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St. John's wort, extensively utilized in industries such as food, medicine, and cosmetics, gen-
erates substantial biomass waste. Utilizing these wastes is crucial to reducing environmental
harm and making an economic contribution. This study aimed to determine the potential
of St. John's wort wastes and biochar forms produced from these wastes to be used as solid
fuel. In this context, the combustion behavior of the biomass and biochar were determined
by thermogravimetric analysis method. Additionally, the Kissenger-Akahira-Sunosa and Fly-
nn-Wall-Ozawa techniques were used to compute the combustion activation energies of these
samples. According to the analysis, biomass combustion commenced at approximately 250°C
and occurred in two stages, whereas biochar combustion initiated at around 400°C and pro-
ceeded in a single stage. Furthermore, over 90% of the mass from both samples was observed
to decompose during combustion, with average combustion activation energies ranging be-
tween 70.08 and 203.86 kJ/mol for biomass and biochar, respectively. These findings suggest
that biomass exhibits more readily combustible characteristics compared to biochar but is less
energy efficient. In conclusion, optimizing the biochar production process could enhance its
energy efficiency and potentially narrow the performance gap between biomass and biochar.
Additionally, further research into alternative methods or additives to improve the energy ef-
ficiency of biomass combustion is warranted.
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INTRODUCTION is not only economically costly but can also result in the
release of gases and ashes that can pollute the air, water

Waste solid biomass, which includes various organic ma-  ,nd soil [3]. For these reasons, people have researched

terials such as agricultural residues, wood waste, and food
waste, is becoming one of the most important environ-
mental and economic problems due to the ever-increasing
human population and consumption [1]. When stored in
landfills or open dumping sites, these wastes can pose risks
to human health and ecosystems by releasing some green-
house gases that intensify climate change, as well as creating
leaks that contaminate groundwater and drinking water [2].
Disposal of these wastes by methods such as incineration
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and developed alternative methods to utilize these wastes.
One common technique is composting, which involves the
controlled decomposition of organic waste to produce nu-
trient-rich compost [4]. When waste solid biomass is com-
posted, it reduces its volume, prevents methane emissions,
and produces a valuable soil amendment. Compost can
enhance soil fertility, improve water retention, and reduce
the need for chemical fertilizers, hence providing economic
benefits for agriculture [5]. Additionally, waste solid bio-
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mass can be used as feedstock for the production of bio-
based products. Technologies such as anaerobic digestion,
pyrolysis and bio-refineries can convert biomass waste into
biogas, biochar, bio-based polymers, and biochemical [6].
This facilitates the shift towards a circular economy, where
waste is converted into valuable resources, minimizing
waste disposal and reducing reliance on non-renewable re-
sources. These techniques not only mitigate environmental
impacts but also provide economic benefits, including re-
newable energy generation, improved soil fertility, and the
creation of job opportunities. It is crucial for governments,
industries, and individuals to embrace these techniques and
promote sustainable waste management practices to safe-
guard the environment and sustain economic growth [7].

One of the most widely used methods for the utilization
of waste solid biomass is biochar production via pyrolysis.
Pyrolysis is a thermal decomposition process that involves
the breakdown of organic materials at high temperatures
in the absence of oxygen. This process is commonly used
to convert biomass into valuable by-products such as bio-
oil or bio-crude, syngas and biochar [8]. Biochar, a solid
carbon-rich residue, is one of the primary outputs of pyrol-
ysis. It is characterized by its high surface area and porosity,
attributes that contribute to its remarkable water-holding
capacity and nutrient retention capabilities in soils. These
properties make biochar an invaluable tool for soil improve-
ment and sustainable agriculture practices [9]. Moreover,
biochar exhibits exceptional thermal stability, enabling it to
persist in soils for extended periods, effectively sequester-
ing carbon and mitigating climate change as a long-term
carbon sink [10]. Its presence in the soil not only enhances
soil fertility but also promotes microbial activity, fostering
a healthier and more resilient ecosystem [11]. Another area
where biochar is widely used is in environmental appli-
cations. Biochar, either directly or in the form of activat-
ed carbon, is effectively used to remove various pollutants
from wastewater [10]. In addition, biochar can also be used
in combustion and gasification applications and is recom-
mended as a sustainable alternative to traditional fossil fu-
els as it contributes to a significant reduction in greenhouse
gas emissions [11]. Furthermore, biochar's structural integ-
rity make it an attractive option for construction materials,
providing a sustainable solution for building materials and
contributing to the development of eco-friendly infrastruc-
ture [5]. A wide range of biomass feedstocks can be used for
production of biochar by pyrolysis, including but not lim-
ited to agricultural residues, forest biomass, energy crops,
and industrial waste [9].

One of the most intensive uses of biochar is its use as a
source in combustion systems. In this context, in order to
increase the combustion efficiency of biochar and to use
them more effectively in combustion systems, it is very im-
portant to determine their combustion behavior, to exam-
ine their combustion mechanisms and to determine their
combustion kinetics [11]. Thermogravimetric method is
an effective method used extensively for this purpose. This
method allows for the investigation of solid fuel combus-

tion behavior and processes as well as the calculation of
kinetic parameters utilizing various mathematical models
and methodologies [12]. Numerous investigations on the
combustion processes of biomasses and the biochar gen-
erated from these biomasses have been conducted recent-
ly. For instance, in the prior work, the thermogravimetric
method was used to examine the combustion of waste bio-
mass (Aloe vera) and biochar. The activation energy values
of the two materials were determined to be 285 kJ/mol and
150 kJ/mol, respectively [11]. In another study, Ulva lactuca
seaweed's and its charcoal form's combustion activation en-
ergies were found to be around 261 kJ/mol and 146 kJ/mol,
respectively [13]. Apart from these, studies on the combus-
tion of biochar produced from different materials such as
orange peel [14], bamboo [15] and woody [16] are available
in the literature.

This study aims to figure out the combustion characteris-
tics of St. John's wort (Hypericum perforatum) plant wastes
remaining after extraction and the biochars produced from
them, to calculate the combustion kinetics parameters and
to compare biomass with biochar in this context. St. John's
wort is a medicinal plant known for its intriguing properties
and numerous potential uses. In the pharmaceutical sector,
it is utilized for the production of herbal remedies, includ-
ing capsules, tablets, and tinctures, which are commonly
used to treat depression and associated symptoms [17].
The plant is also used in the cosmetic industry, where it is
incorporated into skincare products such as creams, oils,
and lotions due to its potential skin-soothing and healing
properties [18]. The demand for St. John's wort products
has increased in recent years, driven by a growing interest
in natural remedies and alternative medicine. Therefore,
it can be said that the waste potential of this plant is quite
high. When the literature is examined, although there is a
study on the pyrolysis of St. John's wort plant and the char-
acterization of the products released by the pyrolysis reac-
tion [19], there is no study on the combustion of these plant
wastes and char produced from them. When considered in
this context, the novelty of the present paper lies in its focus
on exploring the combustion characteristics of St. John's
wort plant wastes and the biochars derived from them, fill-
ing a gap in the literature regarding the combustion behav-
ior of this particular biomass waste.

MATERIALS AND METHODS

Sample Preparation

St. John's wort plant samples were purchased from a local
vendor in Istanbul, Tiirkiye. 100 grams of dry plant samples
were ground into small pieces and then added to 1 L of dis-
tilled water and extracted by boiling for about 30 minutes.
The suspension obtained after extraction was separated
with filter paper and the remained solid pulp was dried in
a furnace at the temperature of 70 °C for 1 night. The dried
samples were ground again and stored in a desiccator for
use in experiments of characterization, production of bio-
char and combustion.
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Figure 1. Scheme of biochar samples preparation.

The manufacture of biochar from waste biomass was done
in a split furnace (Protherm ASP 11/100/500) with a diam-
eter of 0.10 m and dimensions of 0.51 m x 0.40 m x 0.50 m,
according to the process outlined by Koger and Oz¢imen
[13]. The parameters for the biochar synthesis process were
determined to be 400 °C, 20 “C/min of heating, 30 minutes
of retention, and 200 mL/min of nitrogen flow. The split
furnace was filled with around 20 g of dried and ground
biomass samples, and nitrogen gas was introduced for 15
minutes to remove oxygen. The produced biochar samples
were removed from the split furnace and stored for charac-
terization and combustion following the thermal reaction
and cooling. The diagram showing the biochar production
stages is shown in Figure 1.

Characterization Analyses

Thermal, structural, and proximate analyzes were used to
characterize the extracted biomass samples and their bio-
chars. The thermogravimetric analysis (TGA) instrument
TA Instruments SDT Q600 was utilized for the thermal
analyses of the raw biomass and biochar samples. In this
article, five milligrams (mg) of dried samples were placed in
an alumina crucible and heated in a dry air environment to
a temperature of 800 °C, with three different heating speeds
(10, 20 and 40 "C/min). At 40 mL/min, the dry air flow rate
was kept constant. The procedures outlined in Lu and Chen
[20] were used to calculate the values of ignition (Ti) and
burnout temperature (Tb).

The proximate examination of the biomass and biochar re-
vealed the samples' ash, moisture, volatile matter, and fixed
carbon contents. The moisture, volatile matter (VMC), and
ash content (AC) of the biomass were determined using
a thermogravimetric analyzer in accordance with ASTM
standards E 871, E872, and E 1755, in that order. Fixed
carbon (FCC) content of biomass was determined by dif-
ference [21]. The following Egs. (1) provided in Parikh et
al. [22] were used to compute the higher heating values
(HHV) of these samples:

HHV=0.3536FCC+0.1559VMC-0.0078AC (1)

The elemental compositions of raw biomass and its biochar
form were determined using the following equations based
on proximate analysis results [23, 24]:

C (%)=-35.9972+0.7698 VM C+1.3269FCC+0.3250AC  (2)
H (%)=55.3678-0.4830VMC-0.5319FCC-0.5600AC  (3)
0O (%)=223.6805-1.7226 VMC-2.2296 FCC-2.2463AC  (4)
N(%)=100-(C+H+ O+ AC) (5)

Kinetic Theory

Model-free kinetic approaches are most frequently used to
pyrolysis and combustion kinetics, as they offer an approx-
imate activation energy estimate based on isothermal and
non-isothermal observations [25]. Two of these techniques,
the Flynn-Wall-Ozawa (FWO) method and the Kissen-
ger-Akahira-Sunosa (KAS) method, are expressed as follows:

o KAS method [26] expressed as follows:

Bl _ AE ] _E
In [ﬁ] =In Rg@]  RT (6)

where the activation energy (E) value is determined from
the slope of a plot of In(B/T?) against 1/T.
o FWO method [27, 28] expressed as follows:
AE E
Ing =In 2] - 5331 - 1052 )

where the activation energy (E) value is determined from
the slope of a plot of In(p) against 1/T.

In these equations, B represents the heating rate (K/min), T
denotes the temperature (K), A denotes for the frequency
factor (1/s), R represents the universal gas constant (8.314
J/mol-K), and a expresses the conversion ratio.

RESULTS AND DISCUSSION

Properties of St. John's Wort Wastes
Table 1 presents the characterization results of both the
biomass and biochar samples obtained in this study, along



398

Environ Res Tec, Vol. 7, Issue. 3, pp. 395-405, September 2024

Table 1. Characterization of St. John's wort plant waste and biochar samples

Units Biomass Biochar Biomass* Biochar*
Volatile matter % 74.04 12.59 69.7 -
Fixed carbon % 22.81 81.28 17.6 -
Ash % 3.15 6.13 3.8 -
C % 52.29 83.58 45.6 79.6
H % 5.71 2.62 6.4 2.48
(0] % 38.21 7.00 45.5 15.12
N % 0.64 0.71 1.8 2.06
HHV M]J/kg 19.58 30.66 16.52 27.84
*: Ates et al. [19].
with a comparative analysis against findings from existing 0,06 -
literature. In this table, the effect of the carbonization pro-
cess on the biomass content is quite clear. Volatile matter 0,05 4
content decreased from 74.04% to 12.59% with the car- 50,04 -
bonization process, while fixed carbon content increased —go 03 1Bio
from 22.81% to 78.41%. The ash content in the biomass | 2"~ A
did not change during the carbonization process, but the | <0,02 -
percentage of ash content mathematically increased as 001
the total mass decreased. When the change in elemen- Raw
tal composition was examined, it was seen that C and N 04(;00 1500 3000 2500 2000 1500 1000 500
content increased with the carbonization process, but H Wavenumber (1/cm)

and O content decreased. As expected, the increase in C
content was due to the transformation of the biomass into
a carbon-rich char-like structure. The decrease in H and
O content can be attributed to the progressive dehydra-
tion reactions and the release of oxygen and hydrogen
containing volatiles [29]. The increase in N content can
also be attributed to the N content found in non-volatil-
ized structures resistant to thermal degradation and this
is supported by studies in the literature [30, 31]. When
the higher heating values are compared, it has seen that
this value of biochar is higher. This is because the increase
in higher heating value is due to the increase in the car-
bon content of the biochar formed as a result of the py-
rolysis reaction, thus leading to an intensification of the
mass-energy density [29].

Comparison of the data from the study conducted by Ates
et al. [19] reveals that the biomass samples exhibit similar
proximate and elemental compositions, albeit with minor
discrepancies.

Despite the utilization of the same plant species in both
studies, the reason for these small differences can be at-
tributed to the fact that the biomass used in this study was
extracted. Upon comparing the biochar samples, it can be
seen that other components are similar to each other, ex-
cept for O and N contents. The higher O and N contents
reported by Ates et al. [19] could potentially be attribut-
ed to the extraction process employed in this study, which
may have led to the removal or decomposition of certain
N- and O-containing components under the influence of
extraction temperatures.

Figure 2. FTIR spectrum of samples.

The FTIR spectra of raw biomass waste and their biochar
forms are shown in Figure 2. The broad absorption band
at 3300 cm™! seen in the spectrum of raw biomass indicates
OH stretches due to moisture and alcohol content of the
materials [32]. Peaks at 2920 and 2852 cm™ are also due to
CH and CH, stretching [33], while peaks at 1730 and 1600
cm’ indicate C=0 stretch and NH, deformation, respec-
tively. Peaks at 1250 and 1025 cm™ represent the pyranose
and furanose rings [34-36]. Peaks at 1570, 1400 and 850
cm seen in the FTIR spectra of biochar are due to C=C
stretching of hemicelluloses, C-H deformation in cellulose
and hemicelluloses and C=C stretching alkene vinylidene,
respectively [37]. The effects of the carbonization process
on biomass can be seen quite clearly in this figure. Espe-
cially the OH, CH and CH, stresses in the biomass were
destroyed during biochar formation. In addition, with this
process, the peaks between 1800-1600 cm™ merged and
shifted to the 1550 cm™ region. Furthermore, the peak at
1000 cm™ due to the carbohydrate content of the biomass
was also reduced as expected.

The SEM images of St. John's wort waste and its biochar form
at the magnification of 1000x are shown in Figure 3. In the
SEM images of raw biomass waste (Fig. 3a), there are small
non-porous pieces and long thin rod-shaped pieces. Due to
the degredation of the structure and the movement of mass
away from it as a result of the temperature increase during
the carbonization reaction, pores and cracks have formed in
the structure of the biochar, as depicted in Figure 3b. Con-
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Figure 3. SEM images at 1000 x magnifications (a) St. John’s wort waste, (b) biochar.
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Figure 4. TG curves of combustion of (a) Raw biomass, (b) Biochar.

sequently, it can be concluded that the porosity and surface
area of biochar are higher than those of biomass [38]. When
compared to the SEM image of biochar derived from St.
John's wort biomass at a temperature of 500 °C as provided
in the study by Ates et al. [19], it can be said that the pores
and cracks in the structure are similar to those in this study.

Thermal Behaviours of Samples

The combustion thermograms of St. John's wort wastes and
their biochars are shown in Figure 4 and the data in this
figure are shown in Table 2. According to this figure, it can
be seen that all samples burned at a rate of approximately
90% to 99% and that this process occurred in 2 temperature
zones. In the first zone, it can be said that the relative hu-
midity or the moisture adsorbed from the air is removed as
the temperature increases up to about 175 °C for each mate-
rial [39]. The mass losses in this region are around 10% for
raw biomass and around 5% for biochar. The second region
was realized differently for raw biomass and biochar. For
raw biomass, this zone was realized in two stages. The first

one took place between about 200 and 400 °C and in this
zone the proteinic, cellulosic and hemicellulosic contents of
the materials were burned [13]. The second stage took place
between 400 and 550 °C, where char remaining after devol-
atilization of the samples was burned [40].

When the combustion thermograms of biochar samples
are examined, it has seen that the main mass loss is in the
second region and this loss occurs in a single stage. The rea-
son for this situation is that structures such as protein and
carbohydrate in the biomass are degraded during biochar
production and removed from the char [13]. The mass loss
in this region was measured to be approximately 85-90%.
The main reason for such high values can be attributed to
the low ash content of the biomass and consequently of the
biochar. Another conclusion that can be drawn about the
combustion reactions of raw biomass and biochar is that
the second zone of biomass combustion starts earlier than
that of biochar. The reason for this is that the easily ignitable
volatiles in the biomass are removed from the char struc-
ture during biochar production [11].
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Table 2. Thermal degredation characteristics

Heating rate (°C/min) Parameters Biomass Biochar
200-400 °C 400-550 °C 200-650 °C

10 T, 249 - 387

T . 311 478 447

T, - 512 492

WL 44.37 42.76 90.17
20 T, 254 - 391

T . 322 490 453

T, - 540 524

WL 44.15 47.10 85.33
40 T, 261 - 396

T . 328 494 462

T, - 568 570

WL 43.63 45.32 89.17
T‘: Ignition temperature; Tmaxz Temperature at maximum loss rate; Tb: Burnout temperature; WL: Weight loss.
Table 3. The combustion activation energy values of raw biomasses
a Biochar

FWO FWO
E_ (kJ/mol) R? E_(kJ/mol) R? E_ (kJ/mol) R? E_ (kJ/mol) R?

0.1 97.33 0.990 100.86 0.991 183.73 0.997 185.14 0.997
0.2 98.31 0.957 102.24 0.963 203.03 0.983 203.86 0.984
0.3 97.89 0.929 102.21 0.940 201.23 0.999 202.44 0.999
0.4 88.65 0.930 93.77 0.943 166.44 0.976 169.64 0.979
0.5 57.35 0.897 64.50 0.923 139.17 0.960 143.97 0.966
0.6 42.68 0.880 51.14 0.920 117.89 0.953 123.96 0.961
0.7 43.44 0.862 52.48 0.909 102.82 0.947 109.86 0.958
0.8 48.55 0.847 57.79 0.896 93.87 0.946 101.59 0.958
0.9 56.53 0.918 65.86 0.943 92.88 0.937 100.95 0.952
Ave. 70.08 76.76 144.56 149.05

Combustion Kinetics

In order to determine the combustion kinetic parameters of
raw St. John's wort waste and biochar, the non-isothermal
curves of KAS and FWO methods were shown in Figure 5.
Based on the findings from Figure 5, the values of the com-
bustion activation energy and the regression coefficients of
the samples were computed and are shown in Table 3. When
the combustion activation energy values of St. John's wort
calculated by the KAS method were examined, it was seen
that these values varied between 42.68 kJ/mol and 98.31 kJ/
mol. When the regression coefficients are examined, it can
be said that the coeflicients except for the conversions of 0.7
and 0.8 are within the acceptable range and the regression
coeflicients of the conversions 70% and 80% are slightly be-
low the limit. All of the regression coeflicients calculated
with FWO were found to be within the acceptable range, and
accordingly, it can be concluded that this method is more

suitable for determining the combustion kinetics of St. John's
wort waste. Using the FWO method, activation energy val-
ues were calculated between 51.14 kJ/mol and 102.24 k]J/mol.
When studies on combustion kinetics in the literature are ex-
amined, it is noted that a large number of biomass types are
used as raw materials. For example, Lopez et al. [41] used
the Vyazovkin and Ozawa-Flynn-Wall techniques to assess
the microalgae and corn blends' combustion kinetics and
computed the activation energy value, which came out to be
around 171.5 kJ/mol. According to Koger and Ozgimen [13]
Ulva lactuca macroalgae burned in two phases, with activa-
tion energy levels of around 295 kJ/mol and 225 kJ/mol in
each. Yorulmaz and Atimtay [42] calculated the combustion
kinetics of waste wood samples between 123-136 kJ/mol us-
ing the Coats-Redfern method, while Gao et al. [43] deter-
mined the combustion activation energy of waste wood as
184.2 kJ/mol using the Broido method.
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Figure 5. (a) Raw biomass KAS, (b) Raw biomass FWO, (c) Biochar KAS and (d) Biochar FWO.

The activation energy values determined by both tech-
niques exhibit a rising trend up to 20% conversion and
a decreasing trend between 20% and 60% when the
combustion activation energies of St. John's wort are
studied. After the conversion of 60%, activation ener-
gy values tended to rise once again. When the rates of
change in activation energies were analyzed, it was ob-
served that there was no significant change up to 30%
conversion, but there was a decrease of approximately
30 kJ/mol especially between 40% and 50% conversion
rates. These findings indicate that the biomass's pro-
teinic, cellulosic, and hemicellulosic components were
burnt to a 60% conversion rate, after which point the
char-like structure that resulted from devolatilization
was burned. The activation energy estimates tended to
rise after 60% conversion because the char structure is
considerably harder to burn.

The average combustion activation energy values of bio-
char samples were calculated to be approximately 150
kJ/mol, respectively. Regression coeflicients higher than
0.9, like those of biomass, indicate that these methods

can be used to determine the combustion kinetic param-
eters of these biochar samples. When the studies in the
literature in which the combustion kinetics of biochar
are calculated, it is seen that there are different results
according to the biomass used and the methods applied.
Koger and Oz¢imen [13] reported that the average com-
bustion activation energy values of biochar produced
from Ulva lactuca macroalgae were 146.61 kJ/mol and
140.81 kJ/mol using KAS and FWO methods. Islam et
al. [44] calculated the average combustion activation en-
ergy of Karanj fruit hulls biochar as 62.13 kJ/mol and
68.53 kJ/mol using KAS and FWO methods. Wang et al.
[45] used Random Pore Model and Volume Model ap-
proaches for combustion kinetics of Palm Kernel Shell
Biochar and calculated the activation energy values as
113.3 kJ/mol and 116.6 kJ/mol. Yu et al. [46] determined
the average combustion kinetic energy of pine sawdust
biochar as approximately 200 kJ/mol by Friedman Fried-
man differential isoconversional method.

When the behavior of the activation energy values ac-
cording to the conversion rate is examined, it can be said
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Table 4. Activation energy values and regression coeflicients in some studies

Sample Methods Results References
Pine DAEM E : 111.41-208.62 kJ/mol [40]
R% 0.906-0.995
Corn straw E . 97.58-189.13 kJ/mol
R 0.906-0.999
Seaweed (U. lactuca) KAS E : 296.97-225.17 k]/mol [13]
R 0.980-0.996
FWO E:292.39-216.73 kJ/mol
R%0.979-0.996
Seaweed (U. lactuca) biochar KAS E: 146.61 kJ/mol
R%0.938-0.990
FWO E : 140.81 kJ/mol
R%0.943-0.992
Sugarcane bagasse Friedman E: 8.17-275.48 k]/mol [50]
R% -
FWO E:11.04-88.56 kJ/mol
R% -
KAS E_: 3.39-78.28 kJ/mol
R% -
Microalgae (C. pyrenoidosa) Vyazovkin E_: 65.15 kJ/mol [51]
R% -
Palm kernel shell biochar Random pore model E: 113.3 kJ/mol [45]
R%0.999
Volume model E_: 116.6 k]/mol
R%0.999
Pine sawdust KAS E:212.39 k]/mol [52]
R% 0.996-0.999
FWO E: 212.66 k]/mol
R%0.996-0.999
St. John's wort KAS E_: 70.08 kJ/mol This study
R 0.847-0.990
FWO E_: 76.76 kJ/mol
R% 0.896-0.991
St. John's wort biochar KAS E: 144.56 kJ/mol
R%0.937-0.999
FWO E: 149.05 k]/mol

R% 0.952-0.999

that the activation energy values decrease continuously
after 20% conversion for St. John's wort biochar. At these
conversion levels, the activation energy values are max-
imum, which indicate the highest barrier to the com-
bustion compared to that of other conversion degrees
[47]. After these conversion levels, the combustion of
the fixed carbon in the structure of biochars started and
continued until 90% conversion. The porous structure
of biochar also facilitated combustion as it increased the

contact surface with oxygen [48]. Due to the decrease
in fixed carbons in the structure of biochar over time
and ash content, activation energy changes at high con-
version levels decreased [49]. When the studies on the
combustion of biochar or similar materials in the litera-
ture are examined, it has seen that similar results are ob-
tained. For example Islam et al. [47] and Islam et al. [44]
reported that activation energy values decreased contin-
uously with increasing conversion rate in their studies
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investigating the combustion of hydrochar and biochar
produced from Karanj fruit hulls, respectively. Gao and
Li [49] stated that the combustion activation energy val-
ues of Coal gangue continuously decreased until about
80% conversion; after 80% conversion, the activation
energy increased due to the combustion of fixed carbon
content and ash content. Studies on the combustion ki-
netics of some biomasses and biochar in the literature
are summarized in Table 4.

CONCLUSION

The thermal behavior of St. John's wort wastes and their
biochars in dry air was investigated by thermogravimet-
ric analysis and the combustion activation energies were
determined using KAS and FWO methods. The combus-
tion behavior of raw biomass and biochars after moisture
content removal was different. While the combustion
of raw biomass occurred in two stages (combustion of
biomolecules and char remaining after devolatilization)
between approximately 150 °C and 550 °C, the combus-
tion of biochar in this temperature range occurred in
one stage (combustion of char structure). The average
activation energy values of St. John's wort wastes in this
temperature range were calculated as 70.08 kJ/mol and
76.76 kJ/mol by KAS and FWO methods, respectively,
while the average combustion activation energy values
of biochar wastes in this temperature range were calcu-
lated as 144.56 kJ/mol and 149.05 kJ/mol, respectively.
Based on an evaluation of the study's results, it can be
concluded that these biomasses and their biochar forms
can be added to fuels like coal or utilized directly in
combustion processes because of their low ash content.
This approach will optimize the utilization of these very
promising wastes and improve the efliciency of fuels
such as low quality coal.

ACKNOWLEDGEMENTS

The author would like to thank Emre Karaduman who pro-
vided the samples.

DATA AVAILABILITY STATEMENT

The author confirm that the data that supports the findings
of this study are available within the article. Raw data that
support the finding of this study are available from the cor-
responding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

USE OF Al FOR WRITING ASSISTANCE
Not declared.
ETHICS

There are no ethical issues with the publication of this man-
uscript.

REFERENCES

[1] S. Babu, S. S. Rathore, R. Singh, S. Kumar, V. K.
Singh, S. K. Yaday, ... and O. A. Wani, “Exploring
agricultural waste biomass for energy, food and feed
production and pollution mitigation: A review,
Bioresource Technology, Vol. 360, Article 127566,
2022. [CrossRef]

[2] A. Siddiqua, J. N. Hahladakis, and W. A. K. A. Al-At-
tiya, “An overview of the environmental pollution
and health effects associated with waste landfilling
and open dumping, Environmental Science and
Pollution Research, Vol. 29(39), pp. 5851458536,
2022. [CrossRef]

[3] L. Reijnders, “Hazardous waste incineration ashes
and their utilization,” Encyclopedia of Sustainability
Science and Technology, pp. 1-17, 2018. [CrossRef]

[4] Y. A. Hajam, R. Kumar, and A. Kumar, “Environ-
mental waste management strategies and vermi
transformation for sustainable development,” En-
vironmental Challenges, Vol. 13, Article 100747,
2023. [CrossRef]

[5]  X.Peng, Y. Jiang, Z. Chen, A. I. Osman, M. Farghali,
D. W. Rooney, and P.-S. Yap, “Recycling municipal,
agricultural and industrial waste into energy, fertil-
izers, food and construction materials, and econom-
ic feasibility: a review;” Environmental Chemistry
Letters, Vol. 21(2), pp. 765-801, 2023. [CrossRef]

[6] K. Wang, and J. W. Tester, “Sustainable management
of unavoidable biomass wastes,” Green Energy and
Resources, Vol. 1(1), Article 100005, 2023. [CrossRef]

[7] M. Kumar, “Social, Economic, and Environmental
Impacts of Renewable Energy Resources,” in Wind
Solar Hybrid Renewable Energy System, Inte-
chOpen, 2020. [CrossRef]

[8] H. Durak, “Comprehensive assessment of thermo-
chemical processes for sustainable waste manage-
ment and resource recovery, Processes, Vol. 11(7),
Article 2092, 2023. [CrossRef]

[9]  D. Ozgimen, B. Inan, S. Akis, and A. T. Koger, “Uti-

lization alternatives of algal wastes for solid algal

products” in Algal biorefineries volume products
and refinery design, Springer, 2015. [CrossRef]

X. Pan, Z. Gu, W. Chen, and Q. Li, “Preparation of

biochar and biochar composites and their applica-

tion in a Fenton-like process for wastewater decon-
tamination: A review;, Science of Total Environ-
ment, Vol. 754, Article 142104, 2021. [CrossRef]

A. T. Koger, “A thermokinetic characterization study

on combustion of solid biofuels from Aloe vera resi-

due,” Rendiconti Lincei — Scienze Fisiche e Naturali,

Vol. 34(2), pp. 1031-1043, 2023. [CrossRef]

D. 1. Aslan, B. Ozogul, S. Ceylan, and F. Geyikgi,

“Thermokinetic analysis and product characteri-

zation of Medium Density Fiberboard pyrolysis,”

Bioresource Technology, Vol. 258, pp. 105-110,

2018. [CrossRef]

A. T. Koger and D. Ozcimen, “Determination of

(10]

(11]

(12]

(13]


https://doi.org/10.1016/j.biortech.2022.127566
https://doi.org/10.1007/s11356-022-21578-z
https://doi.org/10.1007/978-1-4939-2493-6_97-3
https://doi.org/10.1016/j.envc.2023.100747
https://doi.org/10.1007/s10311-022-01551-5
https://doi.org/10.1016/j.gerr.2023.100005
https://doi.org/10.5772/intechopen.89494
https://doi.org/10.3390/pr11072092
https://doi.org/10.1007/978-3-319-20200-6_12
https://doi.org/10.1016/j.scitotenv.2020.142104
https://doi.org/10.1007/s12210-023-01195-9
https://doi.org/10.1016/j.biortech.2018.02.126

404

Environ Res Tec, Vol. 7, Issue. 3, pp. 395-405, September 2024

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

combustion characteristics and kinetic parameters
of Ulva lactuca and its biochar,” Biomass Convers
Biorefinery, Vol. 14, pp. 5913-5922, 2021 [CrossRef]
A. T. Koger, D. Ozcimen, and 1. Gokalp, “An exper-
imental study on the combustion behaviours of or-
ange peel-based solid biofuels,” Biomass Conversion
and Biorefinery, 2023. doi: 10.1007/s13399-020-
01245-4 [CrossRef]

W. Tong, Z. Cai, Q. Liu, S. Ren, and M. Kong, “Effect
of pyrolysis temperature on bamboo char combus-
tion: Reactivity, kinetics and thermodynamics,” En-
ergy, Vol. 211, Article 118736, 2020. [CrossRef]

C. A. Peterson and R. C. Brown, “Oxidation kinetics
of biochar from woody and herbaceous biomass,”
Chemical Engineering Journal, Vol. 401, Article
126043, 2020. [CrossRef]

K. M. Klemow, A. Bartlow, J. Crawford, N. Kocher, J.
Shah, and M. Ritsick, “Medical attributes of St. John’s
wort (hypericum perforatum),” in Herbal Medicine:
Biomolecular and Clinical Aspects: Second Edition,
pp- 211-237, 2011. [CrossRef]

I Arsi¢, A. Zugi¢, V. Tadi¢, M. Tasi¢-Kostov, D.
Misi¢, M. Primorac, D. Runjai¢-Anti¢, “Estimation
of Dermatological Application of Creams with St.
John’s Wort Oil Extracts,” Molecules, Vol. 17(1), pp.
275-294, 2011. [CrossRef]

E Ates, G. Akan, and N. Erginel, “Estimating the lev-
els of process parameters for tar and char produc-
tion via fast pyrolysis of Hypericum perforatum and
characterization of the products,” Chemical Data
Collections, Vol. 33, Article 100720, 2021. [CrossRef]
J. J. Lu, and W. H. Chen, “Investigation on the ig-
nition and burnout temperatures of bamboo and
sugarcane bagasse by thermogravimetric analysis,”
Applied Energy, Vol. 160, pp. 49-57, 2015. [CrossRef]
R. Garcia, C. Pizarro, A. G. Lavin, and J. L. Bueno,
“Characterization of Spanish biomass wastes for en-
ergy use,” Bioresource Technology, Vol. 103(1), pp.
249-258, 2012. [CrossRef]

J. Parikh, S. A. Channiwala, and G. K. Ghosal, “A
correlation for calculating HHV from proximate
analysis of solid fuels,” Fuel, Vol. 84(5), pp. 487-494,
2005. [CrossRef]

S. Poomsawat, and W. Poomsawat, “Analysis of hy-
drochar fuel characterization and combustion be-
havior derived from aquatic biomass via hydrother-
mal carbonization process,” Case Studies in Thermal
Engineering, Vol. 27, Article 101255, 2021. [CrossRef]
D. R. Nhuchhen, “Prediction of carbon, hydrogen,
and oxygen compositions of raw and torrefied bio-
mass using proximate analysis,” Fuel, Vol. 180, pp.
348-356, 2016. [CrossRef]

I. Ali, and A. Bahadar, “Thermogravimetric charac-
teristics and non-isothermal kinetics of macro-algae
with an emphasis on the possible partial gasification
at higher temperatures,” Frontiers in Energy Re-
search, Vol. 7, pp. 1-14, 2019. [CrossRef]

H. E. Kissinger, “Reaction kinetics in differential

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

thermal analysis,” Analytical Chemistry, Vol. 29(11),
pp- 1702-1706, 1957. [CrossRef]

J. H. Flynn, and L. A. Wall, “A quick, direct meth-
od for the determination of activation energy from
thermogravimetric data,” Journal of Polymer Sci-
ence. Part B: Polymer Letters, Vol. 4(5), pp. 323-328,
1966. [CrossRef]

T. Ozawa, “A new method of analyzing thermograv-
imetric data,” Bulletin of the Chemical Society of Ja-
pan, Vol. 38(11), pp. 1881-1886, 1965. [CrossRef]

A. Selvarajoo, Y. L. Wong, K. S. Khoo, W. H. Chen,
and P. L. Show, “Biochar production via pyrolysis of
citrus peel fruit waste as a potential usage as solid
biofuel,” Chemosphere, Vol. 294, Article 133671,
2022.

M. I. Al-Wabel, A. Al-Omran, A. H. El-Naggar, M.
Nadeem, and A. R. A. Usman, “Pyrolysis tempera-
ture induced changes in characteristics and chemi-
cal composition of biochar produced from conocar-
pus wastes,” Bioresource Technology, Vol. 131, pp.
374-379, 2013. [CrossRef]

R. Calvelo Pereira, J. Kaal, M. Camps Arbestain, R.
Pardo Lorenzo, W. Aitkenhead, M. Hedley, ... J. A.
Macid-Agulld, “Contribution to characterisation of
biochar to estimate the labile fraction of carbon,”
Organic Geochemistry, Vol. 42(11), pp. 1331-1342,
2011. [CrossRef]

A. T. Koger, B. Mutlu, and D. Ozgimen, “Investiga-
tion of biochar production potential and pyrolysis
kinetics characteristics of microalgal biomass,” Bio-
mass Convers. Biorefinery, Vol. 10(1), pp. 85-94,
2020. [CrossRef]

S. Z. Tarhan, A. T. Koger, D. Ozgimen, and 1. Gokalp,
“Cultivation of green microalgae by recovering aque-
ous nutrients in hydrothermal carbonization process
water of biomass wastes,” Journal of Water Process
Engineering, Vol. 40, Article 101783, 2021. [CrossRef]
Y. W. Mak, L. O. Chuah, R. Ahmad, and R. Bhat,
“Antioxidant and antibacterial activities of hibiscus
(Hibiscus rosa-sinensis L.) and Cassia (Senna bi-
capsularis L.) flower extracts,” Journal of King Saud
University, Vol. 25(4), pp. 275-282, 2013. [CrossRef]
M. Sekkal, J.-P. Huvenne, P. Legrand, B. Sombret,
J.-C. Mollet, A. Mouradi-Givernaud, and M.-C.
Verdus, “Direct structural identification of polysac-
charides from red algae by FTIR microspectrometry
I: Localization of agar in Gracilaria verrucosa sec-
tions,” Mikrochim. Acta, vol. 112, no. 1-4, pp. 1-10,
1993. [CrossRef]

A. T. Koger, B. Inan, S. Kaptan Usul, D. Oz¢imen, M.
T. Yilmaz, and 1. Isildak, “Exopolysaccharides from
microalgae: production, characterization, optimi-
zation and techno-economic assessment;” Brazilian
Journal of Microbiology, Vol. 52(4), pp. 1779-1790,
2021. [CrossRef]

M. S. Reza, S. Afroze, M. S. A. Bakar, R. Saidur, N.
Aslfattahi, J. Taweekun, and A. K. Azad, “Biochar
characterization of invasive Pennisetum purpureum


https://doi.org/10.1007/s13399-020-01245-4
https://doi.org/10.1007/s13399-020-01245-4
https://doi.org/10.1016/j.energy.2020.118736
https://doi.org/10.1016/j.cej.2020.126043
https://doi.org/10.1201/b10787-12
https://doi.org/10.3390/molecules17010275
https://doi.org/10.1016/j.cdc.2021.100720
https://doi.org/10.1016/j.apenergy.2015.09.026
https://doi.org/10.1016/j.biortech.2011.10.004
https://doi.org/10.1016/j.fuel.2004.10.010
https://doi.org/10.1016/j.csite.2021.101255
https://doi.org/10.1016/j.fuel.2016.04.058
https://doi.org/10.3389/fenrg.2019.00007
https://doi.org/10.1021/ac60131a045
https://doi.org/10.1002/pol.1966.110040504
https://doi.org/10.1246/bcsj.38.1881
https://doi.org/10.1016/j.biortech.2012.12.165
https://doi.org/10.1016/j.orggeochem.2011.09.002
https://doi.org/10.1007/s13399-019-00411-7
https://doi.org/10.1016/j.jwpe.2020.101783
https://doi.org/10.1016/j.jksus.2012.12.003
https://doi.org/10.1007/BF01243315
https://doi.org/10.1007/s42770-021-00575-3

Environ Res Tec, Vol. 7, Issue. 3, pp. 395-405, September 2024

405

(38]

(40]

(41]

(42]

(43]

(44]

grass: effect of pyrolysis temperature,” Biochar, Vol.
2(2), pp. 239-251, 2020. [CrossRef]

A. T. Koger, A. Erarslan, and D. Ozgimen, “Pyroly-
sis of Aloe vera leaf wastes for biochar production:
Kinetics and thermodynamics analysis,” Industri-
al Crops and Products, Vol. 204, Article 117354,
2023. [CrossRef]

A. Agrawal, and S. Chakraborty, “A kinetic study
of pyrolysis and combustion of microalgae Chlo-
rella vulgaris using thermo-gravimetric analy-
sis,” Bioresource Technology, Vol. 128, pp. 72-80,
2013. [CrossRef]

I. Mian, X. Li, O. D. Dacres, ]. Wang, B. Wei, Y. Jian,
...and N. Rahman, “Combustion kinetics and mech-
anism of biomass pellet,” Energy, Vol. 205, Article
117909, 2020. [CrossRef]

R. Lépez, C. Fernandez, X. Gémez, O. Martinez,
and M. E. Sanchez, “Thermogravimetric analysis of
lignocellulosic and microalgae biomasses and their
blends during combustion,” Journal of Thermal
Analysis and Calorimetry, Vol. 114(1), pp. 295-305,
2013. [CrossRef]

S. Y. Yorulmaz, and A. T. Atimtay, “Investigation of
combustion kinetics of treated and untreated waste
wood samples with thermogravimetric analysis,”
Fuel Processing Technology, Vol. 90(7-8), pp. 939-
946, 2009. [CrossRef]

M. Gao, D. X. Pan, and C. Y. Sun, “Study on the ther-
mal degradation of wood treated with amino resin
and amino resin modified with phosphoric acid,
Journal of Fire Sciences, Vol. 21(3), pp. 189-201,
2003. [CrossRef]

M. A. Islam, M. Auta, G. Kabir, and B. H. Hameed,
“A thermogravimetric analysis of the combustion
kinetics of karanja (Pongamia pinnata) fruit hulls
char;” Bioresource Technology, Vol. 200, pp. 335-

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

341, 2016. [CrossRef]

P. Wang, G. Wang, J. Zhang, J. Y. Lee, Y. Li, and C.
Wang, “Co-combustion characteristics and kinetic
study of anthracite coal and palm kernel shell char,”
Applied Thermal Engineering, Vol. 143, pp. 736-
745, 2018. [CrossRef]

Y. Yu, X. Fu, L. Yu, R. Liu, and J. Cai, “Combustion
kinetics of pine sawdust biochar;” Journal of Ther-
mal Analysis and Calorimetry, Vol. 124(3), pp.
1641-1649, 2016. [CrossRef]

M. A. Islam, G. Kabir, M. Asif, and B. H. Hameed,
“Combustion kinetics of hydrochar produced from
hydrothermal carbonisation of Karanj (Pongamia
pinnata) fruit hulls via thermogravimetric analy-
sis,” Bioresource Technology, Vol. 194, pp. 14-20,
2015. [CrossRef]

H. Wang, and C. You, “Experimental investigation
into the spontaneous ignition behavior of upgrad-
ed coal products,” Energy and Fuels, Vol. 28(3), pp.
2267-2271, 2014. [CrossRef]

H. Gao and J. Li, “Thermogravimetric analysis of the
co-combustion of coal and polyvinyl chloride,” PLoS
One, Vol. 14(10), Article 0224401, 2019. [CrossRef]
L. C. Morais, A. A. D. Maia, M. E. G. Guandique, and
A. H. Rosa, “Pyrolysis and combustion of sugarcane
bagasse,” Journal of Thermal Analysis and Calorim-
etry, Vol. 129(3), pp. 1813-1822, 2017. [CrossRef]

C. Gai, Z. Liu, G. Han, N. Peng, and A. Fan, “Com-
bustion behavior and kinetics of low-lipid microal-
gae via thermogravimetric analysis,” Bioresource
Technology, Vol. 181, pp. 148-154, 2015. [CrossRef]
T. Chen, J. Cai, and R. Liu, “Combustion kinetics of
biochar from fast pyrolysis of pine sawdust: isocon-
versional analysis,” Energy Sources, Part A Recover.
Util. Environ. Eff., vol. 37, no. 20, pp. 2208-2217,
2015. [CrossRef]


https://doi.org/10.1007/s42773-020-00048-0
https://doi.org/10.1016/j.indcrop.2023.117354
https://doi.org/10.1016/j.biortech.2012.10.043
https://doi.org/10.1016/j.energy.2020.117909
https://doi.org/10.1007/s10973-012-2843-z
https://doi.org/10.1016/j.fuproc.2009.02.010
https://doi.org/10.1177/0734904103021003002
https://doi.org/10.1016/j.biortech.2015.09.057
https://doi.org/10.1016/j.applthermaleng.2018.08.009
https://doi.org/10.1007/s10973-016-5296-y
https://doi.org/10.1016/j.biortech.2015.06.094
https://doi.org/10.1021/ef402569s
https://doi.org/10.1371/journal.pone.0224401
https://doi.org/10.1007/s10973-017-6329-x
https://doi.org/10.1016/j.biortech.2015.01.045
https://doi.org/10.1080/15567036.2012.684737



