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Abstract

The usage of orange peel wastes for solid biofuel production can provide a sustainable solution for solid waste management
while also reducing the negative effects of fossil fuels. The aim of this study is to compare the combustion properties of
orange peel wastes and solid biofuels obtained from them. In this context, the combustion behaviour of orange peel wastes
and hydrochar and biochar samples obtained as a result of their hydrothermal carbonization and pyrolysis were investigated
by the thermogravimetric method in this study. In addition, the combustion kinetics of these fuels were determined using the
Kissinger-Akahira-Sunosa (KAS) and Flynn—Wall-Ozawa (FWO) methods. As a result of the thermogravimetric analysis,
it is seen that the combustion behavior of raw biomass and hydrochar are quite similar, but the combustion of biochar is
different from them. The combustion of raw waste and its hydrochar took place in multiple steps, the combustion of biochar
took place in a single step. While the average combustion activation energy values of orange peel, hydrochar and biochar
were calculated by KAS method as 159.876, 208.561 and 77.656 kJ/mol, respectively; they were calculated by the FWO
method as 161.717, 208.600 and 85.209 kJ/mol, respectively. According to these results, the production of biochar from
orange peel wastes by pyrolysis and the use of the obtained biochars in combustion systems are more suitable in terms of
energy efficiency. Future research of the combustion of solid biofuels from orange peel will be very important to determine
their potential for use in combustion systems, either directly or as an additive, and to increase energy efficiency.
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1 Introduction

The use of biofuels as an alternative to fossil fuels has
gained significant attention in recent years due to concerns
about climate change and the depletion of non-renewable
resources [1]. Orange peel is a waste product generated by
the food industry and its use as a biofuel can provide a sus-
tainable solution for waste management while also reduc-
ing greenhouse gas emissions. Orange is the most produced
and traded citrus fruit in the world because it is the most
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preferred citrus fruit in the juice industry. According to Food
and Agriculture Organization of the United Nations data, the
orange production in the world has increased from 63.85
million tons to 75.57 million tons in the last ten years [2].
Assuming that 30% of the fruit weight is peel, this would
result in approximately 22.8 million metric tons of orange
peel produced worldwide [3]. With such a large amount of
orange peel being produced, finding sustainable uses for this
waste product can provide significant environmental and
economic benefits. Utilization of orange peel for different
usage areas such as the production of valuable chemicals,
biofuel and animal feed has been suggested by scientists.
For example, Otieno et al. [4] used different fruit wastes,
including orange peel, in mushroom cultivation and reported
that they produced antioxidant-rich mushrooms. Kotsampasi
et al. [5] added essential oils obtained from orange peel to
the diets of dairy sheep and reported that these oils increased
the performance, health, and milk quality and quantity of
animals. While Xiao et al. [6] evaluated the orange peel
wastes in the production of hydrochar by hydrothermal
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carbonization; Santos et al. [7] reported that orange peel
wastes can be used as solid biofuel and biosorbent.

Hydrothermal carbonization (HTC) and pyrolysis pro-
cesses are effective methods for evaluating waste biomass
and obtaining high value-added products. While HTC is a
thermochemical process that takes place at temperatures of
180 — 250 °C and at autogenous pressures in an aqueous
medium [6]; pyrolysis is a thermochemical conversion pro-
cess that takes place in oxygen-free environments and at
higher temperatures [8]. At the end of the HTC process, a
solid main product called hydrochar and a liquid by-product
called process water are released. Hydrochars are a solid
biofuel that can be an alternative to fossil fuels due to their
high carbon content and calorific values [9, 10]. The lig-
uid product obtained as a result of this reaction is called
bio-oil and is an interesting research and study area for
many researchers because it contains amino acids, phenolic
compounds, furans, furfural, etc. [11]. As a result of the
pyrolysis process, solid, liquid and gaseous products called
biochar, bio-oil, and syngas are released, respectively, and
the yields and quality of these products vary depending on
parameters such as temperature, retention time, heating rate,
etc. Like hydrochar, biochar can be used as an alternative to
coal or co-combustion systems because it is rich in carbon
[12]. In addition to these, it is possible to use biochar and
similar hydrochar in the fields of environment, agriculture
and animal husbandry [13]. There are many studies in which
many types of biomass such as domestic wastes, agricultural
organic wastes and aquatic plants are used for both biochar
production and hydrochar production [8, 11].

One of the most important areas of use of carbon-rich
products such as hydrochar and biochar is to obtain energy
by using them in combustion systems. The combustion pro-
cess refers to the thermal degradation of fuels by reacting
with oxygen at high temperature [14]. When raw biomass
is burned directly, less energy is released compared to bio-
fuels because biomass has several limitations such as high
moisture, low atomic O/C and H/C ratios, low calorific value
and poor grindability. All of these limitations of raw bio-
mass reduce combustion efficiency and accordingly, less
energy is obtained [15]. For this reason, the production of
biofuels from biomass and their use in combustion systems
are very important in terms of energy efficiency. Scientists
have agreed that it is necessary to determine the combustion
mechanisms and kinetics of biofuels such as biochar and
hydrochar in this context. When the studies in the literature
are examined, it is seen that there are many studies on the
determination of the combustion mechanism and kinetics of
various biomass kinds and hydrochar and biochars produced
from these biomass. For example, in previous study, the
combustion behavior of Ulva lactuca and biochar obtained
from this macroalgae was determined and it was reported
that biochar is a more suitable source than raw biomass for
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use in combustion systems [14]. Fan et al. [16] examined the
combustion of macadamia shell and their biochars and stated
that biochars burned more easily according to the obtained
combustion activation energy values. Arauzo et al. [17]
found that biochar and hydrochar are better fuels than raw
material in their study examining the combustion of raw,
hydrochar and biochar forms of sewage sludge. Zhu et al.
[18], Lang et al. [19] and Ro et al. [20] obtained similar
results in their studies.

One of the most effective techniques used to determine
the combustion characteristics and kinetics of solid
fuels such as biochar, hydrochar and raw biomass is the
thermogravimetric method. With this method, combustion
activation energy, reaction degree, reaction mechanism
models and thermodynamic parameters can be easily
calculated using various mathematical approaches such
as model-free and model-fitting methods [21]. Model-
fitting methods were developed to calculate a single set
of kinetic parameters for the entire combustion process.
Although this method provides excellent fit for both
isothermal and nonisothermal data, it gives uncertain
values of some Arrhenius parameters. Because the
values obtained in this manner are averages, they do not
accurately reflect how the temperature and the degree
of conversion affect the mechanism and kinetics. Since
model-free methods calculate the kinetic parameters in a
transformation-dependent manner, multi-step kinetics can
be determined without error. In this way, it contributes
both to the explanation of the complexity of the process
and to the determination of the kinetic scheme [22].
The most commonly used mathematical approaches in
studies in the literature are Kissenger-Akahira-Sunosa
(KAS), Flynn—Wall-Ozawa (FWO), Starink, distribution
activation energy model (DAEM), Coats-Redfern (CR) and
Friedman methods [21]. Tariq et al. [23] determined the
co-combustion kinetics of orange peel — biomass blends
using various model-free and model-fitting methods and
found their activation energy values between 82-120 kJ/
mol. Sobek et al. [24] calculated the combustion activation
energy values of the hydrochar obtained as a result of
hydrothermal carbonization of the waste straw between
45.10 and 724.08 kJ/mol. Barbanera et al. [25] calculated
the co-combustion kinetics and thermodynamic parameters
of gasification char and solid digestate with the OFW
model-free method.

The research question of this study is what are the com-
bustion characteristics and kinetics of solid biofuels made
from orange peel and what are the differences between them.
Considering this question, the objectives of this study are to
determine the physicochemical properties of orange peel-
based solid biofuels, to investigate the combustion behaviour
of orange peel-based solid biofuels and to determine the
combustion kinetics parameters of these biofuels. In this
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context, the properties of the biofuels were analyzed using
standard methods and the combustion kinetic parameters of
raw biomass waste, biochar produced as a result of pyrolysis
and hydrochar obtained as a result of HTC were estimated
using KAS and FWO methods. The study of the combustion
behaviour and kinetics of orange peel-based solid biofuels
is an innovative area of research that has the potential to
contribute to the development of sustainable energy sources.
It will be feasible to maximize the use of these biofuels in
energy production and evaluate their potential as a sustain-
able alternative to fossil fuels by comprehending the com-
bustion behaviour and kinetics of these fuels. This research
has the potential to contribute to the development of a circu-
lar economy, where waste products are repurposed to create
value and reduce environmental impact.

2 Materials and methods
2.1 Sample preparation

The orange peel wastes used in this study were obtained
from a local market in France. After the collected orange
peels were cleaned with distilled water, they were dried in a
furnace at 70 °C for 18 h. Hydrochars and biochars were pro-
duced from orange peel wastes according to the procedures
specified in Tarhan et al. [10] and Koger and Oz¢imen [14],
respectively. Hydrochars were obtained as a result of hydro-
thermal carbonization of 30 g of orange peel and 180 g of
distilled water in a 300 mL nickel-base alloy batch reactor at
200 °C for 1 h. After HTC reaction, the hydrochar and pro-
cess water were separated via Biichner filtration and hydro-
char was dried at temperature of 105 °C for 18 h. Biochars
were obtained as a result of pyrolysis of dry orange peel
wastes in a split-pipe furnace (Proterm ASP 11/100/500)
in a nitrogen environment at the temperature of 400 °C and
at the heating rate of 20 °C/min. Approximately 10 g dry
orange peel was positioned in this furnace and nitrogen gas
was sent to the furnace for 15 min to provide an oxygen-free
environment. Biochar samples formed after the carboniza-
tion reaction were kept in an oxygen-free environment until
the furnace cooled down and then removed from the fur-
nace and weighed. Raw orange peel, hydrochar and biochar
samples were stored in a desiccator for characterization and
combustion experiments.

2.2 Characterization analyses
In this study, thermal, structural and proximate analyses were

carried out. To the thermal analyzes, the TA Instruments SDT
Q600 thermogravimetric analysis (TGA) device was used.

In this analysis, approximately 5 mg of dried samples were
heated up from the temperature of 25 °C to 600 °C with the
heating rates of 10, 20 and 40 °C/min. These analyses were
carried out in dry air at a flow rate of 40 ml/min. The ignition
temperature (T;), burnout temperature (T,), maximum com-
bustion rate temperature (T,,,,) and maximum combustion rate
(R,,.x) Were calculated using the tangent method specified in
Liu et al. [26]

The FTIR spectra of solid biofuels used in this study were
obtained using Bruker Alpha FTIR spectrometer. The mois-
ture, volatile matter (VM) and ash content of samples were
determined according to the ASTM standards E 871, E§72 and
E 1755, respectively. Fixed carbon (FC) content of samples
was calculated by difference [27]. The percentages of key ele-
ments (C, H, O and N) of the samples used in this study were
determined using the equations given below [28]:

C (%) = —35.9972 4+ 0.7698VM + 1.3269FC + 0.3250Ash
ey
H (%) = 55.3678 — 0.4830VM — 0.5319FC — 0.56Ash (2)

O (%) = 223.6805 — 1.7226VM — 2.2296FC — 2.2463Ash
(©)
N (%) =100 — (C + H + O + Ash) 4)

The higher heating values (HHV) of orange peel, biochar
and hydrochar were calculated using the following Egs. (5)
given in Parikh et al. [29]:

HHV = 0.3536FC + 0.1559VM — 0.0078Ash 4)

2.3 Combustion kinetic

The model-free kinetic methods are most commonly used for
the determination of thermal degradation kinetics because
they provide a certain guess of activation energy values from
isothermal and non-isothermal measurements [30]. For the
calculation of the activation energy values of the combus-
tion process of solid fuels, the model-free kinetic methods are
based on the following four equations [12]:

W= Wr
a = —VVI — Wf (6)
where a, W;, W; and W, refer to the degree of conversion,
the sample weight at the beginning, at the end and at a tem-
perature of T, respectively.
da
— =k,
7 S(a) (7
where Kk is the rate constant and f(o) is the reaction mecha-
nism function.
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k=Aep(z2) ® np=n|-2E | —5331 - 10522 (13)
RT R.g(a) R.T

where E, A, T and R express the activation energy value (J/
mol), the frequency factor (1/s), temperature (K) and univer-
sal gas constant (8.314 J/mol K), respectively.

T=T,+p.t )

where Ti and P are the initial temperature (K), the linear
heating rate (K/min), respectively.

The combination of Egs. (6)-(9) gives the Egs. (10) as
follow:

Integration of this equation between the limits: «=0 at
T=T,and a=o at T=T,, gives Egs. (11) as follow:

10)

f() ﬂ/epRT

Since Eq. (11) expressed here does not have an exact solu-
tion [31], some integral iso-transformation methods have
been proposed by some researchers [32]. Among these, KAS
method [33] and FWO method [34, 35] are expressed as Egs.
(12) and Eqgs. (13) as follow, respectively:

YA AE E
In =In - —

T2 R.g(a) RT
where the activation energy (E) value is determined from the
slope of a plot of In(p/T?) against 1/T.

g(a) = an

12)

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

Pre-exponential factor (A) in Arrhenius equation was
calculated by:

PEexp(-=-)
A= RO (14)
RT?

where T, is the maximum temperature at which maximum
decomposition occurs. To estimate the pre-exponential fac-
tor, the presented study used an intermediate value of f
(20 °C min™").

3 Results and discussion
3.1 The results of characterization analyses

The proximate and elemental composition values of orange
peel, hydrochar and biochar samples are summarized in
Table 1. As shown in this table, the VM contents of raw
biomass, hydrochar and biochar were calculated as 70.8%,
54.34% and 10.77%, respectively. According to these results,
while approximately 15% of the volatile substances in the
raw biomass are degraded in the HTC process, this rate is
approximately 58% in the thermal carbonization process.
When the FC content values are examined, it is seen that
the biofuel with the highest fixed carbon is biochar and
the FC value of biochar is approximately 2 times that of

Table 1 Proximate and

- Parameters R-OP H-OP B-OP R-OP° B-OP* H-OP*

elemental compositions of

orange peel-based solid fuels Moisture (%) 7.79 2.18 5.03 6.60 6.20 -
Volatile matter (%) 70.80 54.34 10.77 66.00 21.40 -
Fixed carbon (%) 19.56 36.09 75.80 21.70 64.60 -
Ash (%) 4.85 7.39 8.40 5.70 7.80 -
iC (%) 48.65 58.18 81.51 41.94 68.37 55.38
“H (%) 5.78 4.68 2.48 4.14 - 6
10 (%) 39.56 28.75 6.32 52.90 - 32.20
N (%) 0.75 0.82 0.84 0.97 2.26 1.91
H/C atomic ratio 1.43 0.97 0.37 - - -
O/C atomic ratio 0.61 0.37 0.06 - - -
“HHV (MJ/kg) 18.28 21.65 29.92 - - -

(R-OP: Raw orange peel, H-OP: Hydrochar, B-OP: Biochar)

“Dry basis,

PTariq et al. [23]
“Sial et al. [40]
dErdogan etal. [41]
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hydrochar. While the highest moisture content was found
in raw biomass; the sample with the highest ash content is
biochar as expected. Because, the amount of ash in the bio-
mass does not change with the thermochemical processes,
but the ash content mathematically increases as moisture
and other volatiles are removed from the biomass by these
processes. The elemental analysis results in this table show
that the ratio of C and N in the structure increased with
carbonization and hydrothermal carbonization processess,
but the ratio of H and O decreased. The variations in these
contents depend on the characteristics of the feedstock or the
process variables, like temperature [36]. According to the
calculations, the HHV of raw biomass, hydrochar and bio-
char were found as 18.28 MJ/kg, 21.65 MJ/kg and 29.92 MJ/
kg, respectively. Since the fuel with the highest fixed carbon
content is biochar, the biofuel with the highest combustion
value was determined as biochar [37]. Ortiz-Sanchez et al.
[38] calculated the contents of VM, FC, ash and HHV of
orange peel wastes as 80.49%, 16.82%, 2.69% and 18.28 MJ/
kg, respectively. Alvarez et al. [39] stated that these val-
ues were 74.1%, 23.6%, 2.3% and 19.4 MJ/kg, respectively.
When compared with these studies, it can be said that the
results obtained are similar to those in the literature. The
atomic ratios of H/C and O/C are examined, it was seen that
the atomic ratios of H/C and O/C of all samples were in the
range of 0.37-1.43 and 0.06-0.61, respectively. These data
were analyzed using the Van Krevelen diagram, it was seen
that the biochar fell in the anthracite region and the hydro-
char in the lignite region.

FTIR spectra of orange peel, biochar and biochar were
shown in Fig. 1. When the FTIR spectrum of the orange
peel waste is examined, the presence of five peaks draws
attention. The peak at 3268 1/cm represents the OH stretch
in alcohols [42]. The absorbtion band at 2920 1/cm was
assigned to the C-H stretches of CH, and CH; which
represents the aliphatic structures of orange peels [8].
The weak peak at 1729 1/cm shows the entity of C=0
vibrations, which is referred to C=0 groups of carboxylic

acids, aldehydes and ketones. While the strong peak at
1605 1/cm was due to NH stretches in amines or amides;
the weak peaks between 1400 and 1200 1/cm were due to
vibration at C-O bonds [43]. The peak at 1012 1/cm is due
to the C—O-C stretches in the carbohydrate structures in
the orange peel [10]. The FTIR spectra of hydrochar and
biochar were examined, some shrinkage and shifts were
observed in some peaks due to thermochemical processes,
unlike that of biomass. For example, the peaks around 3300
and 2900 1/cm expressing OH stretch and CH stretches
have almost completely disappeared with thermochemical
processes. Similarly, it was observed that the peaks
originating from amines or amides structures observed in
the 1600 cm-1 peak region also decreased. This is because
thermochemical processes such as carbonization and
hydrothermal carbonization involve the removal of non-
carbon atoms from biomass, resulting in a highly carbon-
rich solid structure. Unlike the other spectra, the peaks at
1562 1/cm and 1375 1/cm seen in the biochar’s spectrum
indicate C=C ring stretches and symmetrical dimethyl
bonding, respectively [14].

3.2 Thermogravimetric analysis

The thermal behaviors of orange peel wastes and hydrochar
and biochar produced from them at different heating rates in
adry air environment are shown in Fig. 2. Figure 2a and b are
examined, it can be said that the combustion of raw biomass
takes place in three temperature regions and the degradation
continues up to a temperature of approximately 550 °C. In
the first temperature region (approximately < 170 °C), the
moisture content and volatile/semi-volatile compounds
in the biomass were removed from the structure [14]. In
the second temperature zone (between 170 and 450 °C),
thermal degradation of the cellulose, hemicellulose and
lignin contents of the biomass took place [44]. In the third
temperature zone, the remaining lignin structures and
char remaining after devolatilization of the samples were

Fig. 1 FTIR spectra of orange
peel-based solid fuels
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Fig.2 TG and DTG curves of a), b) raw orange peel; ¢), d) hydrochar; e), f) biochar

burned. Biomass degradation rates in these three regions
were calculated as 10.31 +2.46%, 63.58% + 1.14 and
23.63 +3.15%, respectively. Zapata et al. [44] reported that
during the orange peel burning process, there was a mass loss
of 2.73% up to 100 °C, a mass loss of 58.07% between 150
and 360 °C, and the mass loss of 36.09% between 360 and
585 °C. The three basic components found in the structure
of orange peel waste and removed from the structure in
the second stage of the combustion process (between
150 — 400 °C) are hemicellulose, cellulose and lignin
[45]. Hemicellulose is a mixture of various polymerized
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monosaccharides with lower stability and molecular mass
than cellulose. Cellulose is more resistant to thermal
degradation due to its long hydrogen bond network and the
crystal structures formed accordingly. Lignin, on the other
hand, is an amorphous cross-linked resin and highly resistant
to thermal degradation [46]. The studies in the literature
are examined, the thermal degradation temperature ranges
of these three structures are approximately 200 — 260 °C,
260 — 360 °C and 280 — 500 °C, respectively [44, 46].
When Fig. 2¢ and d are examined, it can be said that the
combustion of hydrochars is similar to the combustion of
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raw biomass. Although the combustion of hydrochars takes
place in three temperature ranges such as the combustion
of raw biomass, the amounts of decomposition rates differ.
The mass loss amounts in the first, second and third tempera-
ture zones of the hydrochars were found to be 5.45+0.3%,
48.14 +3.62 and 44.67 +3.58%, respectively. According to
these results, it can be interpreted that some of the cellu-
lose, hemicellulose and lignin content in the raw biomass is
charred during the hydrothermal carbonization process. To
increase the charring rate of these ingredients, it is neces-
sary to increase the levels of hydrothermal carbonization
conditions such as temperature and processing time [18,
47]. The studies in the literature are examined, it is seen
that the combustion processes of hydrochars occur in similar
stages. Espro et al. [47] investigated the combustion behav-
ior of orange peels-derived hydrochars produced at different
hydrothermal temperatures and stated that the combustion
of hydrochars generally occurs in three stages. Li et al. [48]
reported that the temperature ranges of the combustion of
volatile components and char contents in the structure of
hydrochars produced in lettuce wastes are 160 —419 °C and
419 — 521 °C, respectively. As stated in these studies, in
the course of the combustion processes of hydrochars, the
moisture is removed from the structure up to 200 °C, the
cellulose and lignin structure remaining from charring at
200 — 450 °C decomposes, and the burning of fixed carbon
and charred structures between 450 — 550 °C.

When the thermogram in Fig. 2e and f are examined, it
is seen that the combustion of biochar behaves differently
from the combustion of raw biomass and hydrochar. The
combustion of the biochar took place in 2 stages and there
was a total mass loss of 90.80+ 1.14%. About 85% of the
total mass was burned in the second temperature zone. The
main reason for this situation is the removal of hemicel-
lulose content from the structure as volatile matter during
the biochar production process and the charring of most of
the cellulose and lignin content [14, 16, 44]. When com-
pared with other studies, it is seen that the results related
to the combustion behavior of the biochars obtained in
this study are in parallel with the literature. Fan et al. [16]

reported that the main mass loss in the combustion of mac-
adamia shells biochars occurred in a single step between
approximately 300 °C and 550 °C. Koger and Oz¢imen
[14] reported that approximately 45% of the total mass
was burned between 573 and 873 K in their study examin-
ing the combustion behavior of chars obtained from Ulva
lactuca macroalgae. Wang et al. [45], on the other hand,
reported that the greatest mass losses during the combus-
tion of wood and coal chars occur between approximately
450 — 600 °C, and these mass losses are measured between
70 and 90%.

The T;, T,,,» Ry.x and T, values determined based on the
TG and DTG graphs in Fig. 2 are shown in Table 2.

3.3 Kinetic analysis
3.3.1 Raw orange peel combustion kinetics

The non-isothermal curves of KAS and FWO methods at
heating rates of 10 °C/min, 20 °C/min, and 40 °C/min for
conversions ranging from 0.1 to 0.9 were shown in Fig. 3.
Combustion activation energy values and regression
coefficients calculated with the help of the curves in this
figure are summarized in Table 3. According to these
results, it was monitored that the combustion activation
energy calculated by both methods ranged between
92.592 kJ/mol and 234.057 kJ/mol, and the regression
coefficients altered between 0.897 and 0.999. In addition,
it was determined that there was less than 4 kJ/mol
difference between the activation energy values calculated
by both methods. The fact that the regression coefficients
obtained are very close to 1 and the values of activation
energy calculated by the two methods are close to each
other shows that the results presented in this study can be
accepted as correct [14].

The values of average activation energy of the orange
peel were calculated as 159.876 kJ/mol and 161.717 kJ/mol
for the KAS and FWO methods, respectively. The behavior
of the activation energy values is investigated, it is seen
that the values of activation energy increase between the

Table 2 Combustion

~O! Sample B(°C/min) T;(°C) Tppy CC) Ry, (%/min) T,.,(°C) R, (%/min) T, (°C)
characteristic parameters of

orange peel-based solid biofuels  Ray 10 17127  198.17 3.69 452.03 11.20 536.42

20 18225 210.55 7.95 45229 21.98 549.83

40 193.09 225.89 15.97 45337 25.07 576.96

Hydrochar 10 27572 311.50 5.63 447.23 5.37 529.01

20 287.60 324.05 10.74 450.02 10.84 553.14

40 29447 332.96 20.11 453.14 18.78 596.27

Biochar 10 396.14  411.72 7.79 - - 481.81

20 400.02  441.24 14.20 - - 555.67

40 409.06 470.71 22.75 - - 588.59
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conversion of 0.1 — 0.40 and between the conversion of
0.60 — 0.80; it is seen that the values of activation energy
decrease between the conversion of 0.40 — 0.60 and conver-
sion of 0.80 — 0.90. According to these results, it can be
interpreted that the protein, lipid and carbohydrate struc-
tures of orange peel wastes are burned up to 60% conver-
sion, and after 60% conversion, the char structure formed
after devolatilization is burned. Since the char structure
is relatively more difficult to burn, the activation energy
values tended to increase after 60% conversion. After 80%
conversion, the activation energy has decreased since there
is no more complex structure that can burn towards the end
of the combustion process. The reason for the decrease
between 40 and 60% conversion is that a different structure
from the decomposed structures at this stage does not begin
to decompose thermally. The studies in the literature are
investigated, examining the combustion behavior of bio-
mass wastes and determining the combustion kinetics has
been one of the subjects focused on by researchers for many
years. In these studies, the combustion activation energies
of many different biomass wastes were determined using
different methods. For example, Zapata et al. [44] stated
that they calculated the values of combustion activation
energy of hemicellulose, cellulose and lignin structures in

the orange peel structure as 90 — 100 kJ/mol, 120 — 190 kJ/
mol and 115 — 140 kJ/mol, respectively. Boumanchar et al.
[49] calculated the combustion activation energies of bio-
mass wastes such as kernel olive, sugar cane, manure,
eucalyptus sawdust, alpha (Macrochloa tenacissima) and
wood sawdust using the Coats-Redfern method, and found
that these values were calculated as 3.14 kJ/mol — 53.13 kJ/
mol. Koger and Oz¢imen [14] reported that the combustion
of Ulva lactuca macroalgae waste takes place in two stages
and the activation energies in these stages are approxi-
mately 295 kJ/mol and 225 kJ/mol.

When the A values shown in Table 3 are examined, it is
seen that these values vary between 10° 1/min and 10'® 1/
min. The large variation of the degree of conversion and A
values as in this result indicates the presence of a complex
multi-step reaction during combustion [25]. A values less
than 10° 1/min indicate low activation energy values and
therefore show that the combustion reaction is easier and
faster. As the A value increases, the complexity of the mate-
rial structure increases and the combustion reaction becomes
more difficult. The obtained results indicate that the raw
orange peel is complex, and all the degradation stages can
occur during the combustion process [50].

Table 3 Combustion activation

a KAS FWO
energy values of orange peel
E A (1/min) R? E (kJ/mol) A (1/min) R?
(kJ/mol)
0.10 92.592 2.04E+06 0.988 95.576 3.45E+06 0.989
0.20 124.591 5.58E+08 0.995 126.409 7.65E+08 0.996
0.30 159.969 256E+11 0.972 160.502 2.8E+11 0.975
0.40 164.102 521E+11 0.976 164.968 6.05E+11 0.979
0.50 162.260 3.79E+11 0.999 163.704 4.86E+11 0.999
0.60 125.849 6.94E+08 0.984 129.715 1.36E+09 0.987
0.70 194.952 LO4E+14 0.990 196.561 1.37E+14 0.991
0.80 233.848 7.99E+16 0.919 234.057 8.28E+16 0.927
0.90 180.724 9.08E+12 0.897 183.957 1.58E+13 0.909
Ave 159.876 161.717
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3.3.2 Hydrochar combustion kinetics

The non-isothermal curves drawn to calculate the
combustion activation energy values of hydrochars obtained
as a result of hydrothermal carbonization of orange peel
wastes by KAS and FWO method, and the activation energy
and regression case values calculated with the help of
these curves are shown in Fig. 4 and Table 4, respectively.
According to this table and figure, the activation energy
values of hydrochar calculated by the KAS method range
between 137.678 kJ/mol and 254.829 kJ/mol, and the
average combustion activation energy value was calculated
as 208.561 kJ/mol. The lowest, highest and average
activation energies calculated by the FWO method were
found to be 142.902 kJ/mol, 252.214 kJ/mol and 208.600 kJ/
mol, respectively. The regression coefficients calculated
by both methods also vary between 0.895 and 0.984. As
seen in Table 4, the A values of hydrochar varied between
10” 1/min and 10'® 1/min. These values are relatively higher
compared to those of the orange peel, which shows that the
hydrochar burns more difficult than the orange peel. Zhu
et al. [18] determined the combustion behavior and kinetics
of cotton stalk hydrochars and calculated the combustion
activation energy values of hydrochars obtained under
different temperature and reaction time conditions in the

range of 55.95 — 108.64 kJ/mol. Yang et al. [51] calculated
the combustion activation energy values of hydrochars
produced from bamboo under different temperature
conditions between 52.5 kJ/mol and 130.2 kJ/mol. The fact
that the data obtained in this study is higher than those
in the literature can be explained by the differences in the
structure of the raw material used in the production of
hydrochar and the content of the obtained hydrochar. When
the biomass constituents are not completely decomposed
during the hydrothermal carbonization process, the
combustion activation energy values of the obtained
hydrochar will be higher. By increasing the temperature and
time parameters of the hydrothermal carbonization process,
these materials can be completely decomposed and thus the
combustion activation energy of the hydrochars obtained
will decrease [18, 51].

When the variation of the activation energy values calcu-
lated by KAS and FWO methods depending on the conver-
sion rate is examined, it is seen that the activation energy
value increased between the conversion of 0.1 and 0.2 and
reached the highest level. Between the conversions of 0.2
and 0.5 conversion, the activation energy value decreased by
about 95 kJ/mol. In this range, it can be said that lignin, cel-
lulose and hemicellulose remaining in the structure during
the hydrochar formation process are degraded. Between the

Table4 Combustion activation

energy values of hydrochar * KaS FWo
E (kJ/mol) A (1/min) R? E (kJ/mol) A (1/min) R?

0.10 237.526 141E+17 0.952 234.317 8.18E+16 0.955
0.20 254.829 2.68E+18 0.969 251.316 147E+18 0.971
0.30 242.545 3.32E+17 0.924 239.945 2.13E+17 0.930
0.40 211.378 1.64E+15 0.895 210.704 1.46E+15 0.904
0.50 159.717 235E+11 0.949 162.224 3.62E+11 0.955
0.60 186.910 2.51E+13 0.922 188.626 3.36E+13 0.930
0.70 253.410 2.10E+18 0.934 252.214 1.72E+18 0.939
0.80 193.054 7.18E+13 0.982 195.149 1.03E+ 14 0.984
0.90 137.678 5.24E+09 0.959 142.902 1.29E+10 0.965
Ave 208.561 208.600
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conversions of 0.5 and 0.7, it was observed that the activa-
tion energy value increased by about 95 kJ/mol, and it can be
interpreted that the third stage of combustion started in this
range. After the conversion ratio of 0.7, the activation energy
values decreased by approximately 115 kJ/mol to approxi-
mately 137 kJ/mol. The change behavior of the activation
energy values calculated by the KAS method is similar to
that of the values calculated by the FWO method, and stud-
ies in the literature support this situation [18].

3.3.3 Biochar combustion kinetics

The non-isothermal curves drawn to determine the com-
bustion kinetics of biochars produced in orange peel
wastes by KAS and FWO methods and the activation
energy and regression coefficient values calculated with
the help of these curves are shown in Fig. 5 and Table 5,
respectively. When the data in this table and figure are
examined, it is seen that the combustion activation energy
values calculated with FWO are 6 — 9 kJ mol higher than
the values calculated with the KAS method. Average acti-
vation energy values of biochar calculated by KAS and
FWO method were found as 77.656 kJ/mol and 85.209 kJ/
mol, respectively. A values ranged from 10* 1/min to

10° 1/min for both methods. When the changes in the
activation energy values and pre-exponential factor values
with the conversion rate are examined, it is seen that there
is not much change between the initial and final values.
This can be explained by the fact that orange peel biochar
has a more homogeneous structure compared to orange
peel hydrochar and raw biomass. The highest activation
energy value calculated by KAS method was calculated as
93.159 kJ/mol in the conversion of 0.2, while the lowest
activation energy value was calculated as 67.168 kJ/mol
at the conversion of 0.7. The highest and lowest activation
energy values calculated by the FWO method were calcu-
lated as 99.323 kJ/mol and 75.647 kJ/mol, respectively, at
the same conversion rates.

When the studies in the literature are examined, it is
seen that there are many studies related to the determina-
tion of the combustion kinetics of biochars produced from
various biomass and wastes. For example, Peterson et al.
[52] calculated the combustion activation energy values of
biochars obtained from 6 different types of woody and her-
baceous biomass between 94 kJ/mol and 129 kJ/mol. Lee
et al. [53] found the average combustion activation energy
values of biochars obtained from spent coffee grounds as
101.72 kJ/mol and 94.58 kJ/mol by KAS and FWO methods,

Fig.5 Plots for' activatilon a) -8 b) 4.5
energy calculation of biochar by 00,10 m0,20 0,30 A0,40 x0,50 00,10 m020 030 Aa040 x0,50
a) KAS, b) FWO 9 x0,60 =0,70 +0,80 ©0,90 4| x 0,60 =070 +0,80 ©0,90
) Q,
F = 3
O F=XXAeE ‘@
-12 2
0.0012 0.0013 0.0014 0.0015 0.0016 0.0012 0.0013 0.0014 0.0015 0.0016
/T T
Table 5 Combustion al.ctivation o KAS EWO
energy (E) values of biochar
E A (1/min) R? E A (1/min) R?
(kJ/mol) (kJ/mol)
0.10 91.063 1.97E+06 0.981 97.042 5.76E+06 0.984
0.20 93.159 2.87E+06 0.993 99.323 8.66E + 06 0.994
0.30 82.765 4.43E+05 0.996 89.662 1.54E+06 0.997
0.40 79.865 2.62E+05 0.999 87.099 9.68E+05 0.999
0.50 72.144 6.46E+ 04 0.997 79.971 2.68E+05 0.998
0.60 68.981 3.62E+04 0.994 77.163 1.61E+05 0.996
0.70 67.168 2.60E + 05 0.989 75.647 1.22E+05 0.993
0.80 67.762 2.89E+05 0.986 76.435 1.41E+05 0.991
0.90 75.994 1.30E+ 05 0.992 84.543 6.89E + 06 0.994
Ave 77.656 85.209

@ Springer



Biomass Conversion and Biorefinery (2024) 14:22839-22851

22849

respectively. Kocer and Oz¢imen [14] studied the combus-
tion behavior and kinetics of biochars produced from Ulva
lactuca macroalgae and reported that the combustion acti-
vation energy values determined by KAS and FWO meth-
ods were 146.606 kJ/mol and 140.806 kJ/mol, respectively.
When these and similar studies are investigated, the main
conclusion that can be drawn is that biochars show better
combustibility and lower energy requirements for the com-
bustion process compared to raw biomass [25, 53, 54].

4 Conclusion

In this study, the combustion behaviours of solid biofuels
produced from orange peel were investigated and their com-
bustion kinetics were calculated using KAS and FWO meth-
ods. Following conclusions can be drawn from the findings
reported in this study:

e The average combustion activation energy values of the
orange peel waste were calculated as 159.876 kJ/mol and
161.717 klJ/mol, using KAS and FWO methods, respectively.

e Combustion activation energy values of hydrochar obtained
as a result of hydrothermal carbonization of orange peel
were calculated as 208.561 kJ/mol and 208.600 kJ/mol
using KAS and FWO methods, respectively.

e Combustion activation energy values of biochar obtained
as a result of pyrolysis of orange peel were calculated as
77.656 kJ/mol and 85.209 kJ/mol using KAS and FWO
methods, respectively.

e It has been understood that the most suitable material
for combustion is biochar and that the biochar produced
from orange peel can be used instead of coal or mixed
with coal in combustion systems in the future.

e According to the results, it is more advantageous to con-
vert orange peel waste into biochar instead of using it
directly as fuel, due to reasons such as energy efficiency.
However, it is essential to optimize biochar produc-
tion, evaluate it economically with a circular economy
approach, and determine more efficient production pro-
cesses.
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