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Abstract

The purpose of this work was to determine the effect of the addition of NH4Cl to
oat straw on the evolved gases, kinetic triplet, and thermodynamic parameters of the
pyrolysis process at 873 K. A complementary approach allowed to assess the effects of
the pyrolysis of chlorine- and nitrogen-enriched biomass. The thermal analysis of
biomass was performed for four heating rates (5, 10, 20, and 30 K/min). The doping of
NH4Cl in the straw favoured i) carbonisation of the chars, ii) formation of C—N bonds,
iii) reduction of evolved CH4 and CO., and iv) an increase in the mean values of the
effective activation energy and all thermodynamic parameters. A group of reactions that
best fit the experimental data of the pyrolysis process was selected. It was necessary to
use unspecified mechanisms to describe the reaction model, particularly for samples

enriched with NH4CI.

Keywords: Biomass; thermogravimetric analysis; activation energy; reaction model
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1. Introduction

The production structure of the agricultural industry in Poland is based on
cereals, which account for almost 70% of all crops. Cautious estimates indicate that the
oversupply of cereal straw amounts to approximately 12.5 million tonnes per year
(Gradziuk et al., 2020). To avoid straw storage and waste, it is recommended to use
straw for energy purposes or to produce valuable materials. However, of the key
problems with the use of different types of straw for thermal processes is the presence
of chlorine, which comes from crop fertilisation. Compound fertilisers, including
NH4CI, are commonly used in fields for wheat cultivation (Ishikawa et al., 2015).
Applying ammonium chloride fertilisers is beneficial because it improves tolerance to
wheat drought (Kastury et al., 2018).

The pyrolysis process is a promising thermal technology that can convert
agricultural biomass into biochar, oil, and gas products. Pyrolysis of biomass fertilized
with ammonium chloride enables the production of nitrogen-rich chars. Such chars can
be successfully applied in CO, capture, catalytic processes and as an adsorbent for
removing harmful aqueous pollutants, including heavy metals and organic chemicals
(Kasera et al., 2022; Leng et al., 2020). Furthermore, the pyrolysis of agricultural
biomass is part of the effort to decarbonise Poland, with the aim of achieving zero net
carbon dioxide emissions by 2050. Extensive research on the pyrolysis process of
chlorine-containing feedstocks has been conducted on wheat straw (Du et al., 2014),
coconut and cashew nut shells (Tsamba et al., 2006), corn stover residues (Johansen et
al., 2011), wood doped with KCI (Wang et al., 2017), NaCl-loaded cellulose (Rahim et
al., 2015), cellulose nanofibril doped with NH4ClI (Pajarito et al., 2019), and biomass

co-pyrolysed with polyvinyl chloride (Ephraim et al., 2018). However, when the above
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studies were analysed, a gap in knowledge regarding the reaction kinetics and
thermodynamic process parameters for chlorine-containing biomass and biomass doped
with inorganic chlorine was noticed. Therefore, for this type of biomass pyrolysis,
complete knowledge should be provided by determining the kinetic triplet, i.e., the
effective activation energy (E,), pre-exponential factor (A), and kinetic model f(«), as
well as thermodynamic parameters, i.¢., enthalpy change (AH), Gibbs free energy
change (AG), and entropy change (AS). Thermogravimetric analysis (TGA) is used
successfully to study biomass thermal characteristics, the kinetic triplet, and
thermodynamic parameters such as function temperature, time, and degree of
conversion (a) (Rammohan et al., 2022; Shen et al., 2023; Zhang et al., 2022). The
effective activation energy of the pyrolysis process depends on the type of biomass, the
applied iso-conversion method, «, the addition of a catalyst, and the doped raw material
(Lietal., 2019; Quan et al., 2016; Rammohan et al., 2022). Although the E, values of
the biomass model compounds, i.e., hemicellulose, cellulose, and lignin, are known, it is
difficult to determine the maximum or mean E, value for other types of biomass (Wang
W. et al., 2022). Moreover, the maximum value of E, may be different for different
values of a, e.g. 0.65 (Dessi et al., 2021) or 0.9 (Shen et al., 2023). Biomass pyrolysis is
a multi-stage process involving various simultaneous reactions. Therefore, despite
numerous investigations (Li et al., 2019; Quan et al., 2016; Rammohan et al., 2022;
Shen et al., 2023; Zhang et al., 2022), assigning a specific reaction mechanism remains
problematic in the wide range of 0.1 > a > 0.9.

This study fills the research gap related to the kinetic and thermodynamic
analysis of pyrolysis of chlorine-enriched biomass. NH4Cl was selected as the source of

chlorine added to the biomass. This chloride decomposes at temperatures ranging from
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290 to 350 °C, depending on the heating rate. This allows to study the impact of NH4Cl
addition on oat straw pyrolysis at 600 °C. The chlorine released can react with the gas
phase and char. Nitrogen and hydrogen in NH4Cl are elements originally present in the
organic matter of oat straw. The Kinetic triplet (E,, A, and f(«)), as well as
thermodynamic parameters (AH, AG, and AS), were estimated for the pyrolysis process
with a from 0.1 to 0.9 in steps of 0.05 for oat straw, oat straw with 4% addition of
NH4CI, and oat straw with 6% addition of NH4Cl. The results of this study will make a
significant contribution to advancing the current knowledge in the field. In addition, the
use of energy from agricultural waste can facilitate the decarbonisation process and the
shift away from fossil fuels.
2. Materials and methods
2.1. Materials characterization and experimental procedure

The basic material for the investigation was oat straw (OS) collected from a farm
located in the Swietokrzyskie Province (Poland). Then, two samples were prepared by
doping the base material (OS) with ammonium chloride (NH4Cl) at 4 and 6 mass%. The
pure ammonium chloride (a white crystalline powder) used for the analysis was
manufactured by Chempur (Poland). Ammonium chloride is completely sublimated
when heated to 602 K in an inert atmosphere, which has been previously verified
(Jerzak et al., 2023). Therefore, it is justified to study the pyrolysis process at 873 K.

2.1.1. Proximate and ultimate analyses

The proximate and ultimate analyses of the OS are shown in Table 1. First, the
moisture content of the OS was determined using the oven-drying method according to
ISO 18134-2:2017-03. The OS had a moisture content of 6.03%, which allowed it to be

ground in a ball mill without the need for drying. An intersieve fraction of 100-200 pm
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OS was used for further studies. Other standard methods used for proximate and
ultimate analysis were ISO 18123:2016-01 for volatile matter, ISO 18122:2016-01 for
ash content, and 1SO 16948:2015-07 for carbon (C), hydrogen (H), nitrogen (N)
content, and ISO 16994:2016-10 for chlorine (CI) content. The chlorine content in OS
was determined to be 0.27% (air-dried basis). Straws from various types of cereals can
contain 0.06 to 0.79% CI (Strdmberg and Bjérkman, 1997). As shown in Table 2, the
prepared feedstocks contained 0.27, 2.70, and 4.40% chlorine.

2.1.2. Fibre analysis

The acid detergent fibre (ADF) and acid detergent lignin (ADL) contents were
determined, as well as the neutral detergent fibre (NDF) content using the 1SO
13906:2009 and 1SO 16472:2007 standards, respectively.

2.1.3. FTIR spectral analysis

A compact and modular Fourier transform infrared (FTIR) spectrometer (Bruker
Alpha I1) was used to identify the functional groups of the organic compounds in the
investigated feedstocks and chars. The infrared absorption frequency was in the 400—
4000 cm™ range.

2.1.4. Thermogravimetric-mass spectrometry analyses

Thermogravimetric analysis (TGA) was performed using an STA 449 F3 Jupiter
Thermal Analyser (Netzsch, Germany). Approximately 5 mg of well-mixed sample was
heated non-isothermally from room temperature to 873 K at heating rates of 5, 10, 20,
and 30 K/min. Argon was used as a carrier gas with a flow rate of 40 mL/min. Evolved
pyrolysis gases formed by decomposition of sample were detected with the 403
Aéolos® Quadro - quadrupole mass spectrometer manufactured by Netzsch. The

acquisition interval of the mass spectrometry signal (MS) was 1 s.
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2.1.5. Pyrolysis at laboratory scale

Pyrolysis was also carried out in a fixed-bed reactor to investigate the impact of
doping ammonium chloride into OS on char composition. FTIR and ultimate char
analyses were performed. The residence time of the sample in the fixed-bed reactor at a
temperature of 873 K was 3 min. Additional details about the experimental pyrolysis
process are described in work (Jerzak et al., 2023).

2.2. Kinetic triplet analysis

On the basis of thermogravimetric analysis, it is possible to predict the
relationship between temperature (T), a, and rate of the pyrolysis process. For this
purpose, the kinetic triplet (E,, A, and f(a)) was determined, which is helpful for the
evaluation, design, and scale-up of the pyrolysis process (Mumbach et al., 2022).

2.2.1. Activation energy

The effective activation energy of a complex thermal decomposition reaction
can be estimated with commonly used model-free methods (EL-Sayed, 2022; Zhang,
2021). The course of a chemical reaction depends on its ability to overcome the E,. The
higher the E, required, the more challenging the reaction will be to initiate and
maintain.

At the beginning, the degree of conversion from TGA analysis is expressed as

follows:
_ Mmo—mg
a= mo—mf (l)

where mo, m;, and m, denote the initial mass of feedstock, the mass of feedstock at
time t, and final mass of the sample at the end of the reaction, respectively.
According to the International Confederation for Thermal Analysis and Calorimetry

(EL-Sayed, 2022), methods that use multiple heating rate programmes are
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recommended for estimating reliable kinetic parameters. The mass loss of a solid owing
to a single-step reaction as a function of the temperature and « is given by Eq. (2).

& = k(D)f (a) 2

where t is the reaction time, k(T) is the reaction rate constant, and f () is the reaction
model.

The temperature dependence of the reaction rate constant k(T) is represented by the
Arrhenius equation.

k(T) = Ae~Fa/RT (3)

where R is universal gas constant, J/mol - K.

For non-isothermal conditions, a constant heating rate (8) mode is defined as

_ar

p=2 (4)

After considering Eqgs. (3) and (4), Eq. (2) becomes

&= pT = AeE/RTf(a) (5)

Integrating both sides of Eq. (5) gives

d A T _
9(a) = [ 5 =5 Jp e Fe/5T dT (6)

where g(a) is integral conversion function (reaction model).

Isoconversional methods are widely used to calculate the effective activation
energies when the E. is a function of the temperature at a constant «. These methods do
not need a reaction model to estimate E.. Three isoconversional methods—Friedman
(FR), Eq. (7), Flynn-Wall-Ozawa (FWO), Eq. (8), and Kissinger—Akahira—Sunose
(KAS), Eq. (9) —were used to estimate the effective activation energies during the

pyrolysis of feedstocks. The subscript i represents the i-th S.

d Eq
in (%), =l f@)] ==

(7)
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ﬁi — AgR _ Eq
In <T_2) =In (Ea-Rg(a)) RTq; ©)

a,i

Eq
RTa,i

In f; = In (£22%) — 5331 — 1.052 8)

The differential Friedman method can be applied for linear and non-linear heating
program, and it is therefore commonly used. On the other hand, FWO and KAS are
integral methods in which a constant E. is assumed in very narrow intervals of the a. As
a result, the change of E« with a induces an integration error in the FWO and KAS
methods. By using small a segments the integration error is overcome. Comparison of
E« determined with the use of integral methods with the Friedman method allows to
confirm the validity of the adopted size of the alpha segment. If the thermal analysis of
pyrolysis is preceded by a sample heating and holding programme at 105 °C (to remove
moisture), the kinetic parameters can already be determined for & = 0.05 (Guo et al.,
2022). For samples containing moisture, the kinetic analysis starts with a > 0.05 (Hu et
al., 2022; Varma et al., 2021). In this study, a values from 0.1 to 0.9 were analysed in
steps of 0.05. For constant « values, plots of In (da/T2), In (8), and In (8/T2) versus
1000/T, were straight lines whose slopes were E, /RT, for the FR, FWO, and KAS
methods respectively.

2.2.2. Pre-exponential factor

The pre-exponential factor supported by E, enables a better understanding of the
pyrolysis process. According to the Arrhenius Eq. (3), the reaction proceeds faster if the
value of 4, is high and E, does not change. The A, values for all kinetic methods were
calculated using Eq. (7).

2.2.3. Reaction model
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The master plot method (Eq. 10) provided by the Criado approach (Criado et al.,
1989) was used to evaluate the ideal kinetic models of the f(a) and g(a) patterns

observed for solid-state reactions.

_ f@-gl@ _ (Ta)* (da/dt)g
Z(a) = f(0-5)~g(0-5)_(To.5) (da/dn)os (10)

The E, and A, are not included in this method. Furthermore, the reaction mechanism
determined by the Criado method is not limited by . The temperature at a certain value
of a is denoted as T, where Tos specifies the temperature at « = 0.5. The change in a as
a function of time (da/dt) was taken from the TGA analyses. A complete list of
kinetic reaction models included in the evaluation is provided (see supplementary
materials). In addition to commonly used reaction mechanisms, list of kinetic reaction
models contains reaction orders other than unity (Trache et al., 2017) and kinetic
equations with an unjustified mechanism (Zhang et al., 1999).
2.3. Thermodynamic parameters

Thermodynamic parameters such as enthalpy change (AH), change in the Gibbs

free energy (AG), and entropy change (AS) were calculated using Egs. (12)—(14),

respectively.

AH =E,—R-T, (12)
AG = Eq +R Ty In (22 (13)
S =22 (14)

where K is Boltzmann constant, equal to 1.381 - 1022 J/K, T, is the temperature
corresponding to the highest peak from the derivative thermogravimetric curves (DTG)

curves, and h is Plank constant, equal to 6.626 - 103 J - s.

10
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The determination of thermodynamic parameters makes a valuable contribution to the
analysis of reaction pathways of pyrolysis processes. The AH value represents the
energy exchange between the reactant and activated complex during the pyrolysis
process. The direction of heat transfer can be determined from the value of the AH. If
AH is positive, heat must be supplied to the pyrolysis process. Similarly, the change in
Gibbs free energy represents the increase in total energy of the system with the addition
of reagents and the formation of the activated complex (Maia and de Morais, 2016).
2.4. Statistical analysis

Data collected from proximate, ultimate and fibre experiments were analysed
using descriptive statistics. Values were expressed as mean + standard deviation of the
observations. The fit of the lines to the TGA experimental results, the coefficient of
determination, and the standard deviation were determined in the Grapher ® 20.2.321
software. The statistical analysis of energy activation was performed at significance
level of 0.05 using MS Excel.
3. Results and discussion

3.1. Fourier transform infrared analysis

First, the composition of the feedstocks and chars studied was assessed using
FTIR analysis. The spectrum of NH4Cl includes seven vibration modes of the NH4*
group and one stretching vibration of N-Cl at 690 cm™ (Kumar Trivedi, 2015). The
three peaks located close to each other at 3114 cm™, 3014 cm™, and 2803 cm indicated
asymmetric stretching, combined bands of v + vs, and the out-of-plane bends,
respectively (Wagner and Hornig, 1950). Among the remaining peaks, two were the
most intense, at 1750 cm™ and 1385 cm™, which were assigned to the vz + v4

combination and out-of-plane bends, respectively. All samples showed a low intensity

11
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peak at 1996 cm corresponding to the v, + v¢ N—H bond combination (Wagner and
Hornig, 1950). As expected, the FTIR spectra for OS, OS+4NH4Cl, and OS+6NH4Cl
were similar. The low content of NH4Cl in the OS+4NH4Cl and OS+6NH4CI samples
could be the reason for the absence of distinctive NH4Cl bands. In the OS, OS+4NH4Cl,
and OS+6NH4CI samples, the spectra coming from vibrations of O-H (3330 cmt), C-H
(2918 and 2851 cm™), C=0 (1641 cm™), C-H (1510 cm™), and C-O (1249 cm™?) were
visible (Chemistry Database, 2020), whereas they were not visible after pyrolysis. The
intensity of the C-O peaks (1029 cm™) was significantly weaker, and the characteristic
absorbance bands of cellulose and hemicellulose i.e., C-O (1029 ¢cm™) and C-H (653
and 559 cm™?) (Chen et al., 2022), were significantly weaker in chars than in feedstocks.
The flattening of the char spectra proves decomposition of the organic matrix,
particularly some oxygen-containing structures through a deoxygenation and
dehydration reaction. Samples doped with NH4ClI caused the disappearance of C-H
bonds at 1371 cm™ in the spectra and the promotion of C-N bonds at 1157 cm™ in the
surface char. This conclusion is in line with the ultimate analysis of the chars shown in
Table 2, which confirmed the promotion of carbonisation and nitrogen capture upon the
addition of NH4Cl to the OS.
3.2. Thermogravimetric and mass spectrometry analysis

The calculated results from Eq. (1) and DTG for the three investigated samples
at 8 values of 5, 10, 20, and 30 K/min are included (see supplementary materials).
Analysing the curves representing the degree of conversion, the pyrolysis process can
be divided into three stages, starting with moisture evaporation and slow decomposition
of the sample (0 < a < 0.1), the main pyrolysis process (0.1 < a < 0.9), and finally slow

decomposition. The doping of OS with NH4CI did not affect the char yield at 873 K.

12
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However, as reported by Wang et al., (2017), the doping of biomass with KCI increased
the yield of char. The effect of S on the temperature at the maximum conversion (Tm) of
the samples is observed. The lowest value of 593 K was obtained with the OS sample at
a f of 5 K/min, and an increase in S shifted Tr towards higher temperatures. In the
remaining investigated samples (OS+4NH4Cl and OS+6NH4CI), such a tendency was
observed for the 5, 10 and 20 K/min samples. Despite repeating the analysis three times
for the g of 30 K/min, T was always lower for that heating rate than for the 20 K/min
heating rate. Furthermore, analysis of the DTG curves revealed peaks corresponding to
the decomposition of doped NH4Cl into OS. The peaks are most visible at f =5 K/min,
and they are located at 465 K for OS+4NH4Cl and 468K for OS+6NH4CI.

The thermal treatment of biomass results in the release of pyrolysis gases.
Evolved gas species were identified by scanning positive ions on the basis of their
mass-to-charge ratio (m/z). Specific ion fragments were scanned, and their m/z values
were 2, 15, 16, 17, 18, 28, 30, 36, 44, 46, 50, 70, and 72. However, interference from
the ionic currents of other gas fragments prevented clearly determining m/z = 2, 16, 17,
28, 36, 70, 72. HCI was expected to evolve from the pyrolysis gas of the biomass in the
temperature range of 673-873 K, as reported by Cheng et al. (2021). In this case, signal
interference was strong at m/z = 36, and thus no evidence of HCI release was observed.
Note that the sample contained a significant amount of potassium, which, according to
the latest reports (Wang B. et al., 2022), favours the retention of HCI in the char.
Doping the biomass with chlorides or PVC usually increases the release of HCI.
However, the methoxy groups bonded to the lignin structure can be cleaved by HCI,
producing CHsCI (Czégény et al., 2015). For this reason, doping OS with NH4ClI can

favour the production of CH3sCl. Figs. 1(a—s) present the evolved gas species of CHa,
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H20, NO, CH20, CO2, NO2, and CHz3Cl for the studied samples. To ensure the
readability of Figs. 1(a—s), the gas ion currents are shown only for three g values. For
m/z = 18 (H20 and NH4") and 30 (NO and CH20), two possible types of gases were
assigned. The curves in Figs. 1(d-f) and Figs. 1(g—i) may reflect the release of one or
more of these gases. Interestingly, although the samples doped with NH4ClI exhibited
increased inorganic nitrogen content, nitrogen was not released into the pyrolysis gases.
This is evidenced by the results shown in Figs. 1(g-i) and Figs. 1(m-0). NO and NO-
are primarily produced by reaction precursors, e.g., HCN and NHs, but also through OH
radicals formed as a result of breaking C—OH bonds (Cheng et al., 2021). Generally, a
higher g promoted the release all gaseous species. Consequently, the area under the
peaks also increased with increasing . The maximum values of the ionic currents for
all gases occurred in the temperature range of 573-673 K. Moreover, an increase in 8
shifted the maximum peak towards higher temperatures. Analysing the evolved gases
shown in Figs. 1(d-f), it was noticed that the addition of NH4ClI resulted in the
formation of a second peak of lower intensity. The first peak dependent on 5 was
attributed to NH4" ions, probably from NH4CI decomposition, and the second one
reflects water. At f =30 K/min, doping the OS with NH4Cl evidently inhibited the
evolution of CHas, H20, NO, CH>20, CO2, and NO». However, for § of 5 and 10 K/min,
this tendency was not observed. Decarbonylation and decarboxylation reactions were
inhibited for OS samples enriched in NH4ClI, which was manifested by the less intense
CO. peaks observed in Figs. 1(j—I). As can be seen from Figs. 1(p-s), the doping of
NH4Cl to OS favoured the release of only CH3CI.

3.3. Kinetic triplet determination

3.3.1. Activation energy

14
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The activation energy values were determined by applying the FR, FWO, and
KAS methods at a values of 0.1-0.9. Calculations were performed assuming that it was
a first-order reaction. The fitting line and the coefficients of determination (R?) are
given for each studied « value (see supplementary materials). The R? values of the
points to the straight line were slightly weaker at the low o values of the OS+4NH4ClI
and OS+6NH4CI samples. Regarding the R? values, the FR method had the highest
agreement with the pyrolysis of OS, OS + 4NH4CI, and OS+6NH4CI. The value R? >
0.96 indicates the credibility of the results obtained. The comparison of the changes in
E, and A, for the studied samples as a function of o is shown in Figs. 2(a—f). The error
bars in Figs. 2(a), (c) and (e) are estimates of the 95% confidence levels on the mean
value of E,, and range from 0.3 kJ/mol to 152.8 kJ/mol depending on the type of
sample and a. As the reaction progresses (at a = 0.1-0.8), the E, of the OS sample
changes almost linearly from approximately 148 to 192, from 161 to 184, and from 152
to 174 kJ/mol as determined using the FR, FWO, and KAS methods, respectively. The
OS pyrolysis process at o > 0.8 allows for the removal of a small amount of heavy
volatile fraction. Therefore, at « = 0.9, E,, rapidly increased to 323, 308, and 297 kJ/mol
using the FR, FWO, and KAS methods, respectively. With a high «, an evident upward
trend in the activation energy estimated for wheat straw pyrolysis was reported (Luo et
al., 2020). The high E, values can be explained by the energy requirement for lignin
decomposition, which is much greater than that for the degradation of hemicellulose and
cellulose. Throughout the considered range of a, the mean E, values for the OS sample
were 182 (FR), 181(FWO), and 171 kJ/mol (KAS), values that were slightly higher than
that reported by Szufa et al. (2020), which was 145 kJ/mol (mean value for 0.1< a <

0.8). OS doping with NH4CI (OS+4NH4Cl and OS+6NH4CI samples) significantly
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increased E, at a values of 0.15-0.75. In this range, E, changed parabolically and
successively for OS+4NH4Cl and OS+6NH4ClI, with maximum values of 253 kJ/mol
(FR) and 257 kJ/mol (FWO). A lower energy barrier was revealed in the final stage of
pyrolysis (a = 0.9) of the OS+4NH4Cl and OS+6NH4Cl samples than of the OS sample.
However, considering the entire range of «, it was demonstrated that the addition of
NH4ClI to OS increased the mean E,. A positive correlation of the increase in the mass
of NH4Cl in the sample from 4% to 6% with the average E, was observed only for the
KAS method. For the FR and FWO methods, the mean E,, decreased from 214 to 211
and from 219 to 218 kJ/mol, respectively.

3.3.2. Pre-exponential factor

The estimation of A, was performed for all g values included in this study.
However, the differences in A, indicated that § had only a slight influence. Therefore,
Figs. 2(b), (d), and (f) show A, values for the heating rate of 10 K/min. The values of
A, are related to E, according to Eq. (7). As a result, a positive correlation was found
between the increase/decrease in the E, and the value of A,. The doping of NH4ClI to
OS increased A, but only at values of « from 0.15 to 0.5. The range of the values of 4,
(in first-order reactions) reported in the literature for biomass pyrolysis ranged from 10°
to 10%° 1/s (Karuppasamy Vikraman et al., 2021; Sangaré et al., 2022; Stan¢in et al.,
2021). In most cases, a low value of A, (<10° 1/s) favours surface reactions,
whereas A, > 10° 1/s indicates a simple complex reaction (a looser junctional complex)
(Karuppasamy Vikraman et al., 2021). The difference between A, values at the
beginning and end of pyrolysis in OS+6NH4Cl samples was of the same order (10°) for
all method. The A, fluctuations were especially noticeable for samples doped with

NH4ClI. A high value of A4, suggests a complex chemical reaction (Hu et al., 2022).
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3.3.3. Reaction models

Generally, it is difficult to predict a single reaction model for the entire biomass
pyrolysis process as it is not a single-step process (Karuppasamy Vikraman et al., 2021,
Rammohan et al., 2022; Shen et al., 2023; Singh et al., 2021; Zhong et al., 2023). The
possible mechanism of the pyrolysis reactions for OS, OS+4NH4Cl, and OS+6NH4CI
was predicted for £ values of 5, 10, 20, and 30 K/min in the range of 0.1< a < 0.9 using
Eq. (10). Figures 3(a—c) show the overlap of the theoretical curve with the experimental
data, which made it possible to determine the reaction mechanism. The theoretical
curves describe reaction-order models (F), nucleation models, and, more specifically,
power law (P) and Avrami—Erofeev (A), geometrical models (R), diffusional models
(D), and other kinetic equations with unjustified mechanisms (G) (see supplementary
materials). The unjustified mechanism has not yet been used to describe the pyrolysis
process (Casal and Marban, 2020; Vlaev et al., 2008). However, as shown in Figs. 3(a—
c), it was necessary to use mechanism G to overlap some experimental data with
different o values. To ensure the readability of Figs. 3(a—c), the lines of the theoretical
models start at the first fitting to the experimental data. The consistency between the
fitted curves (th.) and the experimental data (exp.) was evaluated through the residual
sum of squares (RSS) (Mumbach et al., 2022), and the results are shown (see

supplementary materials).

Rs=3[(%), -(%),] (15

The reaction models for each g and o value that best fit the OS, OS+4NH,CI,
and OS+6NH.CI pyrolysis are shown in Table 3. With a = 0.5, no fit of the theoretical
curves was performed because it was the reference point and thus Z(a) = 1. The

reaction model of the OS pyrolysis was a combination of unjustified reaction order and
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diffusion mechanism. At the initial stage of OS pyrolysis, models G3/2 (a = 0.1),
F3/4(a = 0.15), and D6 (a = 0.2) best reflected the experimental data for 5, 10, 20, and
30 K/min. The pyrolysis reaction probably had increasing resistance to diffusion, as
evidenced by the D6 model (de Jesus Gariboti et al., 2022). When « increased to 0.45,
the lowest reaction order (not exceeding 0.5) was observed for the entire OS pyrolysis
process. In this case, F1/5 best matched the 11 experimental results. As a increased
further from 0.55 to 0.8, the reaction order increased to unity, and the presence of the
D4 and D5 models was noted. The reaction order increased significantly to F4, F3, F3,
and F2 for g values of 5, 10, 20, and 30 K/min, respectively, at & = 0.85. Further
continuation of the pyrolysis process required much higher reaction orders than F5.
Chemical reaction orders that exceeded F5 at the final stage of biomass decomposition
were confirmed by Rammohan et al. (2022). The reaction order may even be higher
than 7 if lignin is decomposing (Zhong et al., 2023). However, for OS for the entire
range of a values, the reaction order was reported to be 3.4 (Szufa et al., 2020). This
result is close to the reaction orders obtained in this work but only for a values above
0.8. NH4Cl doped into OS samples as shown in Figs. 3(b) and (c) clearly changed the
mechanisms controlling the pyrolysis process. The first difference was the reaction
mechanism at @ = 0.1. The pyrolysis of OS+6NH4Cl was governed by F2, F3, and F4
(second-, third-, and even fourth-order reactions), whereas for OS it was the G3/2
mechanism. Then, at a values higher than 0.5, models G1 and G3/2 were identified that
were not present for the OS sample. Fitting the experimental data of the OS+6NH4CI
sample required the use of more G models than that of the OS+4NH4Cl sample. Another
effect of the addition of NH4ClI to the OS sample was the reduction of the reaction order

at the final stage of pyrolysis. Compared to the OS sample (reaction order > F5), the
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reaction orders in the OS+6NH4Cl sample were reduced to F3 (for 5 and 10 K/min) and
F2 (for 20 and 30 K/min).

3.4. Thermodynamic parameters estimation

Figures 4(a—i) show the enthalpy, Gibbs free energy, and entropy changes

calculated using Egs. (12)—(14), respectively. In the calculations of thermodynamic
parameters, the E, and A, values estimated using the FR, FWO, and KAS methods
were used. The influence of B on the thermodynamic parameters was insignificant, and
thus Figs. 4(a—i) present the results only for 10 K/min. The AH value reflects the energy
consumed in the reaction. The positive AH values confirm the endothermic
characteristic of OS, OS+4NH4CI, and OS+6NH4CI pyrolysis, in which the samples
absorbed heat to break bonds. In the case of the OS sample, the absorption heat caused
the decomposition and degradation of the cellulose, hemicellulose, and lignin fibres.
Furthermore, the OS+4NH4Cl and OS+6NH4C1 samples showed higher AH values
owing to heat adsorption related to NH4CI decomposition. The conditions of the active
complex formation depend on the difference between E, and AH. When the difference
between E, and AH is lower, it means that the energy required to initiate the pyrolysis
reaction (activation energy) is close to the amount of energy released during the reaction
(enthalpy change). This indicates that the pyrolysis conditions are more favorable and
efficient for energy production. Doping with NH4Cl slightly worsened the pyrolysis
conditions, as indicated by the increase in the maximum difference between E, and AH
(at a = 0.9) from 5.3 for OS to 5.6 for OS+6NH4CI. Similar values of 5-6 kJ/mol for
biomass pyrolysis have been reported in several papers (Hu et al., 2022; Sangaré et al.,
2022; Varma et al., 2021). The AG value refers to the total increase in energy of the

system for the formation of the activated complex. AG also provides information about
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the preferred method for achieving reaction equilibrium. The mean AG values decreased
slightly after OS doping with NH4Cl for all three models. A values greater than 0
confirms that the pyrolysis process was non-spontaneous and required an energy supply.
The last thermodynamic state function of the system is entropy, which represents the
degree of disorder of the system. Figures 4(c), (f), and (i) show negative AS values for
OS with a values ranging from 0.1 to 0.8 (FR and FWO) and from 0.1 to 0.85 (KAS).
Negative AS values indicate that the reactions were close to their thermodynamic
equilibrium and that the products had a lower degree of disorder than the reactants. The
lowest AS values for o = 0.1 (for OS+6NH4CI) suggest that the initial stage of pyrolysis
occurs more easily if sufficient heat is provided. Interestingly, OS+4NH4Cl sample had
the lowest AS value (based on the FR method) at an o value of 0.65. Thus, doping of
NH4Cl to OS favoured an increase in mean AS.
4. Conclusions

In this study, the effect NH4Cl doping of oat straw on the pyrolysis process was
investigated up to 873 K using complementary research methods. It was demonstrated
that doping oat straw with NH4Cl influenced the process. Decarbonylation and
decarboxylation reactions occurred slowly based on analysis of the evolved gases.
The mean activation energy increased throughout the pyrolysis process by 29.3, 37.0,
and 37.3 kdJ/mol for the FR, FWO, and KAS methods, respectively. Moreover, there
were difficulties in fitting the experimental results to theoretical curves. Therefore, more
frequent use of undefined reaction mechanisms (G1 and G3/2) was necessary.
Appendix A. Supplementary data
E-supplementary data for this work can be found in e-version of this paper online.

Declaration of Competing Interest

20



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Acknowledgements

This research was funded in whole by the National Science Centre, Poland [Grant no.

2020/39/B/ST8/00883]. For the purpose of Open Access, the author has applied a CC-

BY public copyright licence to any Author Accepted Manuscript (AAM) version arising

from this submission.

References

[1]

[2]

[3]

[4]

[5]

Casal, M.D., Marbén, G., 2020. Combined kinetic analysis of solid-state reactions:
The integral method (ICKA). Int. J. Chem. Kinet. 52, 990-1005.
https://doi.org/10.1002/kin.21416

Chemistry Database, 2020. LibreTexts. Infrared Spectroscopy Absorption Table.
Department of Education Open Texthook. The California State University. [WWW
Document]. LibreTexts. https://doi.org/https://chem.libretexts.org/@go/page/22645
Chen, D., Cen, K., Zhuang, X., Gan, Z., Zhou, J., Zhang, Y., Zhang, H., 2022.
Insight into biomass pyrolysis mechanism based on cellulose, hemicellulose, and
lignin: Evolution of volatiles and kinetics, elucidation of reaction pathways, and
characterization of gas, biochar and bio-oil. Combust. Flame 242, 112142.
https://doi.org/10.1016/j.combustflame.2022.112142

Cheng, Z., Li, M., Li, J.,, Lin, F., Ma, W., Yan, B., Chen, G., 2021. Transformation
of nitrogen, sulfur and chlorine during waste tire pyrolysis. J. Anal. Appl. Pyrolysis
153, 104987. https://doi.org/10.1016/j.jaap.2020.104987

Criado, J.M., Malek, J., Ortega, A., 1989. Applicability of the master plots in

Kinetic analysis of non-isothermal data. Thermochim. Acta 147, 377-385.

21



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

https://doi.org/10.1016/0040-6031(89)85192-5

[6] Czégény, Z., Jakab, E., Bozi, J., Blazs6, M., 2015. Pyrolysis of wood-PVC
mixtures. Formation of chloromethane from lignocellulosic materials in the
presence of PVC. J. Anal. Appl. Pyrolysis 113, 123-132.
https://doi.org/10.1016/j.jaap.2014.11.016

[7] de Jesus Gariboti, J.C., Macedo, M.G.S., Macedo, V.M.S., Rueda-Orddfiez, Y.J.,
Lopes, E.S., Vinhal, J.T., Gomes, E.L., Tenorio, J.A.S., Felisbino, R.F., Lopes,
M.S., Tovar, L.P., 2022. Elucidating the thermal decomposition mechanism and
pyrolysis characteristics of biorefinery-derived humins from sugarcane bagasse and
rice husk. Bioenergy Res. 15, 2026-2044. https://doi.org/10.1007/s12155-022-
10412-6

[8] Dessi, F., Mureddu, M., Ferrara, F., Fermoso, J., Orsini, A., Sanna, A., Pettinau, A.,
2021. Thermogravimetric characterisation and kinetic analysis of Nannochloropsis
sp. and Tetraselmis sp. microalgae for pyrolysis, combustion and oxy-combustion.
Energy 217, 119394. https://doi.org/10.1016/j.energy.2020.119394

[9] Du, S., Wang, X., Shao, J., Yang, H., Xu, G., Chen, H., 2014. Releasing behavior
of chlorine and fluorine during agricultural waste pyrolysis. Energy 74, 295-300.
https://doi.org/10.1016/j.energy.2014.01.012

[10] EL-Sayed, S.A., 2022. Review of thermal decomposition, kinetics parameters and
evolved gases during pyrolysis of energetic materials using different techniques. J.
Anal. Appl. Pyrolysis 161, 105364. https://doi.org/10.1016/j.jaap.2021.105364

[11] Ephraim, A., Pham Minh, D., Lebonnois, D., Peregrina, C., Sharrock, P., Nzihou,
A., 2018. Co-pyrolysis of wood and plastics: Influence of plastic type and content

on product yield, gas composition and quality. Fuel 231, 110-117.

22



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

https://doi.org/10.1016/j.fuel.2018.04.140

[12] Gradziuk, P., Gradziuk, B., Trocewicz, A., Jendrzejewski, B., 2020. Potential of
straw for energy purposes in Poland—Forecasts based on trend and causal models.
Energies 13, 1-22. https://doi.org/10.3390/en13195054

[13]Guo, X., Xu, Z., Zheng, X., Jin, X,, Cal, J., 2022. Understanding pyrolysis
mechanisms of corn and cotton stalks via kinetics and thermodynamics. J. Anal.
Appl. Pyrolysis 164, 105521. https://doi.org/10.1016/j.jaap.2022.105521

[14]Hu, Y., Liu, J., Li, X., Wang, F., Luo, L., Pei, Y., Lei, Y., Tang, K., 2022.
Assessment of the pyrolysis kinetics and mechanism of vegetable-tanned leathers.
J. Anal. Appl. Pyrolysis 164, 105502. https://doi.org/10.1016/j.jaap.2022.105502

[15] Ishikawa, N., Ishioka, G., Yanaka, M., Takata, K., Murakami, M., 2015. Effects of
ammonium chloride fertilizer and its application stage on cadmium concentrations
in wheat (Triticum aestivum L.) grain. Plant Prod. Sci. 18, 137-145.
https://doi.org/10.1626/pps.18.137

[16] Jerzak, W., Wadrzyk, M., Kalemba-Rec, ., Bieniek, A., Magdziarz, A., 2023.
Release of chlorine during oat straw pyrolysis doped with char and ammonium
chloride. Renew. Energy 215, 118923.
https://doi.org/10.1016/j.renene.2023.118923

[17]Johansen, J.M., Jakobsen, J.G., Frandsen, F.J., Glarborg, P., 2011. Release of K, Cl,
and S during pyrolysis and combustion of high-chlorine biomass. Energy and Fuels
25, 4961-4971. https://doi.org/10.1021/ef201098n

[18] Karuppasamy Vikraman, V., Praveen Kumar, D., Boopathi, G., Subramanian, P.,
2021. Kinetic and thermodynamic study of finger millet straw pyrolysis through

thermogravimetric analysis. Bioresour. Technol. 342, 125992.

23



519 https://doi.org/10.1016/j.biortech.2021.125992

520 [19]Kasera, N., Kolar, P., Hall, S.G., 2022. Nitrogen-doped biochars as adsorbents for
521 mitigation of heavy metals and organics from water: a review. Biochar 4, 1-30.
522 https://doi.org/10.1007/s42773-022-00145-2

523  [20]Kastury, F., Rahimi Eichi, V., Enju, A., Okamoto, M., Heuer, S., Melino, V., 2018.

524 Exploring the potential for top-dressing bread wheat with ammonium chloride to
525 minimize grain yield losses under drought. Soil Sci. Plant Nutr. 64, 642—-652.
526 https://doi.org/10.1080/00380768.2018.1493341

527  [21]Kumar Trivedi, M., 2015. Fourier Transform Infrared and Ultraviolet-Visible

528 Spectroscopic Characterization of Ammonium Acetate and Ammonium Chloride:
529 An Impact of Biofield Treatment. Mod. Chem. Appl. 3, 1000163.
530 https://doi.org/10.4172/2329-6798.1000163

531 [22]Leng, L., Xu, S., Liu, R., Yu, T., Zhuo, X., Leng, S., Xiong, Q., Huang, H., 2020.
532 Nitrogen containing functional groups of biochar: An overview. Bioresour.
533 Technol. 298, 122286. https://doi.org/10.1016/j.biortech.2019.122286

534  [23]Li, X,, Lin, S., Hao, T., Khanal, S.K., Chen, G., 2019. Elucidating pyrolysis

535 behaviour of activated sludge in granular and flocculent form: Reaction kinetics
536 and mechanism. Water Res. 162, 409-4109.
537 https://doi.org/10.1016/j.watres.2019.06.074

538  [24]Luo, L., Guo, X., Zhang, Z., Chai, M., Rahman, M.M., Zhang, X., Cali, J., 2020.

539 Insight into Pyrolysis Kinetics of Lignocellulosic Biomass: Isoconversional Kinetic
540 Analysis by the Modified Friedman Method. Energy and Fuels 34, 4874-4881.
541 https://doi.org/10.1021/acs.energyfuels.0c00275

542  [25]Maia, A.A.D., de Morais, L.C., 2016. Kinetic parameters of red pepper waste as

24



543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

biomass to solid biofuel. Bioresour. Technol. 204, 157-163.
https://doi.org/10.1016/j.biortech.2015.12.055

[26] Mumbach, G.D., Alves, J.L.F., da Silva, J.C.G., Domenico, M. Di, Arias, S.,
Pacheco, J.G.A., Marangoni, C., Machado, R.A.F., Bolzan, A., 2022. Prospecting
pecan nutshell pyrolysis as a source of bioenergy and bio-based chemicals using
multicomponent kinetic modeling, thermodynamic parameters estimation, and Py-
GC/MS analysis. Renew. Sustain. Energy Rev. 153, 111753.
https://doi.org/10.1016/j.rser.2021.111753

[27] Pajarito, B.B., Llorens, C., Tsuzuki, T., 2019. Effects of ammonium chloride on the
yield of carbon nanofiber aerogels derived from cellulose nanofibrils. Cellulose 26,
7727-7740. https://doi.org/10.1007/s10570-019-02645-0

[28] Quan, C., Gao, N., Song, Q., 2016. Pyrolysis of biomass components in a TGA and
a fixed-bed reactor: Thermochemical behaviors, kinetics, and product
characterization. J. Anal. Appl. Pyrolysis 121, 84-92.
https://doi.org/10.1016/j.jaap.2016.07.005

[29] Rahim, M.U., Gao, X., Wu, H., 2015. Release of chlorine from the slow pyrolysis
of NaCl-loaded cellulose at low temperatures. Proc. Combust. Inst. 35, 2891-2896.
https://doi.org/10.1016/j.proci.2014.07.020

[30] Rammohan, D., Kishore, N., Uppaluri, R.V.S., 2022. Reaction kinetics and
thermodynamic analysis of non-isothermal co-pyrolysis of Delonix regia and tube
waste. Bioresour. Technol. Reports 18, 101032.
https://doi.org/10.1016/j.biteb.2022.101032

[31] Sangaré, D., Bostyn, S., Moscosa Santillan, M., Garcia-Alamilla, P., Belandria, V.,

Gokalp, 1., 2022. Comparative pyrolysis studies of lignocellulosic biomasses:

25



567 Online gas quantification, kinetics triplets, and thermodynamic parameters of the
568 process. Bioresour. Technol. 346, 126598.
569 https://doi.org/10.1016/j.biortech.2021.126598

570 [32]Shen, T., Zhang, F., Yang, S., Wang, Y., Liu, H., Wang, H., Hu, J., 2023.

571 Comprehensive study on the pyrolysis process of chestnut processing waste
572 (chestnut shells): Kinetic triplet, thermodynamic, in-situ monitoring of evolved
573 gasses and analysis biochar. Fuel 331, 125944,

574 https://doi.org/10.1016/j.fuel.2022.125944

575  [33]Singh, R.K., Patil, T., Verma, A., Tekade, S.P., Sawarkar, A.N., 2021. Insights into

576 Kinetics, reaction mechanism, and thermodynamic analysis of pyrolysis of rice
577 straw from rice bowl of India. Bioresour. Technol. Reports 13, 100639.
578 https://doi.org/10.1016/j.biteb.2021.100639

579  [34]Stancin, H., Mikul¢i¢, H., Mani¢, N., Stojiljikovi¢, D., Vujanovié¢, M., Wang, X.,

580 Dui¢, N., 2021. Thermogravimetric and kinetic analysis of biomass and
581 polyurethane foam mixtures Co-Pyrolysis. Energy 237, 121592,
582 https://doi.org/10.1016/j.energy.2021.121592

583  [35]Stromberg, B., Bjorkman, E., 1997. Release of chlorine from biomass and model
584 compounds at pyrolysis and gasification conditions. Energy and Fuels 11, 1026—
585 1032. https://doi.org/10.1021/ef9700310

586  [36]Szufa, S., Wiclgosinski, G., Piersa, P., Czerwinska, J., Dziku¢, M., Adrian, L.,

587 Lewandowska, W., Marczak, M., 2020. Torrefaction of straw from oats and maize
588 for use as a fuel and additive to organic fertilizers-TGA analysis, kinetics as

589 products for agricultural purposes. Energies 13, 2064.

590 https://doi.org/10.3390/en13082064

26



591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

[37] Trache, D., Abdelaziz, A., Siouani, B., 2017. A simple and linear isoconversional
method to determine the pre-exponential factors and the mathematical reaction
mechanism functions. J. Therm. Anal. Calorim. 128, 335-348.
https://doi.org/10.1007/s10973-016-5962-0

[38] Tsamba, A.J., Yang, W., Blasiak, W., 2006. Pyrolysis characteristics and global
kinetics of coconut and cashew nut shells. Fuel Process. Technol. 87, 523-530.
https://doi.org/10.1016/j.fuproc.2005.12.002

[39] Varma, A.K., Lal, N., Rathore, A.K., Katiyar, R., Thakur, L.S., Shankar, R.,
Mondal, P., 2021. Thermal, kinetic and thermodynamic study for co-pyrolysis of
pine needles and styrofoam using thermogravimetric analysis. Energy 218, 119404,
https://doi.org/10.1016/j.energy.2020.119404

[40] Vlaev, L., Nedelchev, N., Gyurova, K., Zagorcheva, M., 2008. A comparative study
of non-isothermal kinetics of decomposition of calcium oxalate monohydrate. J.
Anal. Appl. Pyrolysis 81, 253-262. https://doi.org/10.1016/j.jaap.2007.12.003

[41] Wagner, E.L., Hornig, D.F., 1950. The vibrational spectra of molecules and
complex ions in crystals. I1l. Ammonium chloride and deutero-ammonium
chloride. J. Chem. Phys. 18, 296-304. https://doi.org/10.1063/1.1747622

[42] Wang, B., Gao, X., Huang, J., Mofrad, A.Z., Wang, Z., Feng, C., Li, C., Hu, W.,
Qiao, Y., 2022. Transformation of HCI during pyrolysis of biomass and its model
compounds. Fuel 309, 122139. https://doi.org/10.1016/j.fuel.2021.122139

[43]Wang, W., Luo, G., Zhao, Y., Tang, Y., Wang, K., Li, X., Xu, Y., 2022. Kinetic
and thermodynamic analyses of co-pyrolysis of pine wood and polyethylene plastic
based on Fraser-Suzuki deconvolution procedure. Fuel 322, 124200.

https://doi.org/10.1016/j.fuel.2022.124200

27



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

[44]Wang, Y., Wu, H., Sarossy, Z., Dong, C., Glarborg, P., 2017. Release and
transformation of chlorine and potassium during pyrolysis of KCI doped biomass.
Fuel 197, 422-432. https://doi.org/10.1016/j.fuel.2017.02.046

[45] Zhang, J.J., Ge, L.G., Zhang, X.L., Dai, Y.J., Chen, H.L., Mo, L.P., 1999. Thermal
Decomposition Kinetics of the Zn(11) Complex with Norfloxacin in Static Air
Atmosphere. J. Therm. Anal. Calorim. 58, 269-278.
https://doi.org/10.1023/A:1010142928608

[46] Zhang, T., Kang, K., Nanda, S., Dalai, A.K., Xie, T., Zhao, Y., 2022. Comparative
study on fuel characteristics and pyrolysis Kinetics of corn residue-based hydrochar
produced via microwave hydrothermal carbonization. Chemosphere 291 Part 2,
132787. https://doi.org/10.1016/j.chemosphere.2021.132787

[47] Zhang, X., 2021. Applications of kinetic methods in thermal analysis: A review.
Eng. Sci. 14, 1-13. https://doi.org/10.30919/es8d1132

[48] Zhong, Y., Ding, Y., Lu, K., Mao, S, Li, C., 2023. Kinetic parameters and reaction
mechanism study of biomass pyrolysis by combined kinetics coupled with a
heuristic optimization algorithm. Fuel 334 Part 1, 126622.

https://doi.org/10.1016/j.fuel.2022.126622

28



634  Credit authorship contribution statement

635  Wojciech Jerzak: Conceptualization, Methodology, Investigation, Writing - Original

636  Draft, Review & Editing, Resources, Visualization;

637  Marcin Gajek: Data curation, Formal analysis, Investigation, Writing - original draft;

638  Aneta Magdziarz: Investigation, Writing - Review & Editing, Supervision, Project

639  administration, Funding acquisition.

29



