rates in py-
rolysis are more suitable for MG sample, while for the pyrolysis of AD
sample, the medium heating rate is more suitable. In addition,
comparing D values for both samples, the pyrolysis performance is much
better for > 10.6 K/min. Looking individual biomass samples, MG
shows better pyrolytic performances than AD at heating rates higher
than 5.1 K/min (Table 4), considering the significantly higher thermal
stability of AD feedstock (see discussion above). Overall, D indexes for
AD are relatively low, its thermal stability is relatively good, but it is
‘difficult to decomposes’ compared to the MG sample (MG has a ten-
dency for much stronger release of volatiles). However, an interesting
contrasting feature should be noted: at the heating rate higher than
5.1 K/min, MG has higher values of D in relation to AD, so it would be
expected to have higher values of (dm/dt)yqx in considered process
stage. However, this is not the case, because the values of (dm/dt);q, are
lower than those of AD for # > 5.1 K/min. The key point regarding this
phenomenon lies in the contribution of overlapping reactions in the
observed pyrolytic zone (considering the areas under the fitting peaks as
Peak 3 and Peak 4 (Table S2 and Fig. S1 a) - f))). It can be observed that
there are almost no variations in the percentage contribution of these
reactions during pyrolysis of cellulose in the case of the AD sample, than
in the case of the MG sample (Supplementary Material). A significant
variation in contribution of these reactions to the overall process of
cellulose degradation in the MG sample can be clearly seen at higher
heating rates (10.6 K/min and 22.1 K/min), which leads to the reduc-
tion of (dm/dt)mqx values for MG compared to AD (Table 4).

3.4. Isoconversional kinetic analysis

Isoconversional (model-free) methods involve no assumption of any
reaction (kinetic) model and thus are able to accurately estimate the
activation energy (Eg) as a function of conversion degree, and the most
frequently applied model-free methods include Friedman’s (FR),
Kissinger-Akahira-Sunose (KAS), Ozawa-Flynn-Wall (OFW) and Vya-
zovkin's (VY) methods, which were applied in this study (Supplemen-
tary Material, section I.). These methods allow recalculation of the pre-
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exponential factor (logA) based on the kinetic compensation effect
(KCE), without knowing the exact reaction mechanism of the process of
interest (for more details, see section I., within Supplementary Mate-
rial). Consequently, the accurate determination of kinetic parameters
(Eg; logA) for lignocellulosic biomass feedstock pyrolysis (thermal
decomposition process) is necessary for material performances in a real-
times, the modeling of various pyrolyzers, combustors, and gasifiers, as
well as to optimize an operational parameters. Fig. S2 a) — f) shows
representative non-isothermal isoconversional plots at the selected
conversion values obtained by application of FR, KAS and OFW
methods, for pyrolysis process of MG and AD feedstocks. From con-
structed isoconversional plots, the values of kinetic parameters (Eg, logA)
at different and constant values of conversion (x), in the range of
0.01 < x < 0.99 (with conversion step Ax =0.01) were estimated.
Fig. 6a) — d) shows distribution of activation energies (E;) and pre-
exponential factors (logA) as a function of conversion, for pyrolysis
processes of MG and AD samples, under a slow heating conditions. The
variation of activation energies with conversion in the x interval of
0.01 < x < 0.99 for all applied isoconversional (model-free) methods, in
the case of MG and AD pyrolysis processes, is shown in Table S3 (Sup-
plementary Material).

For all samples, the E; and logA values exhibit strong variation with
conversion, as the process progresses further. As observed, E, and logA
profiles for MG and AD show certain differences, but with an equal
number of activation energy variation stages (numbered as 1 *, 1, 2, 3, 4
and 5). On the other hand, all applied isoconversional methods are
consistent with each other in the calculation of kinetic parameters, but
larger errors show the values of E, and logA obtained in the case of AD
pyrolysis (Fig. 6a) — d)). In regard to the variation of E, with conversion
for both samples, E, values show the overall upward trend, but there are
some fluctuations in the local manner. This indicates that chemical re-
actions involved in the pyrolysis process are complex, including a series
of parallel, overlapping and consecutive reactions. Regardless of the
small shift in terms of varying conversion ranges for both samples, there
are five process stages that can be explained mechanistically through the
E, variation, which reflects the change in the strength of chemical bonds
undergoing thermal cracking (Vyazovkin et al., 2011; Ba et al., 2020) in
a following way:

a) Stage 1 * - represents the initial stage of pyrolysis process forming U-
shape through E, — x relationship curve. This stage, which includes
the beginning of the process (excluding the biomass drying stage)
until reaching ~10% conversion, can be attributed to volatilization
of extractives occurring below 250 °C. The E, variation range in-
cludes values approximately between 237.99 kJ/mol and 320.80 kJ/
mol for MG pyrolysis, as well between 205.97 kJ/mol and
283.68 kJ/mol for AD pyrolysis (considering FR method). Since MG
is very rich with sterols, fatty acids and long-chain fatty alcohols in
extractive portion (Villaverde et al., 2009), their release through
degradation pathway requires higher E, value compared to AD that
contains short chain-fatty acids and phenolic compounds in larger
amounts (Girotto et al., 2021). The current stage (Fig. 6a) — b)) can
be responsible for obtaining the alkanes to the decomposition of
extractives in MG and AD pyrolysis, particularly fatty acids, which
are subjected to decarboxylation and cracking.

Stage 1 - this stage that builds on the stage 1 * is characterized by an
increase of the activation energy (Ey) in the temperature range of
approximatelly AT = 255 °C — 300 °C and can be attributed to the
decomposition of hemicelluloses in a given samples (Fig. 6a) — b)).
For both samples, E, values are very similar, but they are signifi-
cantly larger than E, values related to the pure biomass component
pyrolysis (the respective range for hemicelluloses pyrolysis is 70 kJ/
mol — 215 kJ/mol) (Anca-Couce et al., 2020). However, it was
identified that the E, values for hemicelluloses decomposition for AD
sample are slightly lower than in the case of MG sample, for
approximately same conversion changes. The factor leading to this

b
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Fig. 6. E, and logA vs. conversion (x) profiles estimated for C4 (MG) and C3
(AD) energy crops pyrolysis (a) — d)) using FR, KAS, OFW and VY methods. The

deviation of E, to its mean value (Eqqy,)) for MG and AD pyrolyses (e) and f))
shown for FR and VY methods (mean values considering entire conversion

range: Eqmy (FR) = 375.01 kJ/mol and Eqqr) (VY) = 381.43 kJ/mol for MG; E,
) (FR) = 289.98 kJ/mol and Egm) (VY) = 286.69 kJ/mol for AD).
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observation is the higher amount of lignin in the AD sample, which
can increases the decomposition rate of hemicelluloses at low $’s and
thereby reducing E,. Additionally, the type of hemicelluloses may
differ substantially from one source to another. Namely, xylan is the
only type of hemicelluloses in grasses, while hemicelluloses in
hardwoods is composed mainly of xylan, with glucomannan that
represents about 10% of the total hemicelluloses (Technical Bulletin
(1994)). Contrary, softwoods are rich in glucomannan and relatively
poor in xylan. In our case, the high E, values observed for hemi-
celluloses decomposition in pyrolysis processes of MG and AD are the
consequence of the cleavage of the glycosidic bond, that involves
energy barriers as mean valuation, approximately ranging from
280 kJ/mol to 310 kJ/mol (Fig. 6a) — b)). Namely, this energy bar-
riers correspond to depolymerization through concerted reactions
involved in $-1,4-xylan degradation.

c) Stage 2 - this stage can be attributed to the cellulose decomposition,

which is characterized by a gradual decrease in the E, value in the
temperature range of approximatelly AT = 310 °C - 360 °C. In both
considered cases (Fig. 6a) — b)), the E, value for cellulose pyrolysis is
lower than that of hemicelluloses, due to orderly crystal structure in
cellulose whose decomposition pathway is relatively simple than
hemicelluloses. In this case, there are two regions of E, values
associated with cellulose degradation, one with higher values and
one with lower values at elevated x (Fig. 6a) — b)). These regions may
suggest on existence of more than one reaction, where radicals can be
formed. Namely, formed radicals require less energy to further de-
composes, which is reflected in the decrease of E, value. Then finally,
as radical species have decomposed to light gases and have been
depleted, only bonds left to cleave are the more stable bonds of the
aromatic lignin moiety (the next stage — stage 3).

d) Stage 3 - this stage is characterized by sudden increase in the E,

[

—

value within temperature range of approximatelly AT = 360 °C —
420 °C with slightly variable movement of x values for MG and AD
pyrolysis processes (Fig. 6a) — b)). This temperature segment corre-
sponds to a clear change in the slope of the TG-curves at the entrance
to the passive pyrolysis zone (Fig. 5¢) —d)). In the current stage, there
is a significant difference in the activation energy values, which are
higher for MG than for AD. These differences in E; values may
indicate on divers initial reaction centers in the process of lignin
decomposition, which can progresses via similar reaction network,
but which requires a significantly different amount of energy, for MG
apropos AD sample. This is also a consequence of certain composi-
tional variability of lignin in a tested samples. One of the important
facts that follows from such differences in the kinetic parameters
among the samples in this stage, is the different yield of the solid
residue, where a higher values of E, (MG) (Fig. 6a) — b)) for the
decomposition of the lignin structure, lead to a lower yield of the
char (Fig. 5¢) — d)).

Stage 4 — this stage is characterized with decreasing trend of E, value
for both samples, but which retains high values especially for MG
(Fig. 6a) — b)). In this context, it is obvious that for MG, the thermal
cracking is much slower than for the AD, resulting in aggravated char
formation (in the temperature range of AT = 425 °C — 475 °C).
Stage 5 - the subsequent increase in activation energy for both
samples at the very end of the pyrolysis process, indicates the
occurrence of secondary charring reaction (Anca-Couce et al., 2014),
where besides HoO which was produced together with char, addi-
tional quantities of CO5 and Hj gases are probably generated. This
process is much slower in the MG than in the AD sample (for
T > 475 °C).

However, in the view of standard error bars, the confidence range of

E, values at a higher conversion of x = 0.92 — 0.99 was relatively higher
(Fig. 6a) — b)). This means that the non-determinacy of estimated E, in
this higher conversion range is high. Namely, the non-determinacy and
accuracy can be attributed to data noise at the high conversion levels.
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Since they were estimated in 95% confidence limit, E, values were
credible in the observed conversion range. The deviation of E, to its
mean value, Eqm), can be calculated using an following relation: n, (%)

= 100~%. Fig. 6e) — f) shows that E, varies significantly with

conversion for MG sample, considering FR and VY methods, especially
for x > 0.86 (this variation even exceeds 100% (it tends to ‘infinity’)).
This strongly suggests on the distinct kinetic complexity of the pyrolysis
process in the considered conversion range, for the MG sample. Conse-
quently, the kinetically complex process indicates that monitored py-
rolysis may occurs in the mechanism changes and multi-step reactions rather
than a single-step reaction. The mechanism changes is truly reflected via
affirmed variation of E, against conversion (Table S3, Supplementary
Material).

3.5. Model-free results associated with the maximum pyrolysis rate

Among model-free methods, Kissinger’s method (Supplementary
Material, sub-section 1.2.) represents non- isoconversional kinetic
method. This method relies on the unique solution rather than finding
activation energies at each successive conversion (x) point. It considers
the temperature value at which the rate of the reaction (as the function
of heating rate) is maximum, so the kinetic parameters can be estimated.
This methodology allows to identify the E, value from DTG peaks tem-
perature at different heating rates. A second kinetic parameter, the pre-
exponential factor (A), is usually calculated under assumption that the
reaction proceeds through n-th order reaction model (n ~ 1). The E, is
grouped along with pre-exponential factors and resultant equation ex-
hibits a linear behavior (Eq. (S16) — the intercept and the slope of current
linear equation were used to estimate the kinetic parameters). Fig. 7
shows Kissinger’s plots for MG and AD pyrolysis processes, related to the
one prominent peak on DTG curves situated within main devolatiliza-
tion stage (“III”) (Fig. 5b)).

The calculated pair of kinetic parameters [E,; A] from Kissinger’s
method (Fig. 7) do not always approximate the arithmetic average of E,
values (Eqm)) (Fig. 6) since that E, significantly varied with x. The
arithmetic average values of activation energy (considering FR iso-
conversional method) related only for stage 2 where the ‘maximum’ peak
was placed, amount 329.63 kJ/mol for MG, and 283.79 kJ/mol for AD,
respectively. The differences between the values of E; obtained by the
Kissinger method and arithmetic average E, values are as follows:
A{E,(MG)} = 35.46 kJ/mol and A{E,(AD)} = 26.96 kJ/mol. Since that
the magnitude difference is not large, this approach seems that quite
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Fig. 7. Variation of kinetic parameters (E,, A) vs. temperature for MG and AD
pyrolysis demonstrated by Kissinger method (linear plots were obtained on the
basis of 95% lower and 95% upper confidence limits (LCL and UCL) of exper-
imental data).
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well describes deviation of conversion degree X, with respect to sample
temperature at T, (Table 4). In addition, all regresion lines have high r-
values (and relatively high R%-values), where intercepts and slopes are
located within confidence limits (Table S4, Supplementary Material).
The applied regression analysis to model-free “peak” kinetics (Eq. (516))
gives quite satisfactory fitting results of experimental data, so that,
generally, an apparent single-step reaction model could explain the cel-
lulose decomposition during MG and AD pyrolyses.

3.6. The kinetic compensation effect (KCE) from isoconversional methods

The logA vs. E, relationship estimated for MG and AD pyrolysis
processes throughout observed stages are shown in the Fig. 8a) — b). The
presented relationships were obtained from FR isoconversional method.

As can be seen from Fig. 8a) — b), the both samples show a very good
linear relationships between logA and E, for the first three reaction
branches (stages 1*, 1, 2, and 3) R? > 0.99850), while for the
remaining two branches (stages 4 and 5), the poorer linearity was ob-
tained. Therefore, the strong linear correlation is valid for branches 1 —
3, while for branches 4 and 5, the weak linear correlation exists. Based
on the directions of changes in the slope of linear relationships between
logA and E,, as the temperature increases, both kinetic parameters in-
crease first and then decrease, indicating that there is a kinetic
compensation effect (KCE) between them (Supplementary Material,
section II.). The linear compensation relationship between logA and E,
does not necessarily indicate the existence of KCE due to the influence of
systematic error propagation and mass transfer caused by sample
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Fig. 8. The kinetic compensation effect (KCE) established from isoconversional
(FR) method for MG a) and b) AD pyrolyses, including identified reaction
branches (Branch 1: stages 1 * + 1, Branch 2: stage 2, Branch 3: stage 3, Branch
4: stage 4, and Branch 5: stage 5 (considered stages from Fig. 6a) -b))).
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temperature deviation during the current experiment (Zhang et al.,
2020). During our experiments, some problems such as experimental
conditions, experimental errors, and equipment quality were avoided as
much as possible. Namely, feedstock samples are placed on the top of the
thermocouple (STA449F5) to ensure the accuracy of the mass loss and
recorded temperatures. Further, the mass of the sample is controlled
within 8.0 mg during each measurement, and the smaller sample quality
ensures minimization of the mass transfer effect throughout the reac-
tion. Therefore, both samples have different extents of KCE in different
pyrolysis processes, and the extent of compensation effect varies
depending on the composition of each sample. In the pyrolysis of com-
plex multicomponent organic matter such as MG and AD energy crops,
the thermal decomposition reaction becomes a more difficult as process
progresses, showing higher E; and logA values (Fig. 8). As shown in
Fig. 8a) — b), logA against E, for MG and AD pyrolysis processes (x ~
2-99% conversion) is roughly divided into five kinetic branches, where
branch 1 encompasses two pyrolysis stages determined in Fig. 6a) — d)
[st: 1 * and 1]. As stated above, for three kinetic branches there is a
strong KCE, and they refer to extractives + hemicelluloses decomposi-
tion, then cellulose decomposition, and finally lignin decomposition,
and in that case, at least three different mechanism types may exist.
However, observing the entire pyrolysis of MG and AD samples, this
complex heterogeneous process can not be described by the single-step
reaction. As mentioned in “Introduction” section of this work, many re-
searchers (Table 1) assigned that pyrolysis stages can be attributed to
decomposition of C3 and C4 energy crops components (biomass “pseu-
do-components™), with the most common mechanism of independent
parallel reactions. Such mechanisms did not delve deeper into the
essence of the existence of more branched kinetic schemes and
physical-geometric characteristics of the model for describing C3 — C4
energy crops pyrolysis. Based on the established KCE for considered
reaction systems, the Eq. (§17) was used to find the values of T, (iso-
kinetic temperature) and ks, (isokinetic rate constant). The results of this
test are shown in Table 5.

Based on presented results in Fig. 8a) — b) and Table 5, for the var-
iable heating rate and also different and constant conversion degrees,
the isoconversional kinetic compensation effect obviously exists. How-
ever, we can see that there is a scattering of isokinetic temperature
values (Tj5,) from the experimental ones, where all values of Tj, lie far
beyond the experimental temperature range. Namely, isoconversional
principle from logA vs. E, relationship reveals that even slight increase in
logA to E, (but extreme cases appear in branches 4 and 5) can causes that
the slope in Eq. (S17) is transformed into 1/RTjs, — 0, when T, —

Table 5
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oo (Table 5). This approach is limited by assumption that logA = const.,
but in our investigated cases, it is not a true assertion. Namely, logA also
shows strong variability with conversion degrees, which is directly re-
flected in the values of k;5, (Table 5). Consequently, in actual cases, there
is no intersection point on the plots logk;s, vs. 1/Tjs, considering all ki-
netic branches, so, the apparent compensation effect still works, but
there is no appearance of isokinetic relationship (IKR). Thus, in the
application of the isoconversional methods to pyrolysis process of C3
and C4 energy crops, the isoconversional KCE values are characterized
by strong variability of E, corresponding to the weak variation of logA,
which actually means that it is logA = const. This was not fulfilled in our
observed cases, so that the classical Arrhenius law (in the typical
Arrhenius plot, the value of isokinetic rate constant (ki) increases
[kisoT], with an increase of temperature Tjs, [Tiso1]) for a simple one-step
reactions is not valid. For that matter, the determined isokinetic tem-
peratures are not the compensating quantities in the isoconversional
approach, and therefore have no physical meaning. Therefore, we can
assume that thermodynamic principles in the form of the enthalpy-
entropy compensation (EEC) related to the temperature compensation
are the source of the kinetic compensation effect (KCE), where the
compensation temperature can be treated as the isokinetic temperature
(see later results).

Furthermore, the ‘existence’ of isokinetic relationship (IKR) was
checked by application of Exner criterion (Supplementary Material, sub-
section II.1.). The corresponding Exner plots for MG and AD pyrolysis
processes are shown in Fig. 9a) — b).

It can be observed from Fig. 9a) — b) that constructed plots exhibit
linear correlations with a slightly different quality of fit, which is re-
flected in the values of R? and r, respectively. But despite the slightly
different quality of fit, for considered pairs of temperatures (Eq. (520)),
the following values of isokinetic temperature (Tjs,) were obtained: Tis,
=563.29 K, 602.14 K and 609.64 K for MG; T, = 559.97 K, 600.96 K
and 609.97 K for AD. It can be seen that obtained isokinetic temperature
values do not lie in the experimental range of interest (Fig. 9a) — b)). This
result clearly confirms that logk vs. 1/T plot does not shows the tem-
perature at which all lines concur to a single point (see above discus-
sion), proving the absence of IKR in pyrolysis processes of MG and AD.

3.7. Results of numerical optimization of pyrolysis processes
Based on the isoconversional (model-free) analysis, the numerical

optimization of pyrolysis processes was performed. Numerical optimi-
zation method is model-free method using nonlinear least square

The values of KCE coefficients (a, b) and parameters (kis,, Tiso) along with linear regression analysis results (RSS - residual sum of squares, R%- Adj. R-Square, and the
Pearson'’s coefficient - r) for corresponding kinetic branches of MG and AD pyrolysis processes.

MG

Branch 1 2 3 4 5

Conversion x =0.04-0.33 x=0.34-0.73 x =0.74-0.92 x =0.93-0.96 x =0.97 - 0.99
a/st 5.62 + 0.31 -5.89 £ 0.12 1.10 £ 0.15 -227.48 +£132.38 20.95 + 2.30

b /mol-(kJ)! 0.07186 + 0.00009 0.09785 + 0.00004 0.07219 + 0.00003 0.37729 + 0.17918 0.03733 + 0.00283
kiso /57 276.6768 0.0028 3.0088 1.6142 x 10°%° 0.1256 x 10'°

Tiso /°C 1400.65 956.07 1392.99 45.65 2948.90

RSS 1.672 0.478 0.942 2.756 0.046

R? 0.99557 0.99946 0.99958 0.53371 0.98853

Pearson’s r 0.99786 0.99974 0.99980 0.83015 0.99713

AD

Branch 1 2 3 4 5

Conversion x=0.02-0.31 x=0.32-0.79 x =0.80-0.89 x=0.90-0.96 x =0.97 - 0.99
a/st 4.50 + 0.15 -5.92 £ 0.09 1.71 £ 0.22 -9.76 £ 0.58 413 +£1.13

b /mol-(kJ)! 0.07190 + 0.00005 0.09862 + 0.00003 0.06682 + 0.00008 0.09736 + 0.00184 0.04086 + 0.00413
kiso /5" 89.8121 0.0027 5.5467 5.7596 x 10® 62.2383

Tis0 /°C 1399.71 946.47 1526.90 962.25 2670.54

RSS 0.465 0.372 0.066 0.136 0.015

R? 0.99866 0.99949 0.99878 0.99786 0.97977

Pearson’s r 0.99935 0.99975 0.99946 0.99911 0.99493
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Fig. 9. Plot of logkr; vs. logkt for a) MG and b) AD pyrolysis, where the strong KCE exists (Branch 2) with indicated experimental temperature ranges, which were

considered in the Exner analysis.

optimization, minimizing the sum of squared residue (Egs. (§14) - (S15),
Supplementary Material). Numerical method searches optimal functions
E, vs. conversion and logA vs. conversion (Fig. 6a) — d)), in order to get
best fit for experimental TG-curves. Optimization technique is a
powerful tool to obtain the desired design parameters and best set of
operating conditions. This would guide the experimental work and
reduce the risk and cost of design and operating, if the pyrolysis process
of considered energy crops would be adapted for conditions taking place
in pyrolytic reactors, at the industrial (large-scale) level. The optimi-
zation refers to finding kinetic parameters values as decision variables,
which correspond to, and provide maximum or minimum, of one or
more desired objectives.

Fig. 10 a) — d) shows numerical optimization results toward experi-
mental TG-curves for pyrolysis of MG and AD samples, when using the
data from FR and VY model-free isoconversional methods. It can be seen
from Fig. 10 a) — d) that for both samples, there is an excellent agreement
between experimental and simulated data for investigated pyrolysis
processes (R2 = 0.99997). These results confirm that kinetic parameters
obtained from model-free analysis are true (real) kinetic parameters,
reflecting an reasonable physicochemical changes that occur in reaction
systems. This approach does not presuppose knowledge of the exact
reaction mechanism, but only detects the degree of its complexity (i.e., it
cannot extract the number and manner of individual reaction steps)
(through parallel, consecutive and similar reaction schemes). The
revealing of entire reaction mechanism allows model-based analysis (see
later results).

3.8. Thermodynamic analysis and the enthalpy-entropy compensation
(EEC) for MG and AD pyrolysis

Bearing all the above considerations in mind, we are ready to address
another issue: given a general thermodynamic model of the process,
what are the sources of occurrence of EEC during pyrolysis of tested
energy crops? Namely, certain authors (Curtis and Conner, 1982)
believe that the transition-state theory of heterogeneous reaction ki-
netics may explain appearance of the compensation effect. According to
mentioned theory, the distance between atoms in a activated complex
state is longer than the normal chemical bond, which results in the bond
of activated complex being weaker than normal bond, but translation,
rotation and limited vibration can still be performed like in a normal
molecules. Pyrolysis process of MG and AD represents an typical
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heterogeneous process, so energy crops pyrolysis compensatory dy-
namics can be explained from the aspect of the transition-state theory.
Before presenting the results of this analysis, we must note that the
aforementioned existence of the kinetic compensation effect (KCE) (but
not isokinetic relationship (IKR)) can arises from the change of reactant
properties in MG and AD pyrolysis behavior and kinetics. Given that all
interfering factors (experimental conditions, experimental errors and
equipment errors) were minimized as much as possible, as the process
progresses for MG and AD, the organic matter is continuously cracked
and new active substances will also be generated and participate in a
further reactions. The new active sites are generated and active sites
continue to appear and consume, resulting in the KCE. Above results
clearly confirm high reliability of calculated kinetic parameters, so they
can help much better in a deeper understanding of the mechanism of
energy crops pyrolysis, and deepen the thermodynamic study of the
same process.

Using Egs. (S25) - (S27) (Supplementary Material), thermodynamic
parameters of activation, such as changes in enthalpy of activation
(AH®), changes in Gibb’s free energy of activation (AG®) and changes in
entropy of activation (AS®) are calculated for a given experimental
temperatures (T, has been replaced by T) and conversion degrees at
different heating rates, in order to construct the Eyring plots (Eq. (529))
for MG and AD pyrolysis, respectively. Plots were formed using FR
model-free data according to the procedure described in sub-section V.1.
(Supplementary Material). Fig. S3 a) — b) shows Eyring plots at different
heating rates, for non-isothermal pyrolysis of MG and AD samples. The
model-free approach through the FR method provides sufficient sepa-
ration of Eyring plots at considered heating rates and in both cases, the
process curves receive an typical W-shapes. W-shaped Eyring plots are
complex and innerly divided according to previously established kinetic
branches (1-5) (Fig. 8a) — b)). It is interesting to note that narrow part
which is the closest to the linear Eyring plot behavior represents the
reaction segment attached to the branch 2 (Fig. S3 a) — b)).

The actual reaction segment corresponds to the cellulose degradation
in a given samples. Such highly non-linear Eyring plots at different
heating rates suggests very complex heterogeneous process (model with
single-step reaction mechanisms fails), where apparent linearity can
concealed the change in the rate-limiting step during thermo-chemical
conversion. This highlights the importance of confirming whether the
same rate-limiting step holds throughout the experimental pyrolysis
temperature range, before any interpretation of non-linear or apparently
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Fig. 10. Numerical optimization of experimental TG-curves at various heating
rates (f = 5.1, 10.6 and 22.1 K/min), based on model-free results (FR and VY
methods), for MG a) — b) and AD c) — d) pyrolysis processes (R = 0.99997).
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linear Eyring plots in the case of macroscopic rate constants. A more
detailed analysis of this issue will be presented in sub-section related to
model-based results (see later). In further considerations, thermody-
namic tests will be based on the characteristic reaction temperature, T,.

Table 6 lists the values of AH®, AG® and AS° (Egs. (525) - (S27)
(Supplementary Material)) at various heating rates for MG and AD py-
rolysis processes, using Kissinger’s kinetic results.

It can be seen from Table 6 that for both samples, the values of
activation enthalpy (AH®) follow the values of determined activation
energies (see above), and the heat energy consumed by AD to dissociate
bonds was generally less than that of MG (considering AH® value at
individual heating rate, AD requires smaller amount of external energy
for its transformation than MG). The differences between activation
energy and AH® were 5.13 kJ/mol for MG and 5.17 kJ/mol for AD,
respectively. Because of this small difference, it is relatively easy to
overcome potential energy barrier, which was necessary to form an
activated complexes. When the pyrolysis system is at the state of ther-
modynamic equilibrium, the difference of Gibb’s free energy of activa-
tion (AG®) is zero. Based on the obtained AG® values (Table 6), both
samples are very suitable as biomass sources used for bioenergy pro-
duction (AG® values are consistent and positive, where all pyrolysis
processes are endergonic). However, AG°(MG) > AG°(AD) (Table 6),
and because of this fact, the pyrolysis favorability for MG is lower than
in the case of AD. This is in excellent agreement with the results obtained
from the above kinetic analysis, especially considering the pyrolysis
efficiency of cellulosic material in these samples (Fig. S1, Supplementary
Material). Thermodynamic analysis revealed positive values for both,
AH° and AG®, which indicate that separated devolatilization events for
pyrolysis of MG and AD are connected with introduction of heat and
non-spontaneous reactions. Concerning the activation entropy change
(AS®), which can be interpreted as the degree of disorder in a pyrolysis
reaction, the positive values (Table 6) reflect an increase in the disorder
of reaction. The high values of AS® for AD suggest that the reaction
system has high reactivity and could generate activated complex much
faster (Xu and Chen, 2013). So, AD feedstock manifests “fast” reactions
for the devolatilization event compared to the MG feedstock. These re-
sults are in good agreement with those related to reactivity indexes (see
above), considering an adaptation and influence of the heating rate, on
the effective implementation of pyrolysis processes to produce pre-
cursors for bio-fuels and value-added chemicals.

Furthermore, we checked the existence of the EEC phenomenon
using the Eq. (S30) (Supplementary Material), where constructed AH® -
AS° plots for MG and AD pyrolyses are shown in Fig. 11 a) — b).

The obtained results show very strong AH® — AS® compensation
relationships, reflected in very high regression coefficients (R? and r).
Any pair of AH® — AS° values lying within the confidence ellipse gives
an acceptable fit to the experimental data. By visual summary, both
confidence ellipses are very elongated (tends to infinity) drastically
reducing standard errors. This corresponds to “high-leverage” and
“small-residual” case in the analysis of the data by statistical methods
through elliptical geometry (Friendly et al., 2013). The derived Tispeq

Table 6
Values of AH®, AG® and AS° at heating rates of 5.1, 10.6 and 22.1 K/min, for MG
and AD pyrolysis.

MG

A /K/min AHC /kJ-mol! AG® /kJ-mol? AS° /J-mol K1
5.1 289.10 235.96 87.24

10.6 289.03 235.18 87.12

22.1 288.98 234.65 87.04

Average 289.04 235.26 87.13

AD

$ /K/min AH® /kJ-mol ™ AG® /kJ-mol! AS° /J-mol 1 .K?
5.1 251.73 179.31 118.11

10.6 251.65 178.13 117.97

22.1 251.59 177.25 117.87

Average 251.66 178.23 117.98
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Fig. 11. Plots of activation enthalpy change (AH®) vs. activation entropy
change (AS°®) for a) MG and b) AD pyrolysis, together with fitting line: AH®
= const. + f*-AS° (Eq. (S30)) (R? and r values are also shown) within the
region of parameters space described by the confidence ellipse. The calculated
values of isoequilibrium temperatures (Tjseq) are highlighted.

values (Fig. 11 a) — b)) represents physically meaningful Tis, Tisoeq = Tiso
(Tiso belongs to experimental temperature range of both, MG and AD
pyrolysis processes), where using the Eq. (S31), the experimental har-
monic mean temperature (Tx,,) was estimated. In both cases, the value of
Thm = 607.85 K was obtained. Since that Ty, > > 1 and R? is close to the
unity (Fig. 11 a) — b)), the ratio between the lengths of the principal axes
of the confidence ellipse (which shows eigenvalues of the

variance-covariance matrix (not shown)) expressed as: Ratio =

2
% is quite large (22,645.11 for MG, and 31,594.81 for AD,

respectively), for considered pairs of thermodynamic parameters. The
orientation of confidence ellipses, and theirs aspect ratio, depend only
on temperatures at which pyrolysis experiments were performed. This
means that the fitted thermodynamic parameters are completely
dependent on each other. The Ty, value which is unique for both sys-
tems, is placed inside the pyrolysis zone where the cellulose decompo-
sition occurs. In addition, since that Ti, # Tpm (Fig. 11 a) — b)),
according to Krug et al. (1976), the compensation theory (‘chemical
compensation’) exists in pyrolysis process of MG and AD feedstocks. So,
for our systems, there is linear correlation between logA and E, and also
between enthalpies and entropies of activation, clearly indicating the
presence of true compensation effect. Thermodynamic compensation al-
ways occurs when kinetic compensation also takes place, as long as the
equilibrium and kinetic parameters are related through the transition
state theory. If kinetic compensation takes place, it means that the ki-
netic constant k does not depend on environmental (external) variable
for isokinetic temperature and, thus, from Eq. (3):
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K = h

R ®)

(h - Plank constant (6.626 x 10734 J.s) and kg - Boltzmann constant
(1.381 x 102 J/K)) it may be concluded that I(fq does not depend on
the same environmental/external variable at the same temperature,
which means thermodynamic compensation at the same isokinetic
temperature. Then, isokinetic and isoequilibrium temperatures must
coincide. Relationship between equilibrium constant and compensatory
expressed by the Eq. (S30) can be represented as: AG° = — RT, plnI@ =
AG°(Tiso) + Tis0-AS° — T,-AS°, showing, when the temperature is the
specific Tj, value, Kffq and AG° are the same, regardless of the external
variable. Table 7 lists the values of AG°(Tjsy), IC:Q and k (specific rate
constant) in relation to the heating rate change, for MG and AD
pyrolysis.

At every heating rate considered, KZZ for AD is almost twice as high as
in MG, so very large values of KZZ indicate that the concentration of the
products (their accumulation) is much greater in AD than in MG py-
rolysis process (AG®(Tiso) [AD] < AG°(Tis0) [MG]) (Table 7). On the other
hand, specific rate contants (k) for both samples have the same order of
magnitude (x 10%), but k values for AD are higher, making the process
faster. In general, at established Tj, values (Fig. 11 a) — b)), the rate
constant was given by some simple principles throughout reaction se-
ries. Considering “solid” values of k for investigated systems (Table 7),
the specific rate constant does not depend on environmental/external
variable (i.e., the heating rate, ) (infinitesimal change of k with j’s) for
Tiso- Based on presented results, there is certain parallelism in the vari-
ations of Gibb’s free energy of activation and entropy of activation in a
reaction series leading to iso-equilibrium relationship, showing that
effects of molecular interactions can have the considerable role in this
phenomenon. This will be analyzed later.

In order to confirm an existence of real compensation in pyrolytic
processes of interest, we reached for a more rigorous statistical analysis
through Krug’s tests (Krug et al., 1976), to obtain extra-thermodynamic
properties of systems (Supplementary Material, section VIL.). This
approach enables a difference to be discerned between statistical and the
real compensation. Table 8 shows the results of Krug test for MG and AD
pyrolysis processes.

The obtained harmonic mean temperature is the outside of the iso-
kinetic temperature range for both feedstocks, and it was different from
Tiso (Table 8). Also, as can be seen from Table 8, the isokinetic tem-
peratures are lower than Ty, which indicates that the processes are
controlled by entropy. Extra-thermodynamic findings addresses that
observed compensation is not caused by the propagation of experimental
errors. Therefore, the pyrolysis processes are strongly influenced by
levels of disorder during feedstocks conversions. Entropy guidance
obviously describes possible numbers of different arrangements of par-
ticle positions and energies, in which the disorder of the process - system
is generally stated; but still, an extent of this disorder differs between
MG and AD samples. One of the key reasons for this behavior is the role
of the present catalysts in feedstocks, since entropy plays a pivotal role

Table 7
Values of AG°(Tj,), Kfq and k (specific rate constant) at various heating rates for
MG and AD pyrolysis.

Energy crop p /K/min AG® (Tis0) /kJ mol™ K%, k /st

MG 5.1 236.87 13.291 1.69 x 10
10.6 14.856 1.91 x 10™
22.1 15.968 2.08 x 1014
Average 14.705 1.89 x 10

AD $ /K/min AG(Tj) /kJ mol™!
5.1 182.92 27.302 3.49 x 104
10.6 32.385 4.21 x 10"
22.1 36.671 4.82 x 10
Average 32.119 4.17 x 10™*
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Table 8

Results of Krug’s tests for MG and AD pyrolysis.
MG
Isokinetic temperature, Tjs, /K 456.25
Harmonic mean temperature, Tp, /K 607.85
Isokinetic temperature variance, Var(Tj,) 0.02280

Isokinetic temperature interval /K
AD

[456.27;456.22]

Isokinetic temperature, Tj5, /K 468.87
Harmonic mean temperature, Tp, /K 607.85
Isokinetic temperature variance, Var(T;s) 0.01590

Isokinetic temperature interval /K [468.89;468.85]

in a catalyst promoted reactions. This could also be the way to under-
standing an enthalpy-entropy relationship that defines the reaction
pathways of the molecular species.

3.8.1. SET model results

Since that the isoequilibrium relationship employs the model of en-
ergy distribution, it provides a joint of variation of E, and AS® when
either, the height of potential barrier or number of oscillators is varied
(Koudriavtsev et al., 2001). In other words, the corresponding para-
metric sensitivities of AH® and AS° are non-zero in the model of energy
distribution. Variations of activation energy and activation entropy (the
standard internal energy and standard entropy of activation) result from
variations of the potential barrier height and from variations of the
number of oscillators (at a constant potential barrier height). Namely,
the variation of potential barrier height at constant number of oscillators
results in positive isokinetic temperatures (Tiso (= Tisoeq)) (Fig. 11). The
physical significance of the isokinetic temperature becomes more
clearer, when we consider the existence of the high potential barriers. In
addition, the Tj, actually reflects the energy per oscillator, which is
required to pass over the average potential barrier, in a given reaction
series. In this study, we applied SET (selective energy transfer) model
(Supplementary Material, sub-section VI.1.) which considers an exis-
tence of vibration frequency of possible catalyst in reaction system and
vibration frequency of reacting molecule, which transforms an reactant
onto the ‘activated state’. In the formation of model, data from FTIR
analysis were used. The applied model allows determining how specific
resonance is developing between a “specific vibration” within observed
catalyst system and corresponding vibration within a reacting system,
transferring energy which serves to drive the reactant molecules to desired
reaction products.

Based on the Eq. (S36) (for known values of Tj, (Table 8)) (Sup-
plementary Material), the corresponding vibration modes (v) of re-
actants present in MG and AD energy crops are determined, and the
following values were obtained: v =634.56cm™ for MG, and
v =652.11 cm™ for AD, respectively. The obtained frequencies are in
excellent agreement with identified vibration modes from FTIR mea-
surements at wavenumbers of 634 cm™! and 652 cm™, for MG and AD,
respectively (Fig. 4). These bands belong to the ring and skeletal lignin
deformations and ring deformation of 1,8-cineole in MG and AD feed-
stocks, respectively. The recorded resonances define two different re-
actants, one represents the lignin biomass structure (MG) and the other
arises from bicyclic monoterpenes - 1,8-cineole (eucalyptol) abundant in
C3 grass (Lathiere et al., 2006; Lupoi et al., 2015). The identification of
possible catalyst in considered feedstocks (as energy donating system),
FTIR spectra of raw MG and AD samples (Fig. 4) were used. On the
presented FTIR spectra (MG and AD), it was noticed weaker vibration at
wavenumber of about 538 cm’l, in the far-IR radiation (Fig. 4). This
vibration can be attributed to the presence of KCl (Jensen and
Dam-Johansen, 1998; Manimekalai and Jayaprakash, 2021; Kalemb-
kiewicz et al., 2018) in tested samples. Therefore, the actual vibration
was flagged as catalyst signal at » = 538 cm’’. Since that v # w, the
energy dissipation of an excited molecule is not a zero, so, there is some
route for energy loss.
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Depending on the structure of the catalyst, it will be more or less easy
for catalyst entities (atoms or ions) to reach a suitable position for
attacking the excited reactant molecule. If it is a difficult, an extent of
distortion of catalyst-reactant unit is significant, and can lead to large
activation energy values. If catalyst entity was well placed, then
distortion will be small, leading to lower values of activation energy.
Therefore, the E, value of reaction will depend on the “activity” of the
catalyst.

Potassium can be found in organic and inorganic form in the
biomass. Inorganic potassium in a form of K™ can creates crystallized
salts as the particle starts to dry. This process, when the potassium is
present in a lesser amount, can be considered through the reaction:
InorganicK (K™) — y;KCl, where the constant y; is calculated based on
the CI content, assuming that Cl in the biomass is mainly bonded to K
(Knudsen et al., 2004). On the other hand, organic potassium is trans-
formed into carboxyl groups, releasing atomic K into a gas phase
(dedeCarvalho, 2017). The transformation and decomposition of
organic potassium can be considered through reactions: OrganicK
(R—COOK) — Char-K, and OrganicK (R—COOK) — R—COOH (carboxyl
groups) + COx(g) + K(g (dedeCarvalho, 2017). The soluble K is released
into gas-phase as K and KCl(g) providing Cl which is available. The K
releases start very early during devolatilization, as the organic structure
of biomass begins to decompose at lower temperatures. It was founded
that this release is associated with a decomposition of the alkaline
carboxylate (~ 300 °C) and the phenol-associated potassium (~ 400 °C)
(van Lith et al., 2008; Johansen et al., 2011). By using an Eq. (S35)
(Supplementary Material, sub-section VL.1.), the SET Tj;, values were
calculated for both, MG and AG pyrolysis processes. Fig. 12 shows the
calculated values of Tjs, from the Eq. (S35) as a function of the frequency
of the vibration of the reacting specie (v), for assumed value of the “heat
bath” frequency (for @ = 538 crn'l).

For both samples, the calculated values of Tjs, from SET (Fig. 12) are
lower than experimentally obtained Tjs, values (Table 8). This means
that catalyst during thermal demineralization of biomass feedstocks (K-
ions) has an ‘inhibiting effect’ on the thermal degradation of lignin
structure (indicator parameters for this are w and FWHM in Table S2; w
and FWHM values are higher for MG (delayed thermal decomposition
time)). This time delay leads to a sudden increase in the activation en-
ergy (see Fig. 6a)) as well as activation enthalpies, reducing reactivity
(1AS®). Nevertheless, the amount of potassium in both samples is com-
parable, but, the MG contains a greater amount of Ca (Table S1). This
cannot be ignored, because in the lower temperature zone, Ca%* ions can
catalyze the cleavage of ether bonds between aromatic rings, and in
short branches bonded to the aromatic structures. So, within the lignin
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Fig. 12. Calculated values of Tj, for MG and AD (Eq. (S35)) as a function of the
frequency of the vibration of the reacting specie, v, for an assumed value of
energy source frequency (o = 538 cm™). The diver’s positions of T, in relation
to v indicate differing in the reactivity.
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structure, most likely, a synergic effect of Ca and K ions may occurs,
enhanced decreases in T, values (Table S2). Additionally, the role of the
anionic counterion such as Cl', acting as a slight inhibitor of the catalytic
effect of K and Ca ions, can not be excluded. Consequently, in the case of
MG pyrolysis, the presence of KCI (K) has a weak effect on the initial
thermal decomposition temperature of lignin (the negative coupling
with high energy dissipation). Therefore, it can be concluded that
presence of potassium in MG can increases the reaction rates of hemi-
celluloses and cellulose (the “negative” influence of the catalyst on lignin
degradation is in favor of faster degradation of the remaining two
biomass components) (Trendewicz et al., 2015). Therefore, it is possible
that alkali metal catalyst has a weak influence on the lignin conjugate
structure, since on the strong bond dissociation energy of C—O bond due
to n-m conjugation. As a consequence, there is a fall in Tj, for MG,
compared to Tj, for AD (the energy donated by the catalyst is not
enough to attain the activated state of reacting molecule much faster)
(Fig. 12). This has a strong influence on the distribution of pyrolysis
products (gaseous (CH4, CO5, CO, Hy) and liquids) from lignin and other
biomass components decomposition, during MG pyrolysis. Namely, it
was reported that in the T-range of 300 °C — 500 °C, a small amount of K
is released (Wang et al., 2017), but at higher temperatures (> 500 °C),
the K releases can be increased due to the decomposition of organic K.
The presence of K significantly contributes to the cellulose decomposi-
tion than for a lignin, because cellulose contains active functional
groups, such as hemiacetal and exocyclic hydroxymethyl, and both
groups attached on the rings (—CH20H) lead to Cl releasing (usually
over ion-exchange reaction) (Stromberg and Zintl, 2008).

On the other hand, the influence of potassium on decomposition of
bicyclic monoterpenes is significant and has a more positive effect than
on the decomposition of the lignin structure. The alkali metal catalysts
(such as K™) in synergism with a transition metal catalyst (Fe) (Table S1)
are effective for the ring-opening polymerization of cyclic ethers. The
catalytic transformation of 1,8-cineole during AD pyrolysis is occurs
faster at much lower experimental temperatures (< 250 °C; at approx-
imately of 5% of x for T ~ 215 °C), associated with lower E, and AH®
(Eq(AD) = 225.33kJ/mol < Eq(MG) = 244.66 kJ/mol, x ~ 0.05,
Fig. 6a) — b)). This transformation leads to the formation of p-cymene
and dipentene as main products in hydrophobic phase (high value-
added chemical compounds, also considered as fuels (such as dipen-
tene)) (Leita et al., 2010; Martin et al., 2022) and H»O, as well as CO,
CO; and Hy (in a higher yield), in the gaseous phase. As a consequence of
these facts, the calculated value of Tj, for AD (Eq. (S35)) is higher
(elevated) than that obtained for MG (Fig. 12) (there is much less energy
dissipation than in the previously considered case). Observed deviations
between calculated (SET) and experimentally obtained Tj, values
(Table 8 and Fig. 12) for a present series of reactions can result from the
unique entropy term in addition to pre-exponentrial factor, A, such as:
Entropy term = InA + AS°/R. The inclusion of entropy term in the SET
entropy contribution supports the active molecules interaction with the
catalyst leading to desired reactions. However, this contribution is not
equal in the case of MG apropos AD thermo-chemical conversion.
Therefore, the phenomenological equation for the isokinetic effect
would be in a form:

AH° 1
Ink = InA +—

R 1
(Tixu - m)

(where (T) represents the average value of the experimental tem-
perature), where follows that when reaction temperature (T) is equal to
Tiso, Ink is independent of activation energy value. Additionally, by
introducing an enthalpy term for transition state as S*”, the appropriate
relation for experimental Tj, is as follows:

4
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AH®

(5)

where TEP and T are experimentally determined isokinetic temper-
ature (Table 8) and calculated isokinetic temperature (Eq. (S35))
(Fig. 12), respectively. Combining known values of T&P and TiZ and
determined AH®'s, 77 value can be estimated for both, MG and AD
samples. Using the Eq. (5), we can get the corresponding values of 77
for the catalytic action of alkaline/alkaline earth and/or transition
metals towards reaction molecules, in pyrolyses of MG and AD feed-
stocks. Fig. 13 shows the values of S7 for MG and AD, during certain
transformations of reaction molecules into valuable products, under the
influence of metal catalysts.

As can be seen from Fig. 13, in both cases, we have negative values of
$77 which suggest that entropy decreases on forming the transition state
that indicates the associative mechanism, wherein two reaction species
form a single activated complex. The large negative entropy (for MG)
(Fig. 13) results in the reduced internal energy content of the transition
state, leading to a significant increase in AG®. Namely, dehydrations for
mid-chain patterns of p-1,4-xylan with presence of metal catalyst is a less
desirable reaction pathway that requires higher activation energies than
those involved in the cleavage of the glycosidic bond. Likewise, the
lowest energy barrier founded is the ring opening, resulting from the
cleavage of the C4-Cs bond (~372.4 kJ/mol) (Goussougli et al., 2021).
This activation energy is for about E; ~ 90.4 kJ/mol higher than a
lowest energy barrier involving in the concerted glycosidic bond fission
(Goussougli et al., 2021). Therefore, forcing a ring opening via cleveage
of the C4-Cs bond probably leads to unfavorable thermodynamic
behavior in terms of larger negative value of 77 for the MG sample.

Considering AD sample, the obtained negative value of S77 is
significantly lower than that for MG case, where dehydrogenation (and
subsequently rearrangement of the double bonds) represents main re-
action pathway which permits p-cymene (target chemical in the liquid
phase) in a high yield (Aparicio et al., 2007), especially in the presence
of transition metal (Fe) catalyst (a more ordered system). Probably, an
initial reaction involves breakage of the weakest C—O bond in 1,
8-cineole followed by rapid dehydration step and then an dehydroge-
nation. Namely, a mixture of doubly unsaturated isomers can be
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Fig. 13. Values of $** (MG: $*# = —864.10 J mol'.K'}; AD: —552.70 J mol"
LK) for metal catalyst transformation of reacting molecules into value-added
products: LMWPC and DCAs [r.m. lignin] in smaller yields, and C;o industrial
chemicals and chemical precursors [r.m. 1,8-cineole] in higher yields (abbre-
viation r.m.: reacting molecule).



B. Jankovic et al.

produced as a transitional state, so, dehydrogenation and rearrangement
of double bonds occurs, and thus forming the last step. It should be
emphasized as an important item from above discussion, that the 1,
8-cineole as targeted reactant, represents a highly value compound,
that might be improved the economic viability of energy crops for their
utilization in the bioenergy generation.

The degree of activation of the given reactant molecules by the
catalyst among the MG and AD samples can also be estimated from the
v/w ratio, where it should be noted, that v/ must me expressed by the
small digits. Thus, the following v/w ratios were obtained:
v/w = 1.179 = 8:7 for MG, and v/w = 1.212 ~ 5:4 for AD, respectively.
Comparing these ratios, in the case of AD, the resonance energy transfer
can occurs between four quanta of the catalyst system to five quanta of
the reacting molecule, while in the case of MG, it is very difficult to
activate the reacting molecule (=~ 8:7). These results additionally
confirm all the above-mentioned facts and observations.

3.9. Evaluating the most probable reaction mechanisms and verification
of the obtained pyrolysis models

3.9.1. Model-based results

Since that estimated E, value from isoconversional (model-free)
methods varies with x and the conversion curve has peaks and shoul-
ders, the investigated processes are of the complex nature, so the
established E, — conversion dependence is of a great assistance in finding
an exact multi-step pyrolysis mechanism (parallel, consecutive, over-
lapping reactions or their combination), and the number of individual
steps in multi-step process mechanism. This can be performed by using
model-based method, which yield an individual kinetic triplet values for
each of reaction steps (Supplementary Material, section IIL.). The
extraordinary model-based analysis was developed by the NETZSCH
Company, allowing reliable determination of the best kinetic model
using multivariate nonlinear regression method, with advanced statis-
tical analysis and prediction which are incorporated in the software. For
preliminary determination of the possible presence of certain kinetic
models that describe the process of interest, then the shape and slope of
experimental points and isoconversional lines from Friedman's (FR)
method at the start of the reaction (x = 0.02 - 0.10) (Supplementary
Material, Fig. S2), can be used. Given the similarity of FR isoconver-
sional plots for a given samples, it can be observed the presence of
shoulders and peaks in Fig. S2 a) and d); therefore, it is important to
analyze the experimental points at the start of the reaction (x ~ 0.02 —
0.10) and compare them with FR plots. If a) experimental points coin-
cide with isoconversional ones, that indicates F1, F2, Fn, R2 or R3
models (Supplementary Material, Table SIII.1), while if b) experimental
points show lower slope than isoconversional ones, one is advised to
consider diffusion models D1 - D4 (Table SIII.1), and if c) experimental
points at the start show a steeper slope than isoconversional ones, this is
a certain indication of the presence of autocatalytically activated reac-
tion type or the Avrami-Erofeev reaction type (Moukhina, 2012). Since
that in considered cases, experimental points at the start almost coincide
with  isoconverional ones, the reaction order or phase
boundary-controlled reaction type is the most probable kinetic model.
However, the number of peaks and shoulders on the FR plots indicates
the number of decomposition steps. By comparing magnitudes at the
peak slope (the one that is on right side of the peak) and that of iso-
conversional lines, the reaction type can be determined (Fig. S2). The
start of the reaction in both cases is characterized by the peak with
probably un-branched reaction with Fn or Rn reaction types
(Table SIII.1), and then, an reaction profile is changes into a shoulder
and peak appearances, where the peak slope is steeper than that of
isoconversional lines. This indicates the presence of accelerated reac-
tion, so that, autocatalytically reaction type or Avrami-Erofeev reaction
type is to be expected to exists. In both observed cases (Fig. S2), there is
one clear peak, and then surely one single-step reaction exists. For later
stages of MG and AD pyrolyses, FR plots show one additional
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peak/shoulder so therefore, the mechanistic scheme may includes a
single-step un-branched reaction path, and reaction path through at
least one consecutive reaction. In a current procedure, we have
attempted to make reaction models with lowest number of steps that
gave an acceptable fit and that were consistent with pyrolysis mecha-
nisms of the samples. The actual procedure was carried out in accor-
dance with recommendations for analysis of multi-step kinetics
(Vyazovkin et al., 2020).

In the context of this study, model-based approach for pyrolysis ki-
netics of MG and AD energy crops was carried out at various heating
rates (5.1, 10.6 and 22.1 K/min), in the temperature range of
AT =130 °C - 600 °C. This approach allows a simulation of pyrolysis
behaviors of both MG and AD under different heating rates, as well as
provides kinetic parameters and contribution of each of the thermal
decomposition steps that were occurring, during the thermal breakdown
of considered energy crops. Therefore, by applying statistical criteria
with those calculated by isoconversional methods made, it is possible to
perform multivariate nonlinear regression (MVNR) to find best fit of f(x)
functions (Table SIII.1) that reasonably describe the kinetic scheme of
pyrolysis process. The best models were chosen taking into account of F-
test and the correlation coefficient, based on the discrepancy between
simulated curves and measured experimental data. The following py-
rolysis reaction mechanisms were found for both samples, consisting
two consecutive reaction steps and one single-step un-branched reac-
tion, in the following form:

ALBc (6)

DXLEXF @
3.1

G—H (8)

where determined scheme that goes from the first to the last reaction,
does not follow the sequence of changes along the entire TG-curve,
considering from the left to the right side, strictly, but performs the
fitting according to appropriate temperature intervals (segments).
Ordinal numbers in corresponding reactions through above equations,
represent previously defined reaction steps which take place during
entire pyrolysis process. The proposed scheme (Egs. (6) — (8)) is marked
by p:, model scheme (reaction model code p:;) described with An,F2,Fn,
A2,Fn for the MG, and An,F2,Fn,D2,Fn for the AD kinetics models, where
A, D and G are the initial reactants, B and E are the intermediate prod-
ucts, while C, F and H are the final products. The two successive re-
actions A — B — C in both cases (steps 1.1 and 1.2) have the following
conversion functions: n-dimensional nucleation (Avrami-Erofeev equa-
tion), An: f(x) =n-(1 - x)[- In(1 - x)]l'l/ " and second order chemical
reaction, F2: f(x) = (1 - x)2. For considered samples, another successive
reactions D — E — F differ in a reaction step 2.2, which is described by
different kinetic models, namely: Fn, f(x) = (1 - x)", n-th order chemical
reaction (n # 1) (MG and AD samples, step 2.1), but two-dimensional
growth of nuclei (Avrami equation), A2, f(x) = 2-(1 - x)[- In(1 - x)]l/ 2
(step 2.2 for MG), and two-dimensional diffusion (Valensi equation), D2,
f) =1/[- In(1 - x)] (step 2.2 for AD). The single-step un-branched re-
action in both cases is described by n-th order chemical reaction (n # 1),
Fn, f(x) = (1 - x)" (Supplementary Material, Table SIII.1). Obtained re-
sults of model-based method for pyrolysis of MG and AD samples (ki-
netic law equations, kinetic parameters, kinetic exponents (ie., the
reaction dimension at the phase boundary) and contribution of each step
to the overall process) are listed in Table 9.

A summary of the explanation of the reaction mechanisms for
investigated pyrolysis processes can be presented in the following items:

a) In both cases (MG and AD pyrolysis), the successive reactions step
presented by Eq. (6) occurs in two different temperature regions,

which follow one to another sequentially, viz A AT=20C-325C B, and
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Table 9

Kinetic parameters derived by MVNR approach, for pyrolysis processes of MG
and AD samples, based on the most probable pyrolysis mechanism (p:, model

scheme), in the temperature interval between 130 °C and 600 °C.

Energy crop - MG

Step: A—- B

Reaction type: An

Equation: d(a — b)/dt = Ana[-In(a)]™ - Y/"exp(-E;/RT)

Activation energy, E; /kJ mol™ 378.445
logAy, A, /5 33.834
Dimension, n 0.307
Contribution 0.259
Step: B - C

Reaction type: F2

Equation: d(b — c)/dt = Azbzexp(-Ez/RT)

Activation energy, E, /kJ mol™ 300.114
logAs, Ay /s 24.029
Contribution 0.306
Step: D - E

Reaction type: Fn

Equation: d(d — e)/dt = Asd"exp(-Es/RT)

Activation energy, Es /kJ mol™! 314.113
logAs, Ag /st 33.665
Reaction order, n 14.160
Contribution 0.119
Step: E - F

Reaction type: A2

Equation: d(e — f)/dt = A42e[-In(e)]'/%exp(-E4/RT)

Activation energy, E4 /kJ mol 227.136
logAq, Ay /st 16.937
Contribution 0.101
Step: G - H

Reaction type: Fn

Equation: d(g — h)/dt = Asg"exp(-Es/RT)

Activation energy, Es /kJ mol™ 328.919
logAs, As /st 27.461
Reaction order, n 20.000
Contribution 0.215
Energy crop - AD

Step: A—- B

Reaction type: An

Equation: d(a — b)/dt = Ayna[-In(a)]™ ~ Y/"exp(-E,/RT)

Activation energy, E; /kJ mol™ 339.440
logAy, A; /s 29.546
Dimension, n 0.317
Contribution 0.341
Step: B - C

Reaction type: F2

Equation: d(b — ¢)/dt = Azbzexp(-Ez/RT)

Activation energy, E, /kJ mol™ 321.431
logAs, Ay /s 25.437
Contribution 0.295
Step: D - E

Reaction type: Fn

Equation: d(d — e)/dt = Asd"exp(-E3/RT)

Activation energy, E3 /kJ mol 213.621
logAs, Ag /st 21.607
Reaction order, n 3.126
Contribution 0.071
Step: E - F

Reaction type: D2

Equation: d(e — f)/dt = A4(—1)/log(e)exp(-E4/RT)

Activation energy, E4 /kJ mol™ 278.852
logAy, Ag /5! 21.063
Contribution 0.071
Step: G - H

Reaction type: Fn

Equation: Equation: d(g — h)/dt = Asg"exp(-Es/RT)

Activation energy, Es /kJ mol™ 251.899
logAs, As /s 18.979
Reaction order, n 8.808
Contribution 0.222

AT=325C°-375C°

B——"" """, C. The first step (step 1.1, Eq. (6)) corresponds to

hemicelluloses (xylan) decomposition (xylan serves as a starting re-
action material) where intermediate specie (B) which is formed from
xylan pyrolysis represents an xylose, with the formation of other
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products such as Hy, H0, CO, CO,, HCHO (formaldehyde), CH3OH
(methanol), CoHsOH (ethanol), and char (carbonaceous solid res-
idue). This reaction scheme is generally, in very good agreement
with global kinetic model for hemicelluloses pyrolysis proposed by
Ranzi et al. (2008). The next step (step 1.2, Eq. (6)), can be attributed
to cellulose pyrolysis indirectly implemented through the influence
of xylose. Namely, with further increase in temperature, xylan
decomposition resulting in a reduction of the cellulose crystallinity,
which triggers its degradation. The steps 1.1 and 1.2 proceed
through different kinetic models, as An and F2 models, respectively.
Model An corresponds to random nucleation and subsequent growth
which demonstrates that a new product randomly forms at reactive
sites (nucleation points) in the reactant lattice, and the growth rate of
nucleation may be expressed via the increasingly formed nuclei
radius. For both samples, the growth dimension is less than unity
with similar values (the quantity n (An model for MG and AD) in
Table 9) indicating an existence of growth in less than three di-
mensions with heterogeneous nucleation. In general, the random
nucleation and subsequent growth mechanism is mathematically
expressed, combining Avrami-Erofeev model, the acceleratory and
the deceleratory rate constants. Considering the obtained dimension
values (n = 0.307 (MG) and n = 0.317 (AD)), these cases correspond
to diffusion-controlled reaction (when n ~ 1/3). The actual step
takes place more easily in the case of AD pyrolysis than in the case of
MG pyrolysis (E1(AD) = 339.440 kJ/mol < Eo(MG)
= 378.445 kJ/mol), where the contribution of this step is greater for
AD thermo-chemical conversion (~ 34.1%) (Table 9). In both cases,
pyrolysis mechanisms are transitioned from Ag 397,0.317 to F2, where
reaction order remains unchanged. The decomposition of initial
biomass feedstock starts from the nuclei sites as the growth center to
initiate the thermal transormation for the step 1.1. The nuclei sites
can be impure by the ash which acts as sites available for the nuclei
formation, and the nucleus growth, caused by the nucleus collision
(Li et al., 2020). The second order reaction mechanism (F2) is used to
kinetically describes the step 1.2 (Eq. (6)). Within actual step, it is
possible that the presence of H' ions (from present acids) at elevated
temperatures may promote the cleavage of glycosidic bonds present
in the xylan, liberating an xylose which stimulates decomposition of
cellulose by reducing lag phase to a minimum. The stimulation is
quite strong in the case of the cellulose dehydration during feed-
stocks pyrolysis, where the hydroxyl group on a different carbon
atom reacts with H to form a water molecule and then undergoes
dehydration to generate a new product (the main product is 5-HMF
(5-hydroxymethylfurfural)). Based on the obtained E values for this
step per both samples (E values ranged 300.114 kJ/mol -
321.431 kJ/mol (Table 9)), the dehydration reaction pathway which
requires an energy barrier of 367.13 kJ/mol including C4~OH
+ C3-H active sites participation (3,4-dehydration) (Wang et al.,
2020) is the most likely mechanism for step 1.2 in both, MG and AD
pyrolyses. As another important product of the cellulose degradation
within this step, glucolaldehyde can be formed, through the con-
version of two carbon fragments, which requires activation energies
in the range of 177.9 kJ/mol - 391.3 kJ/mol (Lu et al., 2016). The
above considered successive reactions step (Eq. (6)) can be briefly
summarized through the Scheme 1.

b) Another successive reactions step presented by Eq. (7) starts at lower

temperatures and has the

AT=130C°—250C° _, AT=325C°—375C° ) .
D E F. The first un-branched step in

successive mechanism (step 2.1) occurring in AT = 130 °C - 250 °C,
can be attributed to extractives decomposition, for both samples. In
general, extractives are non-structural components which include
mostly wax, fat, resin, tannic acid, starch, pigment, etc (Anas et al.,
1983). The extractives decomposition may influenced on the pyrol-
ysis process of biomass components (Wang et al., 2017). Extractives

following trend:
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A
Xylan — Xylose (+H,, H,0,C0,C0,,HCHO,CH;0H, C,H;0H, char)
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A,cellulose
degradation .
——— > Dehydrationgs_ca:

Products

Glucolaldehyde,5 — HMF + H,0 [char]

Scheme 1. Brief schematic view of A — B — C successive pyrolysis step of MG and AD with an prediction of possible products (bio-oil, syngas, chars). Scheme formed

on the basis of kinetic results from model-based analysis.

decomposition occupies an important place in the thermo-chemical
conversion of biomass because yields an additional products,
resulting in different final product distribution of bio-oil, especially
for extractives-rich feedstocks. It should be noted that extractive
chemical species are complex and vary, depending on biomass va-
rieties which were commonly composed of various saccharides and
other carbohydrates, proteins, hydrocarbons, oils, aromatics, lipids,
fats, and phenols. In that sense, it is very difficult to decouple an
pyrolysis reactions of different chemical compounds, but in-depth
analysis applied here may be helpful to establish a more compre-
hensive understanding of extractives thermal decomposition prop-
erties, during MG and AD pyrolyses. Based on the obtained kinetic
parameters and kinetic model types of the step 2.1 for both samples
(step: D — E, Table 9), it can be noted that this process takes place
with a different degree of kinetic complexity, and its contribution in
the entire pyrolysis is not the same. It can be assumed that the step
2.1 belongs to the starch (stored in extractive content of both, MG
and AD feedstocks, where its content is higher in C4 than in C3 en-
ergy crops (Miyake, 2016); C3 crop can have a maximum up to 4% of
the starch content) pyrolysis reaction forming an intermediate
product, levoglucosan (LG) (E) as the platform molecule. The higher
activation energies for the step D — E in both, MG and AD (E3 =
213.621 kJ/mol — 314.113 kJ/mol), are the consequence of exis-
tence of intermolecular hydrogen bonds in the reactant, during
starch thermal decomposition. As a consequence, an steric hindrance
effect caused by intermolecular hydrogen bonds leads to complicated
reactions which form volatiles, except the levoglucosan; formation of
these volatiles compete with the formation of levoglucosan (Yang
et al., 2013). Consequently, competition affects the product distri-
bution of the pyrolysis reaction, which leads to a more significant
increase in a reaction complexity, through uprising of reaction orders
values, which is larger in the case of MG (n ~ 14.160), than in the
case of AD (n ~ 3.126) (Table 9). In addition, the step 2.2 (E — F)
takes place through various reaction mechanisms (A2 and D2 kinetic
models (Table 9)) including the LG decomposition. Since that LG
represents the main component released during cellulose pyrolysis
(Lin et al., 2009), then, B — C and E — F steps proceed in the parallel
competitive manner in both, MG and AD pyrolyses, and this is
realized in the same temperature range (325 °C — 375 °C) where
cellulose molecule is degraded. This finding is in excellent agreement
with the results shown in the Fig. S1.

In the case of LG decomposition in cellulose pyrolytic zone of MG and
AD sample, the process proceeds via two-dimensional growth of nuclei
(A2) model and two-dimensional diffusion (Valensi) model, respec-
tively. The A2 reaction model in LG decomposition for MG feedstock,
implies the thermal decomposition of “reactant” to a new product and
the gas, where a new product phase is formed at the nucleation sites of
the initial “reactant”. In general, the nucleation occurs especially in
imperfections in solids due to displacements, defects and cracks, being
regions of low activation energy also known as nucleation regions,
where “solid” decomposition is favored, and the original nuclei grow
into “growth nuclei” as the reaction progresses. In the actual case, the LG
decomposition via breaking of C—O bonds is the most probable one,
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compared to dehydration routes which require higher activation en-
ergies (266.3 kJ/mol — 323.1 kJ/mol) (Zhang et al., 2012), and this
reaction path can be described as CcH1905 — CsHgO2 + CO + 2 HyO
(where 4-pentene-2,3-dione (CsHgO>) is a new formed product). Addi-
tionally, aldehydes such as acetaldehyde [AA] can be formed from C—O
bond breaking decomposition, where decarbonylation reaction takes
place and CO generation path is established (Guo et al., 2019).

The D2 reaction model in LG decomposition for AD feedstock
(Table 9) implies that the reagent is not readily available in the solid
state. Therefore, the reaction takes place at the boundary of the crystal
lattice (crystallinity depends on solubility of carbohydrate fraction in a
given feedstock), and for the “solid” to react with gas, the gas molecules
must diffuse into “solid” structure. The reaction starts in the outer layer
of the “solid” and as the reaction progresses, the reaction tends to move
into “solid” particle, leaving the product layer behind. Product layer
may reduces the reaction rate due to diffusion difficulty, causing an
increase in the activation energy (Table 9). In the actual case, the
presence of larger quantities of alkali and alkaline earth metals (AAEMs)
in AD feedstock (such as K™ and Mg?") (Table S1, Supplementary Ma-
terial) takes a pivotal role in LG decomposition. Namely, AAEMs are ion-
exchangeable with protons in a reversible reaction between a solution
and a solid phase, considering electroneutral conditions. Namely, free
AAEMs (which have not been previously ‘chemically’ removed) may
promote fragmentation reactions to small molecules at the expense of
LG, without increasing the carbonaceous residue yield (char). A certain
study showed that released AAEMs and bounded AAEMs participate in
volatile-volatile and volatile-char interactions (Hu et al., 2015). The
present AAEMs may change the structure of biomass carbohydrates by
interacting with oxygen and impacting the stereochemistry of molecules
during pyrolysis (Mayes et al., 2015). This interaction promotes rear-
rangement possibilities and dehydration reactions followed by the
fragmentation reaction. Consequently, in our considered case, the
established kinetic model is attached to the rate of diffusion (in two
dimension) of ‘dissolved’AAEM ions, where the rate of diffusion is
mainly controlled by the concentration of minerals which are not
bonded to the organic structure. These AAEMs can affect the LG
decomposition products during AD pyrolysis. In that sense, considering
AD feedstock, excess of metal catalysts shift LG decomposition mecha-
nism towards fragmentation. Namely, it should be expected that LG
enters into deoxygenation reaction pathway, including dehydration to
form furans (product F for AD), but further transformation to aromatic
compounds via decarboxylation is less expected (the energy required for
this reaction exceeds 300 kJ/mol (Guo et al., 2019)) since that LG is
poorly produced from the previous reaction step in AD pyrolysis (step
2.1, D - E, contribution ~ 7.1% (Table 9)). The activation energy for
dehydration of LG-to-furan route is approximately 273.07 kJ/mol
(Osatiashtiani et al., 2022), which is in good agreement with the acti-
vation energy value obtained in our study (Table 9). The considered
successive reactions step (Eq. (7)) for MG and AD feedstocks can be
briefly summarized through Schemes 2 and 3.

c) The single un-branched reaction step (step 3.1, G — H, Eq. (8)) can be
attributed to lignin pyrolysis in both samples. The actual reaction
step takes place at temperatures higher than 375 °C (T > 375 °C).
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MG (C4 crop):

A [+gases,H,0,(char)]
: LG

{C—0 bond breaking}

Starch (extractives)

CsHs0, +CO + H,0 + {[C,H,0] +CO044 1.

Scheme 2. Brief schematic view of D — E — F successive pyrolysis step of MG feedstock, with an prediction of possible products (primarily bio-oils and gases (CO),
where ad means additional). Scheme formed on the basis of kinetic results from model-based analysis.

AD (C3 crop):

A [+gases,H0,(char)]
: LG

AAEMs {dehydration [-H,0]}

Starch (extractives)

Furans [+ viscous bio — oils].

Scheme 3. Brief schematic view of D — E — F successive pyrolysis step of AD feedstock, with an prediction of possible products (primarily bio-oils). Scheme formed

on the basis of kinetic results from model-based analysis.

Considering the reaction order values obtained for Fn model as well
as the range of activation energies (Table 9), it is obvious that this
pyrolytic stage related to lignin decomposition in MG and AD sam-
ples, has different kinetic characteristics. Consequently, as an
important structure factor represents the cleavage of §-O-4 bonds in
the lignin depolymerization (Reiter et al., 2013). Lignin depoly-
merization during energy crops pyrolysis is very significant,
considering its potential for industrial applications. The primary
pyrolysis of lignin takes place in the temperature range between
200 °C and 400 °C. In the current T-range, ether cleavage, especially
-0-4 bond accounts for most of the reactions. When the temperature
exceeds 400 °C, radical reactions can be dominant, and as a result, an
extensive rearrangement of lignin structure may occurs. It can be
assumed that in the case of MG pyrolysis, the lignin depolymeriza-
tion proceeds through one-pot thermal rupturing of C—C linkages as
one of the lignin interunit. Namely, the C—C bonds have much
higher dissociation energy (span 226-494 kJ/mol) than C—O bonds
in the lignin (Rinaldi et al., 2016). This pyrolysis route which was
linked to presented kinetic results for MG (Table 9) is thermody-
namically unfavorable, which was previously proven (see results and
accompanying discussion in sub-Section 3.8.1.). The reaction step is
characterized by high Es value (~ 328.919 kJ/mol) and extremely
high reaction order (n ~ 20.000) (Table 9). As presented previously,
the influence of metal catalysts in this case is minor (probably
blocked). So, in the considered case, the pure thermal depolymer-
ization reaction route with a strong intensification of system heating
has the primary influence. Therefore, the yield of MG lignin mono-
mers is limited because of the presence of stable C-C bonds, which
require a high energy input for their rupturing. The presumable
absence of catalytic cleavage of C-C bonds of the MG lignin, mini-
mizes lignin monomer production in the pyrolysis. So, the presence
of native catalysts (minerals) in the MG feedstock have poor activity
in a cleaving of C—C bonds in the MG lignin. On the other hand, the
lignin depolymerization in the case of AD pyrolysis proceeds through
the same kinetic model of n-th order reaction, but with much lower
values of activation energy and reaction order (Es
251.899 kJ/mol, n ~ 8.808), which means that the process loses its
original complexity. In this case, we can expect the active partici-
pation of metal catalysts (Zhou et al., 2022), which facilitate the
rupturing of C—O linkages in the AD lignin, which would lead to the
maximization of lignin monomer production and what is highly
desirable. Increased participation of catalysts prevents undesirable
condensation of lignin by hydrogenation of reactive intermediates
resulting from solvolytic depolymerization (Van den Bosch et al.,
2017). The presence of catalysts such as alkali earths (Mg, Ca) or
transition metal catalyst (Fe in combination with Mn) may supports
C-C bonds cleavage among monocyclic arenes, which causes the
attainment of very high yields of aromatic hydrocarbons. Therefore,
for AD lignin pyrolysis, we can consider with high probability, that a
combination of thermal and chemical depolymerization route exists.
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A brief overview of lignin depolymerization pathways in MG and AD
pyrolyses is shown in Schemes 4 and 5.

The competitive reaction steps among MG and AD feedstock pyrol-
yses represent E — F step, that proceeds with different reaction mech-
anisms (as A2 and D2 kinetic models), i.e., between the production of
value-added chemicals and gases (CO), and the viscous bio-oils. This
process can be strictly regulated by heating rate (f) variation. The
reduction of the heating rate lowers the reaction temperature by a
forcing more the E — F step for the MG towards greater high-value
chemicals and gas productions. Increase in the heating rate, pushes
the E — F step for the AD towards greater bio-oils production. This is in
very good agreement with the results discussed in a sub-Section 3.3 (see
above). In order to verify the established p:, model scheme (Table 9) for
the MG and AD pyrolysis processes, the corresponding numerical cal-
culations (the application of MVNR method) from the model-based re-
sults are compared to the experimental TG-curves at various heating
rates (f = 5.1, 10.6 and 22.1 K/min) (Fig. 14 a) - b)). In Fig. 14, an each
individual reaction step in the process mechanistic schemes is high-
lighted, together with the given physical-geometrical model.

It is evident that fit of theoretical curves to experimental ones follows
p:, model scheme, with very high values of R?, so the established py-
rolysis mechanisms are fully verified (Fig. 14 a) — b)). Based on the
statistical evaluation (Supplementary Material, section IV.), the
different kinetic models/methods were compared statistically and the
results of this analysis are listed in Table S5 (Supplementary Material).
According to these results, based on the statistical assessment of the
quality of the fits, it is possible, approximately ranked applied methods/
models as followed: Numerical > FR > VY > p:, model (Table S5). Other
methods such as OFW and KAS give poorer fitting qualities. Summari-
zing the obtained results based on this analysis, there is a good agree-
ment between the derived kinetic parameters and the mechanisms
assumed in model-free (isoconversional) approach (especially for FR
and VY methods, confirmed by numerical optimization of the pyrolysis
process) and the verified kinetic quantities and reaction models in
model-based approach (see above results).

This study provides a detailed insight into the possibilities of
maximum utilization of C3 and C4 energy crops for their thermo-
chemical conversion (slow pyrolysis process) into high value bio-
chemicals, commodity chemicals, drop-in fuels and syngas constituents,
using in-depth coupled kinetic and thermodynamic analyses of possible
reaction pathways up to desired products. For the first time, in this

MG (C4 crop) (contribution to entire pyrolysis ~ 21.5 %):

AT (thermal depolymerization)

Lignin Aromatic hydrocarbons (low yield 1)
Scheme 4. Brief schematic view of the un-branched single-step lignin con-
version during the MG pyrolysis process (step 3.1, G — H) (A 1 indicates T
(heating) intensification, while | indicates declines). Scheme formed on the
basis of kinetic results from model-based analysis.
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AD (C3 crop) (contribution to entire pyrolysis ~ 22.2 %)

A (Thermo—chemical depolymerization){Mg,Ca,Fe/Mn—activity

Lignin

}
Aromatic hydrocarbons (high yield T)

Scheme 5. Brief schematic view of the un-branched single-step lignin conversion during the AD pyrolysis process (step 3.1, G - H) (1 indicates rise; drop-in fuels
production). Scheme formed on the basis of kinetic results from model-based analysis.
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Fig. 14. Results of model-based analysis (p:; model scheme) compared with experimental TG-curves at various heating rates (5.1, 10.6, and 22.1 K/min) (experi-
mental data: colored symbols, theoretical fits: full colored lines) (a) MG: R? = 0.99995; b) AD: R? = 0.99995).

research, the confirmation of existence of chemical compensation effect
viz thermodynamic compensation (enthalpy-entropy compensation) was
used to explain the real structural conformations inside the lignocellu-
losic molecular structure, guided by the entropy term, for identification
and the production of some industrial chemicals from renewable re-
sources. For that purpose, in this study, it was applied for the first time,
the SET (selective energy transfer) model, for catalysts activity in the
slow pyrolysis of C3 (Arundo donax L.) and C4 (Miscanthus x giganteus)
energy crops. These results are confirmed with the proposed schemes of
pyrolytic conversion mechanisms via model-free and model-based ki-
netics modeling, correlated with the extent of native catalysts activity,
present in feedstocks as the mineral fraction. This work provides the
background, the principal theoretical concept, and actual development
status of C3 (Arundo donax L.) and C4 (Miscanthus x giganteus) energy
crops for their efficient use for obtaining industrial chemicals via py-
rolysis, with maximum heat utilization of the process, through the
evaluation of kinetic and thermodynamic data. The findings presented
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in this work have the potential for worldwide application in large scale,
since any kind of dry biomass can be used as feedstock. In addition, “bio-
liquid production” described in actual research under development of
kinetic and thermodynamic compensation phenomena can be consid-
ered as the backbone of a large future thermo-chemical biorefinery.
Likewise, the approach shown here can be used for significant contri-
bution to a sustainable future energy supply, which provides its
achievement.

4. Conclusion

The main aim of the present study was to provide a detailed ther-
modynamic and kinetic explanation of reaction pathways in slow py-
rolysis of C3 (Arundo donax L. (AD)) and C4 (Miscanthus x giganteus
(MG)) energy crops which enable obtaining high-value chemicals,
platform chemicals, bio-fuels, and important gaseous products. This
work was focused on the use of kinetic compensation effect (KCE) and
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enthalpy-entropy compensation (EEC) in the interpretation of energet-
ically (thermodynamically) ‘favorable’ and ‘unfavorable’ reaction paths
to obtain bio-oils in high and low yields (depending on the purpose),
respectively. The approach presented in this study was implemented for
the first time for C3 and C4 energy crops slow pyrolysis, using thermal
analysis laboratory measurements. A special part of this research was
devoted to the impact of host catalysts (present in the form of alkaline/
alkaline earth and transition metals in tested feedstocks) on the pro-
duction extent of value-added products from pyrolysis processes. In that
sense, it was applied an SET (selective energy transfer) model for the
identification and assessment of the activity of certain catalysts by the
direct use of the results from EEC. The results and conclusions of this
analysis were confirmed in the second part of the paper, where detailed
kinetic investigations based on reaction models (model-based approach)
are performed. It was shown that both pyrolytic processes can be
described by two consecutive reaction steps and one single-step un-
branched reaction. The difference in the conversion paths of these two
energy crops occurs in consecutive reactions step, which encompasses
levoglucosan (LG) (platform molecule) pyrolysis into ketones and gases
(predominatly CO), and furans (heterocyclic compounds), for MG and
AD, respectively. Changes in reaction mechanisms of LG degradation in
MG and AD pyrolysis, are reflected via different kinetic models which
mechanistically explain this transformation: two-dimensional growth of
nuclei (A2) (Avrami) (MG) and two-dimensional diffusion (Valensi)
(AD) models. The mechanisms are explained through C—O bonds
breaking and decarbonylation (case: MG), as well as through LG dehy-
dration with significant participation of AAEMs (alkali and alkaline
earth metals) (case: AD). From LG conversion pathways in C3 and C4
energy crops, it was concluded that LG degradation trail is preferable for
production of high-value chemicals and syngas constituents (towards
CO formation) into MG feedstock, while the LG degradation trail is
preferable for bio-oils production (furans) into AD feedstock. It was
found that yields of these products depend to a significant extent on the
heating rate of the system. From the aspect of pyrolytic performance, as
well as regulation of the yield of given conversion products, it was
determined that low heating rates are desirable for effective production
of chemicals from MG, while high heating rates are recommended for
obtaining high yield bio-oils from AD. From a thermodynamic point of
view, C3 crop (Arundo donax L.) is more convenient in regards to C4 crop
(Miscanthus x giganteus), considering lower transformation energy
requirement, higher reactivity, as well as much faster accumulation of
products. This is particularly important for valorization of these bio-
masses for the production of higher-value-added fuels and chemicals.
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