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Abstract: The paper presents the combustion profile of selected fuels as a result of thermogravimetric
analysis. The main purpose of this study was to investigate a mixture of different types of fuel and the
influence of the use of a fuel additive on the combustion process profile. As a fuel additive, halloysite
was used to investigate the thermogravimetric profiles. It was confirmed that the main combustion
parameters such as ignition temperature, burnout temperature, and maximum peak temperature
correlated accordingly with different combustibility indices such as the ignition index, the burnout
index, and the combustion indices. Furthermore, the present study provided a comparison of selected
methods for analyzing non-isothermal solid-state kinetic data and investigated the kinetics of thermal
decomposition to describe the ongoing process. Two non-isothermal model methods (Kissinger and
Ozawa) were used to calculate the Arrhenius parameters. The effect of heating rate and the addition
of halloysite as a fuel additive on decomposition were studied.

Keywords: biomass; coal; combustion; fuel additives; non-isothermal model methods

1. Introduction

Combustion characteristics of fuel can be determined by using thermo-analytical tech-
niques such as thermogravimetry (TG), derivative thermogravimetry (DTG), differential
thermal analysis (DTA), differential scanning calorimetry (DSC), and thermomechanical
analysis (TMA), which cover a wide range of applications in research and technical assess-
ment of fuels. Thermogravimetric analysis (TGA) is one of the most favorable and effective
techniques to determine the combustion profile of a fuel. TGA should be employed at
a relatively low heating rate (<20 ◦C/min) because the actual temperature of the fuel
sample may vary from the measured temperature of the fuel sample at higher heating rates
(>20 ◦C/min). This is especially visible in the inherence of oxygen atmosphere when a high
heating rate and/or larger fuel sample mass could carry on to ignition and uncontrolled
combustion of the sample. Thus, TGA analyses are a useful tool to study devolatilization
and combustion of fuels in kinetic aspects. In particular, four basic stages of combustion
can be observed, such as moisture evaporation, devolatilization and volatiles oxidation,
ignition, and fixed carbon combustion [1–5].

As shown in Table 1, a great deal of research carried out tests on combustion of coal,
biomass, and sludges under different atmosphere conditions. Air is the most pervasive
combustion atmosphere, but gas mixtures (O2/CO2 [6], O2/N2 [7,8]) and nitrogen [9–13] as
inert gas are frequently used as well. Additionally, different heating rates were investigated
in the range from 2.5 ◦C/min to 80 ◦C/min. The maximum treatment temperature most
commonly used by the researchers was 1000 ◦C. In some investigations, as described
in [8,11–15], the maximum treatment temperature did not exceed 950 ◦C.
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Table 1. Review of several previous studies on combustion characterization by thermogravimetric analysis (TGA) method.

Fuel Max. Temp.
(◦C)

Heating Rate
(◦C/min) Atmosphere Reference

Sludge 600
800 5; 10; 15; 20; 30 Ar; air Shao at al. 2021 [14]

Sour cherry stalk and
flesh 1000 5; 10; 20; 30; 40 N2 Gözde at al. 2020 [10]

Acai seed 900 5; 10; 15; 20 N2 Santos at al. 2020 [11]
Biomass (Sida) 950 10; 20; 30; 40; 50 N2; air Laougé at al. 2020 [12]
Quinoa plant 727 10; 20; 40 air; N2 Bermejo at al. 2020 [13]

Australian coal and
miscanthus 1000 20 N2; atmospheric air Huang at al. 2019 [9]

Bituminous coal, high
sulphur

sub-bituminous coal,
high sulphur brown

coal, stone pine wood
chips, and eucalyptus

1000 10; 20; 30; 40; 50 atmospheric air; pure oxygen; Mureddu at al. 2018 [16]

Sewage sludge 1000 20; 40; 60; 80

atmospheric air;
21% O2/79% CO2;
30% O2/70% CO2;
40% O2/60% CO2

Niu et al. 2016 [6]

Chinese bituminous
coal, corn, and sawdust 1000 15; 60 atmospheric air Zhou et al. 2016 [17]

Waste biomass and coal 627 2.5; 5; 10; 20 atmospheric air Wang et al. 2016 [15]
Paper sludge and oil

palm waste 1000 20 21%O2/79%; N2 Lin et al. 2015 [7]

Polish coal and sewage
sludge 800 10 20% O2/80% N2 Magdziarz et al. 2014 [8]

Polish coal, wood, oat,
sewage sludge, and

mixtures fuels
1000 10; 40; 100 atmospheric air Magdziarz et al. 2013 [18]

Wood demolition
wood, coffee waste,

glossy paper, and their
mixtures

900 5; 20; 100 Ar;
21% O2/79 % Ar Skreiberg et al. 2011 [1]

Lignite coals and wood
chips (oak), olive cake,

and hazelnut shells
1100 20 atmospheric air Varol et al. 2010 [19]

To the authors’ knowledge, this was the first study on the thermogravimetric analysis
of biomass mixed with halloysite additive. Authors also did not identify other studies
on halloysite impact on thermal analysis (combustion process profiles—DTG, DSC, and
TG) and kinetic analysis (by using Kissinger and Ozawa methods). Presented in Table 1,
literature reports related to the TGA research focused on the burning of coal or different
types of biomass without any fuel additives. The TGA research referred to a method com-
monly applied in combustion technology temperature treatment windows up to 1100 ◦C
in different (oxidizer/inert) atmosphere conditions and heating rates. In the article, new
kinetic data for fuel pre-mixed with halloysite were presented and discussed.

The main purpose of this study was to investigate a mixture of different types of
biomass with an additive by thermogravimetric analysis. Furthermore, the present study
provided a comparison of selected methods for analyzing non-isothermal solid-state ki-
netic data and investigate the kinetics of thermal decomposition to describe the ongoing
process. The process was controlled by TG/DSC SETARAM LABSYSTM analyzer in an
air atmosphere, and the thermal analysis curves were recorded at several linear heating
rates. Two non-isothermal model methods (Kissinger and Ozawa) were used to calculate
the Arrhenius parameters. The effect of heating rate and the addition of halloysite as a fuel
additive on thermal decomposition were also studied.
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TG and DSC curves allowed us to determine the thermal behavior of the fuel sample
during the heating process at a fixed atmosphere. The main parameters which could
be identified when determining the TG curve were ignition temperature (Ti), burnout
temperature (Tf), and maximum peak temperature (Tp)—see Figure 1 [16–20]. Ti presented
the temperature at which the sample begans to burn. According to [6,16,21,22], Ti could be
determined by the intersection of the two tangents. The first tangent was parallel to the
abscissae axis and at the same time was tangent to the TG curve, whereas the second tangent
was determined on the TG curve at the point of maximum fuel mass loss rate. Tf presented
the point at which fuel oxidation was finished, and it was defined as the temperature where
sample mass loss corresponded to 98 wt% of the initial mass of the sample [22]. Tp could
be identified by using a DTG curve, and it presented the maximum rate of mass loss of
the sample [16,23]. These characteristic temperatures were correlated accordingly with
different combustibility indices such as the ignition index (Di), the burnout index (Df), and
the combustion indices S and Hf [13,16,23].
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Figure 1. Schematic of TG and DTG curves (Ti—ignition temperature, Tp—maximum peak tempera-
ture, Tf—burnout temperature, I—evaporation, II—oxidation mass gain, III—thermal decomposition
and burning, IV—burnout).

The value of the ignition index (Di) defined the thermal possibility of fuel combustion
in the first stage determined by the amount of separated volatile compounds. The higher
the Di value was, the more efficient and stable the combustion process was. Di was
calculated from Equation (1).

Di =
DTGmax

tp·ti
(1)

where:

DTGmax—the maximum combustion rate, wt%/min;
tp—the corresponding time of DTGmax, min;
ti—the ignition time, min [13,16,23].

The value of burnout index (Df) was defined as Equation (2).

Df =
DTGmax

∆t1/2·tp·tf
(2)
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where:

∆t1/2—the time range of DTG/DTAmax = 0.5, min;
tf—the burnout time, min [13,16,23].

The combustion index S described the three main properties of fuel during the com-
bustion process such as ignition, combustion, and burnout. The higher the value of this
index was, the higher the combustion activity was. S was defined as Equation (3).

S =
DTGmax·DTGmean

T2
i ·Tf

(3)

where:

DTGmean—the mean combustion rate, wt%/min;
Ti—the ignition temperature, ◦C;
Tf—the burnout temperature, ◦C [13,16,23–25].

The combustion index Hf described the intensity and the rate of the combustion
process. The lower the value of Hf was, the higher the combustion activity was. Hf was
defined as Equation (4).

Hf = Tp· ln
(

∆T1/2

DTGmean

)
(4)

where:

Tp—the corresponding temperature of DTGmax, ◦C;
∆T1/2—the temperature range of DTG/DTAmax = 0.5, ◦C [13,16,23,26–28].

Model-free methods are one of the various mathematical schemes to estimate kinetic
parameters for thermal decomposition of fuel samples. These are defined based on evaluat-
ing the Arrhenius parameters and concern series of experiments performed at different
heating rates [29].

The Arrhenius Equation (5) is a formula that can be used to determine the temperature
dependence of the combustion reaction rates. This equation allowed us to determine
the activation energy of a specific fuel type if a constant rate of reaction for at least two
treatment temperatures was known. The energy of activation was always a positive value
and did not depend on the treatment temperature and was a characteristic parameter of
the reaction in a given phase. The higher the activation energy value was, the stronger the
dependence of reaction rate from temperature was.

ln(k) = ln(A)− Ea

R·T (5)

where:

k—the rate constant, 1/s;
A—the pre-exponential factor, 1/s;
Ea—the activation energy, kJ/mol;
R—the gas constant, 8.314 J/(mol K);
T—temperature, K [24].

• The Kissinger method is described by the following Equation (6) [2–4]:

ln
(

β

Tp2

)
= ln

(
AR
Ea

)
− Ea

R·Tp
(6)

where:

Tp—the peak temperature, K;
β—the heating rate, K/min.

This method allowed us to obtain the value of activation energy Ea from a plot of
ln(β/Tp) against 1/Tp for a series of experiments at different heating rates β and where Tp
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was the peak temperature for the maximum reaction rate on the DTG curve. The activation
energy Ea was obtained from the slope of the Kissinger plot [2–4,30,31].

• The Ozawa method is described by the following Equation (7) [32]:

ln(β) = const − 1.052
Ea

R·Tp
(7)

To obtain the Ozawa plot, it was necessary to run several DTG experiments with
different heating rates, observe the maximum reaction rate, and determine the peak tem-
perature for each DTG curve. The value of activation energy Ea could be obtained from a
plot ln(β) against 1/Tp. The activation energy Ea was determined from the slope of the
Ozawa plot [30–33].

2. Materials and Methods

In order to present the changes of fuel properties against fouling and corrosion, the
halloysite as fuel additive was used. The halloysite research related to boiler operation
was described in [34,35], and detailed chemical analysis of halloysite used in the present
research was presented in the [36].

Three samples of biomass (marked as BZ—herbaceous biomass, DM—miscanthus,
DS—cereal straw) without additive (BZ0, DM0, DS0), three samples of biomass with the
halloysite additive (BZ4, DM4, DS4), and one coal sample (WS—hard coal) as reference
were investigated during the experiments. In Table 2, the analyses of used fuels are
presented. Proximate and ultimate analysis results for original fuels (without additive) were
carried out according to the international standards. In particular, proximate analysis was
performed by weight method with the use of CZYLOK 22HM ceramic furnace according
to standards for solid (PN-G-04560, PN-ISO 1171, PN-G-04516) and biomass fuels (PN-ISO
18134, PN-EN-ISO 18122, PN-EN-ISO 18123). Ultimate analysis was carried out according
to PN/EN standards by the external accredited laboratory. The total contents of C, H, N, S
were determined according to PN-EN ISO 16948:2015-07, PN-EN ISO 16994:2015-06 for
biomass samples, and PN-G-04571:1998, PN-G-04584:2001 for coal sample with the use
of the high-temperature combustion method with IR and the catarometric method. Cl
content was measured according to PN-EN ISO 16994:2015-06 for biomass samples and
DIN 51727:2001 for coal samples with the ion chromatography method. Na and K contents
were determined using inductively coupled plasma optical emission spectrometry (ICP-
OES). O content was determined using the calculation method. Finally, the LCV (lower
calorific value) of tested fuels were determined by the calorimetric method according to
the PN-ISO 1920 (for coal sample) and PN-EN 14918 (for biomass samples). Theoretical
analysis for fuel-additive mixtures were calculated from the individual as-received fuel
analysis and the halloysite additive analysis.

A sample of about 200 g of each fuel was crushed and sieved to obtain particle size
distribution defined as 100% < 200 µm. The sample of each fuel was divided into two
parts, and one of them was doped with halloysite (4 wt%). Then, prepared samples were
separately mixed to obtain adequate homogenization.

Approximately 10 mg of sample was placed in 90 µL alumina crucible. Each sample
was investigated under the same conditions (treatment temperature range and atmosphere).
Experiments were carried out under non-isothermal conditions. Samples were heated from
ambient temperature (25 ◦C) to 105 ◦C at a heating rate of 5 ◦C/min and then held for
10 min to complete the moisture vaporization. Next, they were heated up to 900 ◦C at
different heating rates (5, 10, 15, 20 ◦C/min) and held at the final treatment temperature
for 10 min to complete the burnout process. All experiments were performed under
atmospheric air conditions. The airflow was controlled with an air pressure valve adjusted
to 1.5 bar (the considered airflow is a function of air pressure, which should be adjusted
with the air pressure valve according to the TGA analyzer operation manual). Additionally,
blank experiments were performed to calibrate experiments.
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Table 2. Results of analysis of investigated fuels.

Fuel Parameters in As-Received State

Parameter/Sample BZ0 BZ4 * DM0 DM4 * DS0 DS4 * WS

LCV (MJ/kg) 16.52 15.76 16.52 15.88 14.37 13.64 23.77
Moisture

(wt%) 9.20 9.30 10.20 10.30 11.70 11.80 3.90

Ash (wt%) 3.83 7.83 3.86 7.86 9.13 13.13 13.8
Volatiles

(wt%) 68.11 64.98 69.21 65.99 61.12 58.03 34.37

Fixed Carbon
(wt%) 18.86 17.89 16.73 15.85 18.05 17.04 47.93

C (wt%) 43.34 41.35 43.34 41.67 38.98 37.01 61.69
H (wt%) 5.38 5.13 5.38 5.17 4.85 4.60 4.65
S (wt%) 0.09 0.09 0.09 0.09 0.11 0.11 1.46
N (wt%) 2.68 2.56 2.68 2.58 0.76 0.72 0.98
Cl (wt%) 0.08 0.07 0.08 0.07 0.38 0.36 0.34
Na (wt%) 0.03 0.03 0.02 0.02 0.07 0.07 0.34
K (wt%) 0.91 0.90 0.49 0.47 1.26 1.21 0.31
O (wt%) 34.47 33.76 33.87 31.87 32.76 31.09 12.53

* Theoretical (calculated) fuel state is presented.

3. Results
3.1. Thermal Analyses

Combustion profiles for presented fuels ((a) without halloysite and (b) with halloysite)
are presented in Figures 2–4, which show derivative thermogravimetric evolution curves
(DTG), differential scanning calorimeter curves (DSC), and weight loss curves (TG) at
heating rates of 20 ◦C/min.
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The DTG profiles (Figure 2) obtained at a heating rate of 20 ◦C/min present the
differences between coal and biomass samples, which were caused by a high content of
cellulose, hemicellulose, and lignin in biomass. Additionally, coal thermal processing
was characterized by a shorter DTGmax peak compared to biomass processing, which was
induced by the devolatilization process, which proceeded more slowly. The maximum peak
temperature (Tp) for the coal sample occurred in 535.2 ◦C, which was considerably higher
than for the biomass samples range of 295.7–329.4 ◦C (Table 3). For tested biomass samples,
the DTG curves had different profiles, which was related to various organic composition.
A similar trend for biomass samples was noted in the article [16,30,37] showing similar
tendency for DTG profiles. Comparing biomass with and without halloysite separately,
the highest Tp occurred for DM0 and DM4, while the lowest values were for DS0 and
DS4. Biomass samples without and with the addition of halloysite did not show significant
divergences for DTG curves. However, the addition of halloysite increased the Tp value
in the range of 1.9–3.4 ◦C (less than 1.2 %). Comparing the DTGmax for biomass samples
with and without additive, a decrease in the range of 0.3–0.4 wt%/min (less than 3.2%)
was noticed. The DSC profiles presented in Figure 3 show the experimental thermograms
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for the tested fuels. It was noticed that the thermal behaviors of coal and biomass samples
during the combustion process were completely different. The benchmark DSC curve
obtained from chemical reactions should have been a smooth, exothermic peak. In practice
(combustion of solid fuels), the perfect DSC curve does not exist. It is caused by overlapping
decomposition and oxidation reactions that occur at different temperature treatment ranges.
In the case of the tested fuels, all observed DSC peaks were exothermic type. The first
peak presented the combustion of volatile hydrocarbon compounds, while the final peak
presented the combustion of fixed carbon. The TG results depicted the sample mass loss,
which was significantly lower for coal than for biomass samples without additive (DM0
96.8% > BZ0 95.7 > DS0 92.6% > WS 87.3%). The similar observation was presented for
biomass samples with halloysite (DM4 97.1% > BZ4 95.5% > DS4 90.6%). A distinctive
result was observed for the comparison of the TG curves for DM samples without and with
halloysite (DM0 and DM4). The addition of halloysite increased the inorganic content in
the sample, which was reflected as higher ash content presented in the ultimate analysis.
The obtained TG results for DM analysis presented an opposite phenomenon (an increase
of the burnout residue by 0.31%). Increasing the heating rate (5, 10, 15, and 20 ◦C/min)
strongly influenced the reactivity of all samples under the oxidative atmosphere. This
caused the process to move towards higher temperature, and maximal mass rates were
decreased. It can be explained by the creation of a volatile cloud that prevented oxygen
absorption toward the material (biomass) and reduced the carbon balance sheet. Similar
results were observed in studies by S. Dorge et al., which were described in the article,
“Thermal degradation of Miscanthus pellets: kinetics and aerosols characterization” [38].
For lower heating rates (5, 10, 15 ◦C/min), the residue after combustion with halloysite had
a higher mass than without the addition. The same tendency (higher combustion residue
for samples with additive) was for the rest biomass samples (BZ and DS) at all heating
rates (5, 10, 15, 20 ◦C/min). Additionally, the ignition temperature could be identified from
the TG curves. Ti followed the same trend as the maximum peak temperatures, presenting
higher values for coal (373.2 ◦C) than for biomass without additive (234.6–251.1 ◦C) and
for biomass with halloysite (251.9–267.0 ◦C).

Table 3. Main combustion parameters.

Fuel
β Ti ti Tp tp Tf tf DTGmax Di·104 Df·105 S·108 Hf·10−3

◦C
min

◦C Min ◦C Min ◦C Min wt%
min

wt%
min3

wt%
min−4

wt%
min−2·◦C−3

◦C

BZ0

5 234.6 62.1 276.3 70.4 475.0 110.2 4.3 1.1 0.8 7.8 1.4
10 241.7 50.8 291.9 56.0 540.2 80.7 5.7 2.8 2.4 14.3 1.2
15 247.4 47.0 293.8 50.1 604.6 70.8 7.8 4.1 4.6 20.5 1.1
20 250.8 45.0 301.2 47.5 626.4 63.8 10.0 5.1 7.3 27.6 1.1

BZ4

5 235.4 62.2 286.5 72.5 503.0 115.8 2.8 1.0 0.5 4.8 1.4
10 243.7 51.0 296.0 56.3 541.5 81.7 5.7 2.5 2.4 12.9 1.3
15 248.1 47.0 297.6 50.3 609.6 71.2 7.6 4.1 4.4 19.4 1.2
20 251.9 45.0 303.2 47.6 641.8 64.5 9.7 5.0 7.0 25.7 1.1

DM0

5 251.1 65.4 300.9 75.3 466.2 108.4 4.0 0.9 0.7 6.3 1.5
10 256.4 52.3 313.2 58.0 504.4 77.1 7.4 2.6 3.2 17.5 1.3
15 263.1 48.0 322.1 52.0 570.3 68.5 11.1 3.9 6.4 27.5 1.3
20 264.6 45.7 327.6 48.9 582.0 61.6 12.7 5.1 9.2 35.5 1.2

DM4

5 255.4 66.2 308.5 76.5 489.3 113.0 3.8 0.9 0.7 5.3 1.5
10 263.4 53.0 314.5 58.1 509.4 77.6 6.7 2.4 2.8 14.3 1.3
15 264.8 48.2 322.4 52.0 573.7 68.8 9.9 3.9 5.7 23.9 1.3
20 267.0 45.7 329.4 49.0 590.2 62.0 12.3 5.0 8.8 33.0 1.2

DS0

5 241.7 63.5 275.5 70.3 453.8 106.0 3.9 1.0 0.8 6.8 1.4
10 249.2 51.6 283.1 55.0 481.3 74.8 7.2 2.6 3.3 17.7 1.2
15 254.4 47.5 290.1 49.8 504.8 64.2 9.8 3.8 6.4 27.0 1.2
20 257.4 45.3 295.7 47.2 541.7 59.5 12.3 4.9 9.6 36.1 1.1
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Table 3. Cont.

Fuel
β Ti ti Tp tp Tf tf DTGmax Di·104 Df·105 S·108 Hf·10−3

◦C
min

◦C Min ◦C Min ◦C Min wt%
min

wt%
min3

wt%
min−4

wt%
min−2·◦C−3

◦C

DS4

5 242.6 63.7 277.8 70.7 459.7 107.1 3.7 1.0 0.8 6.1 1.4
10 250.7 51.7 284.7 55.1 489.1 75.6 7.2 2.5 3.3 16.9 1.2
15 255.2 47.5 294.2 50.1 510.0 64.5 9.8 3.8 6.3 26.5 1.2
20 258.5 45.4 299.1 47.4 543.4 59.6 12.0 4.2 9.3 29.7 1.2

WS

5 354.2 69.3 443.6 81.2 528.4 120.9 2.8 0.8 0.3 1.8 2.4
10 360.4 62.7 472.5 72.9 587.3 85.5 3.7 1.5 0.9 3.4 2.1
15 367.0 55.0 519.2 65.1 679.8 74.5 4.4 2.7 1.6 4.6 2.1
20 373.2 50.6 535.2 59.2 822.1 73.6 4.5 3.5 2.0 4.1 2.1

DTG and DSC curves obtained at different heating rates (5, 10, 15, 20 ◦C/min) for
the selected fuels (WS, DS0, and DS4) are presented in Figures 5 and 6. These profiles
were in agreement with those found by Murredu et al. [16] during the combustion of coal
and biomass samples under atmospheric air, which were obtained at different heating
rates. The maximum value of the DTG curves increased with the increase of the sample
heating rate, which influenced the higher value of the peak temperatures. Additionally,
the percent rate of mass loss rose, and the heat transfer to the sample was uniform in
experiments with a lower heating rate. In the case of coal, the DTGmax parameter was in
the range of 2.8–4.5 wt%/min, whereas for biomass with and without halloysite, it was in
the range of 2.8–12.7 wt%/min. As shown in Table 3, the maximum peak temperatures
(Tp) of the coal sample were in the range of 443.6–535.2 ◦C, which was significantly higher
than for biomass samples without additive (275.5–327.6 ◦C). This indicated that the maxi-
mum reaction rate of biomass samples occurred at lower temperatures compared to coal
samples. The addition of halloysite slightly increased the above-mentioned parameters
(by 1.6–4.1 ◦C). The ignition temperatures followed the same trend as the maximum
peak temperatures, resulting in higher values for coal tests (range 354.2–373.2 ◦C) and
indicating the lower reactivity compared to biomass. This may have been caused by a
higher content of inorganic matter in the fuel (described as ash in Table 2), which possibly
had an influence on heat transfer in the test chamber. The influence of ash content on
the Ti could be observed by comparing the DM0 and the DM4 results, where the ignition
temperature increased (by 2.4–7.0 ◦C) while the ash content increased (by 4 wt%) with
the addition of halloysite. Compared to coal, biomass fuels had a lower content of carbon
and a higher content of oxygen (Table 2), which resulted in different bonding energies
and caused the earlier sample ignition. The burnout temperatures were dependent on the
ignition temperatures, as the burnout process was initiated by the ignition process. Lower
burnout temperatures (453.8–641.8 ◦C) for all tested biomass samples were the outcome
of a reduced presence of burnout compounds compared to coal tests (528.4–822.1 ◦C).
The consequence of varied burnout temperatures was the difficulty of burning samples,
which caused a longer combustion time and a higher burnout temperature to complete
the thermal conversion process.
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The main combustion parameters such as Di, Df, S, and Hf are shown in Table 3. The
ignition index (Di) value increased with the decrease of ignition temperature, suggesting
that the amount of separated volatile compounds from the fuel was faster and the pro-
cess was easier and more stable. Comparing all tested fuels, the highest value of Di was
for biomass BZ0. For the biomass fuels, it was observed that the halloysite addition de-
creased the stability of the decomposition process (for example, at β = 20 ◦C/min for BZ0
Di = 5.1 × 10−4 wt%/min and for BZ4 Di = 5.0 × 10−4 wt%/min). The burnout index
(Df) was dependent on the burnout temperature. The lower the Df value was, the more
time and the higher treatment temperature were needed to complete the burnout at the
same heating rate. Halloysite addition caused the Df decrease. The combustion index S
had the same trend as Di, which corresponded to higher combustion activity with the rise
of the value of the S index. S increased with the rise of maximum mass loss (DTGmax).
The addition of halloysite caused a decrease of S, which corresponded to the decreased
combustion activity (less than 7.0 × 10−8 wt%/(min−2·◦C−3)). The S index was directly
related to the peak temperature, which significantly influenced its value. Comparing all
tested fuels, lower values of Hf were observed for fuels without additive, and the coal
samples had a combustion index Hf almost twice as high as the biomass samples. Finally,
the trend of Di and Df indices was in accordance with the S index, presenting higher values
for biomass samples, thus confirming their better combustion properties. Additionally, as
shown in Tables 2 and 3, for high ash fuel, combustion properties worsened.
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Murredu et al. [16] calculated the combustibility indices including the ignition index
(Di), the burnout index (Df), and combustion indices S and Hf. The research was conducted
for coal and biomass samples under atmospheric air and pure oxygen atmosphere. When
the investigated samples were compared, the obtained Di, Df, and S indices for biomass had
a value by an order of magnitude higher than for coal. Authors in article [16] observed that
biomass samples were characterized by a better ignition performance than coal samples,
which was verified with the combustion index Di. Di for coal samples under the air atmo-
sphere was in the range of 8.5–7.0 × 10−3 wt%/(min3) and for biomass samples was in the
range of 36.1–40.0 × 10−3 wt%/(min3). A similar observation was proven for Df index in the
experiments conducted in air atmosphere treatment, where significantly smaller Df values
were determined for coal samples Df < 2 × 10−5 wt%/(min−4) compared to biomass sam-
ples 43.4–53.5 × 10−5 wt%/(min−4)). S index was less than 9.7 × 10−8 wt%/((min−2·◦C−3))
for coal samples and was in the range of 73.7–84.9 × 10−8 wt%/((min−2·◦C−3)) for biomass
samples (under air atmosphere treatment). An opposite to Di, Df and S indices observation
was for Hf index (Hf value was lower for biomass than for coal samples). In the case of
combustion, for all samples, the determined Hf value was lower than 2.4 × 103 ◦C (coal
samples: 2.0–2.4 × 103 ◦C, biomass samples: 0.3 × 103 ◦C). This confirmed the correctness
of the results obtained by the authors of this article (Table 3) by showing a similar order of
magnitude of the value and the same tendency for raw biomass samples.
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3.2. Kinetic Analysis

Kinetic analysis was performed by using Kissinger and Ozawa methods. Activation
energy calculations for both methods at the third peak (the highest peak) are presented in
Figures 7 and 8. Table 4 shows values for Kissinger and Ozawa methods obtained for three
stages of sample combustion: I—evaporation, II—oxidation mass gain, III—thermal decom-
position and burning (stages according to Figure 1 and main DTG peaks). Temperature
ranges for these stages (boundary conditions) are presented in Table 4.

Table 4. Activation energy (Ea) and correlation coefficient (R2) for tested fuels (I—evaporation, II—oxidation mass gain,
III—thermal decomposition and burning—Figure 1).

Kissinger
I II III For all

stages1st peak 2nd peak 3rd peak 4th peak

Ea R2 ∆T Ea R2 ∆T Ea R2 ∆T Ea R2 ∆T Ea
kJ/mol - ◦C kJ/mol - ◦C kJ/mol - ◦C kJ/mol - ◦C kJ/mol

WS 1449.9 0.90 0–110 30.8 0.90 110–240 52.2 0.94 240–850 - - - 1532.9
DS0 147.5 0.93 0–110 61.9 0.92 110–195 159.6 0.98 195–360 45.4 0.91 360–570 414.4
DS4 80.1 0.99 0–110 144.4 0.98 110–195 145.8 0.96 195–360 64.3 0.90 360–570 434.6
BZ0 96.3 0.91 0–110 77.3 0.98 110–180 130.9 0.95 180–370 36.8 0.90 370–600 341.3
BZ4 68.3 0.95 0–110 87.3 0.95 110–180 208.1 0.96 180–370 45.0 0.91 370–600 408.7
DM0 229.3 0.95 0–110 104.5 0.97 110–195 131.2 0.99 195–360 30.3 0.90 360–600 495.3
DM4 95.2 0.97 0–110 43.3 0.90 110–195 168.3 0.94 195–360 34.8 0.91 360–600 341.6

Ozawa
I II III For all

stages1st peak 2nd peak 3rd peak 4th peak

Ea R2 ∆T Ea R2 ∆T Ea R2 ∆T Ea R2 ∆T Ea
kJ/mol - ◦C kJ/mol - ◦C kJ/mol - ◦C kJ/mol - ◦C kJ/mol

WS 1384.3 0.90 0–110 35.7 0.90 110–240 67.6 0.96 240–850 - - - 1487.6
DS0 145.8 0.93 0–110 65.4 0.94 110–195 197.3 0.99 195–360 55.1 0.90 360–570 463.6
DS4 81.5 1.00 0–110 143.8 0.98 110–195 162.8 0.98 195–360 73.1 0.90 360–570 461.2
BZ0 97.1 0.93 0–110 80.0 0.98 110–180 147.7 0.96 180–370 47.3 0.94 370–600 372.1
BZ4 70.5 0.96 0–110 89.5 0.99 110–180 228.4 0.96 180–370 55.0 0.94 370–600 443.4
DM0 223.5 0.95 0–110 105.9 0.98 110–195 147.8 0.99 195–360 40.5 0.93 360–600 517.7
DM4 95.8 0.97 0–110 47.6 0.90 110–195 186.9 0.95 195–360 44.8 0.95 360–600 375.1
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with halloysite at third peak.

It was observed that the correlation coefficient R2 of the function was high (0.94 < R2 < 0.99)
for both methods. It was concluded that all the results were well fitted, and both methods
provided reliable values of activation energy. According to Kissinger and Ozawa models,
values of ln(β/Tp) and ln(β) versus 1/Tp obtained at different heating rates were correlated
linearly to determine the activation energy. The activation energy was defined as the mini-
mum amount of energy that the reaction compounds needed to hold in order to initiate the
reaction. The smaller the activation energy was, the earlier was the initiation of the reaction.
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It was assumed that, a normal temperature, reactions with activation energy of < 50 kJ/mol
occurred instantaneously. As shown in Table 4, activation energy values calculated in line
with the considered methods were in good accordance. It ws observed that biomass and
coal samples presented totally different thermal behaviors. The coal sample had much lower
Ea (52.2 kJ/mol) compared to biomass samples (130.9–208.1 kJ/mol). The higher activation
energies for biomass samples were the reason for the energy demand to begin hemicellulose
and cellulose degradation in II stage—see Table 4.

The experimental DTG profiles depicted four main peaks for biomass and three peaks
for coal treatment. A similar trend for biomass samples was noted in the article [39]
showing similar DTG profiles (four stages for biomass, for example, miscanthus: 0–180 ◦C,
180–340 ◦C, 340–410 ◦C, 410–450 ◦C). The first peak depicted the moisture evaporation,
which was in the temperature range between 0 ◦C and 110 ◦C for all samples. The
activation energy for biomass (68.3–229.3 kJ/mol) in this stage was much lower than for
coal (1384.3–1449.9 kJ/mol). It confirmed that much less energy was needed for biomass
to get the first reaction started. For biomass samples, the highest Ea was observed for
DM0. It was explained as a result of its hard structure that also showed up during the
grinding process. The addition of halloysite reduced Ea by almost a half. The second peak
was observed during the oxidation process and presented the mass gain. It was in the
temperature range between 110 ◦C and 240 ◦C for the coal sample, between 110 ◦C and
less than 195 ◦C for DS and DM, and between 110 ◦C and 180 ◦C for BZ. Comparing the
first and the second peaks, the coal sample showed about 40 times less Ea for the second
peak. Additionally, despite DS4 (increase near to 60 kJ/mol) and BZ4 (increase near to
19 kJ/mol), all biomass samples needed almost half as much activation energy to react in
this stage (comparing first and second peaks). The halloysite additive caused an increase
of Ea in the case of DS and BZ. For the DM sample, the halloysite resulted in more than
double Ea reduction. The third and the fourth peaks showed how the fuels behaved during
thermal decomposition and burnout. In the case of biomass, it was clearly noticed that two
peaks occurred as separated and, for the coal sample, these peaks overlapped, resulting in
one extended profile. The third peak for the coal sample was in the temperature range
between 240 ◦C and 850 ◦C. In this range, the activation energy for coal was equal to
52.2 kJ/mol for the Kissinger method and 67.6 kJ/mol for the Ozawa method. In the
case of biomass, the third peak depicted mainly the burning of volatiles. Ea for this stage
was in the range of 130.9–208.1 kJ/mol for the Kissinger method and 147.7–197.3 for
the Ozawa method. Comparing biomass with and without halloysite at the third peak
(Table 4), a clear trend of activation energy Ea for different fuels could not be determined.
For the BZ sample, activation energy calculated for the Kissinger method increased by
77.2 kJ/mol (for BZ0 Ea = 130.9 kJ/mol, for BZ4 Ea = 208.1 kJ/mol. The same trend was
observed for the DM sample (increased by 37.6 kJ/mol when comparing biomass with
and without halloysite for the Kissinger method). On the other hand, the DS sample
shows=ed a decrease in activation energy in the case of halloysite addition (decreased
by 13.8 kJ/mol). The same trend for BZ and DM samples was the result of the similarity
of the fuel composition (Table 2). The DS sample differed significantly from the other
biomass samples. It had almost twice as much ash content and 10% less volatiles. Fuels
with halloysite had a similar composition trend. The fourth peak for biomass samples
was in the temperature range of 360–570 ◦C for DS, 370–600 ◦C for BZ, and 360–600 ◦C
for DM. Obtained Ea were in agreement with those found by Murredu et al. [16] showing
values in the range of 17.5–155.0 kJ/mol for the second peak and 16.2–237.0 kJ/mol for
the third peak in the case of the biomass sample and 21.0 kJ/mol for the second peak of
coal. The final peak (fourth) was responsible for the combustion of the biomass char and
fixed carbon and minerals decomposition. For all biomass samples, the activation energy
at this stage was below 73.1 kJ/mol. In the case of the Kissinger method, the addition
of halloysite increased the Ea value by 42% for DS, 23% for BZ, and 15% for DM. For
the Ozawa method, the activation energy for biomass had the same trend (increase for
halloysite additive: 33% for DS, 16% for BZ, and 11% for DM).
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In the research [34,35], the authors presented the method of adding halloysite pre-
mixed with the biomass feedstock (4.0 wt%). Due to the fact that halloysite was ground
and mixed with the fuel, thermogravimetric tests were conducted to prove that the selected
share (4.0 wt%) of halloysite prevented the boiler from corrosion and sagging issues and did
not deteriorate the kinetic parameters of the fuel. The research presented in the manuscript
confirmed that feeding the halloysite pre-mixed with the biomass feedstock did not require
technological changes in the boiler firing system.

To obtain a more accurate confirmation of the obtained results, additional calculations
should be made for other methods for calculating kinetic parameters. An example of such
a method is the differential iso-conversional method [40], which can be used as one of
the most accurate methods of calculating kinetic parameters for biomass. The authors
consider repeating the above calculations using the differential iso-conversional method in
the future research.

Additionally, thermogravimetric analysis should be employed at a relatively low
heating rate (<20 ◦C/min) because the actual temperature of the fuel sample may vary from
the measured temperature of the fuel sample at higher heating rates (>20 ◦C /min) [1–5].
However, to show the most accurate kinetic results, tests should be conducted for several
(four to five) relatively low heating rates (<8) and with a ratio of lowest to highest heating
rate greater than 10 [41,42]. Such a research procedure will not lead to unexpected ignition
and uncontrolled combustion of the sample.

4. Conclusions

In this article, three samples of biomass with and without halloysite additive and
one coal were selected for kinetic experiments. Based on the obtained results, particular
conclusions can be made:

• The DTG profiles obtained at 20 ◦C/min showed differences between coal and biomass,
which were caused by a high content of cellulose, hemicellulose, and lignin in biomass
samples. Additionally, coal treatment resulted in a smaller peak compared to biomass,
which was a consequence of devolatilization, which progressed more slowly. The TG
results informed about the general weight loss, which was significantly lower for coal
than for biomass samples without additive (DM0 > BZ0 > DS0 > WS). A similar trend
was observed for biomass samples with halloysite (DM4 > BZ4 > DS4).

• The maximum value of the DTG curve increased with the increase of heating rates,
which caused a higher value of the peak temperature. Additionally, the rate of weight
loss rose, and the heat transfer test chamber was observed to be not as uniform as in
tests with the lower heating rates (<20 ◦C/min).

• For tested fuels, the ignition temperatures followed the same trend as the maximum
peak temperatures, presenting the higher values for coal, which indicated lower
reactivity compared to biomass. Additionally, higher values of burnout temperatures
for coal resulted from the difficulty of burning of the samples, which caused a longer
combustion time and a higher burnout temperature to complete the conversion process.
The addition of halloysite slightly increased the main combustion temperatures (Ti,
Tp, and Tf).

• The trend of Di and Df indices was in accordance with the S index, presenting higher
values for biomass samples, thus confirming their better combustion properties. Addi-
tionally, for fuels with more ash content, combustion properties worsened.

• In the kinetic analysis, activation energy values calculated within the considered
methods of Ozawa and Kissinger were in good accordance (0.90 < R2 < 0.98). It was
possible to observe different thermal behaviors between biomass and coal samples. The
experimental DTG profiles presented four main peaks for biomass and three peaks for
coal. The activation energy, which corresponded to the moisture evaporation, was more
than six times higher for coal than for biomass. The case of the maximum peak, which
corresponded mainly to the burning of volatiles, was much lower for the coal sample
than in the case of biomass samples (Kissinger: for biomass Ea = 130.9–208.1 kJ/mol
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and coal Ea = 52.2 kJ/mol, Ozawa: for biomass Ea = 147.7–228.4 kJ/mol and coal
Ea = 67.6 kJ/mol). The higher activation energies for biomass samples were the reason
of energy demand of hemicellulose and cellulose degradation initiation.

• Due to the composition of fuels, the clear trend of activation energy Ea in all combus-
tion stages for different fuels with and without halloysite could not be determined
(Table 4).
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