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Abstract
The orange and potato peels can be evaluated as raw materials in pyrolysis process to produce sustainable fuels and chemicals.
The present study focuses on determining pyrolysis characteristics and kinetics of orange and potato peels. Thus, thermogravi-
metric analyses of said peels were studied from ambient temperature to 650°C at 2, 10 and 15°C/min heating rates under N2

atmosphere. The studies revealed that the thermal decomposition of orange peels occurs in four stages whereas potato peels
decompose in three stages. The second and third stages of orange peel pyrolysis and the second stage of potato peel pyrolysis
were determined as active pyrolysis stages. The kinetic parameters of active pyrolysis stages were calculated by direct Arrhenius
plot, Coats-Redfern, Friedman and Kissinger-Akahira-Sunose methods. The average activation energies calculated by all
methods were relatively in good agreement for second stages, but the same cannot be said for the third stage of orange peel
pyrolysis. Considering the conversion values based on volatiles and the calculated average activation energy values, the orange
and potato peels were projected to be valuable and sustainable energy sources which can be evaluated by pyrolysis process.
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1 Introduction

The energy demand throughout the world persistently in-
creases mainly due to the increase in population and evolution
of industry. Speaking in terms of numbers, the population of
world has increased about two billion in only one generation
[1], and the world economy has advanced approximately 2.5
times in terms of gross domestic product (GDP) compared to
three decades earlier [2]. This progression has been achieved
by providing considerable amounts of additional energy re-
sources. It is obvious that the upcoming years will compel the
burden on energy need, with an estimation of 30% global
energy demand increment in 2035 [3].

Biomass is an abundant, locally grown, renewable, sustain-
able and environmentally friendly alternative source of ener-
gy. Thus, it is being considered as one of the most promising
alternatives to fossil fuels. Currently, biomass contributes

between 10 and 14% of the global energy supply [4], and
demonstrates an increasing rate of 2.5% per year [5]. Hence,
it may be concluded that biomass still counts for a relatively
small portion of world’s total energy demand, and has a great
potential to provide much more of the energy needed through-
out the world.

Thermochemical conversion processes are probably the
most common methods to convert biomass into energy, fuel
and/or chemicals. Pyrolysis process, which can be defined as
the thermal degradation of biomass in an oxygen-free envi-
ronment, is a thermochemical process and is of great impor-
tance since it allows production of liquid, solid and gaseous
products from biomass as well as being a first step of other
thermochemical conversion processes (i.e. direct combustion
and gasification). Pyrolysis is considered as a promising tech-
nology in which wastes can be converted into liquid fuels with
higher liquid yields [6]. Pyrolysis process is basically affected
by the properties of biomass subjected to pyrolysis and a
number of process parameters applied during the process.
For this reason, it is essential to understand pyrolysis behav-
iour of any kind of biomass in order to provide an efficient and
optimized pyrolysis process. Biomasses cannot be fed to any
commercial thermal plant without providing a clear under-
standing of the pyrolytic conditions [7]. Moreover, a
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comprehensive understanding of pyrolysis kinetics is also re-
quired to design processes [8], to make feasibility assessments
and to upscale the processes to industry [9]. Kinetic analysis
reveals important data about the reaction mechanism, and
mathematical models describing the process can be
established [10].

Thermogravimetric analysis (TGA) is a commonly used
technique for determination of pyrolytic behaviours and
studying the kinetics of biomass samples. TGA is generally
carried out either isothermally or non-isothermally for kinetic
evaluations. Non-isothermal TGA is usually preferred over
isothermal one since it is assumed to be simpler and it requires
fewer experiments [11]. Model-fitting and model-free (or
isoconversional) methods are two common kinetic methods
used to calculate kinetic parameters from non-isothermal
TGA data. In model-fitting method, several reaction models
are considered to describe the pyrolysis of solid biomass and
the model giving the best statistical fit is selected as the reac-
tion model from which kinetic parameters are calculated. On
the other hand, model-free methods do not require selection of
a reaction model and consist of generating several kinetic
curves at different heating rates from which activation ener-
gies are calculated isoconversionally. Bothmethods have their
own benefits, and they are complementary rather than being
competitive [12]. It should also be mentioned that not all
model-free methods are isoconversional. An example cover-
ing this statement is Kissinger method. Kinetics methods are
also subdivided into differential or integral categories. The
differential isoconversional methods use instant rate values
which makes them sensitive to experimental noise.
However, integral methods do not involve this issue especially
in TGA experiments [13]. Apart from model-fitting and
model-free methods, NLR (nonlinear regression) is another
option that can be used in calculation of kinetic parameters.
This method allows a direct fit of the model to experimental
data without any transformation [14].

Orange (Citrus sinensis, family Rutaceae) [15] was reported
as themost abundant fruit crop with 73.31million tonnes global
production rate in 2017. Top producers were Brazil, China and
USA actualizing almost 40% of total production [16]. Orange
peel (OP) is a biomass waste material which arises mainly from
orange juice, soft drink, jam industries and freshly eaten orange
fruits. The solid waste generated during juice and jam process is
about 50–60% by weight of the fruit [17] and consists 60–65
wt% peels [18]. Generally, this huge amount of waste is spread
on soil in areas adjacent to the production sites, or used as a raw
material in producing animal feed, or else is burned [19].
However, the high energy demand of dehydration process, its
bitterness and low nutritional value are main drawbacks when
animal feeding is concerned. Moreover, landfilling is not en-
couraged and should be minimized according to the require-
ments of the EU landfilling directive [20]. Combustion is also
not an efficient way of evaluation due to the substantial

moisture content. On the other hand, orange peels are known
to be mostly composed of hemicellulose, cellulose, pectin, lig-
nin, chlorophyll pigments and other low molecular weight hy-
drocarbons [21]. Thus, they have the potential of being utilized
as an energy source by converting them into valuable fuels/
products via pyrolysis process.

Potato (Solanum tuberosum L.) is the fourth most grown
agricultural product in the world and has great importance in
terms of feeding and economy [22]. The global potato pro-
duction in 2016 was estimated as 376 million tonnes [23].
Potato is generally evaluated in food processing industry such
as chip, crisp, instant potato, starch production, fast-food sec-
tor, and consumed freshly in domestic use. Potato peel (PP)
(i.e. the skin/shell covering potato) is the basic waste unavoid-
ably generated regardless of evaluation type. The peels
discarded as waste can be 12% of the original weight [24].
PPs are generally discarded, composted or evaluated as animal
feed. Composting is known to have high cost and low added
value while inert materials can cause difficulties in usage as
animal feed [25]. Considering global production rate and
waste amount, discarding such huge amount of waste definite-
ly will pose serious environmental issues. Thus, more effi-
cient, valuable and environmentally friendly way of evalua-
tion of PPs is still of great importance. From this point of view,
converting PP wastes by pyrolysis to valuable fuels and/or
products may be a promising option to be considered since
they seem to be candidate raw material for pyrolysis process
based on the fact that they are composed of starch, hemicel-
lulose, cellulose, lignin and fermentable sugars [26].

Pyrolysis kinetics of OP was studied by limited number of
researchers. In one study [10], kinetic parameters of OP pyrol-
ysis were calculated by five different model-free methods
(Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa
(FWO), Starink, Vyazovkin and Friedman) and one model-
fitting (distributed activation energy model–DAEM) method.
In another study [27], activation energies of OPs were deter-
mined by using model-free Kissinger method. De Morais et al.
[28] used Ozawa-Flynn-Wall method to calculate activation en-
ergy of OPs. FWO, KAS and Kissinger methods were also used
in kinetic study of catalytic pyrolysis process of sweet orange
peels [29]. Kinetic study of orange pulp pyrolysis was also car-
ried out by using Friedman and KAS methods [30]. Ozawa
method was another model-free method used in kinetic study
of OP pyrolysis [31]. Having examined the abovementioned
studies, it can be seen that all the kinetic studies related to OPs
were carried out using various model-free methods, except one,
in which DAEM method was used as the sole model-fitting
method. It was noticed that the common model-fitting methods
such as Coats-Redfern, direct Arrhenius plot were not used to
calculate kinetic parameters of OP pyrolysis. Moreover, a few
numbers of pyrolysis studies of PP [32–34] were noted during
the literature search; however, to the best of author’s knowledge,
a kinetic study on pyrolysis of PP was not reported yet.
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The present study was conducted to fulfil the lack of infor-
mation in the field of OP and PP pyrolysis kinetics which were
noticed during the literature review. For this purpose, OP and
PP were subjected to TGA under pyrolytic conditions. The
kinetic parameters, namely, activation energy, reaction order
and pre-exponential factor, were calculated by using either
model-fitting or model-free methods including both differen-
tial and integral ones. Thus, a mandatory initial step needed to
design, optimize and upscale the pyrolysis process of OP and
PP, was accomplished by calculating the kinetic parameters of
OP and PP pyrolysis comparatively and comprehensively.

2 Materials and methods

2.1 Materials

The potato and oranges were supplied from a local market place
located at the city centre of Yalova (Turkey). The samples were
washed with tap water to ensure the removal of any dirt, soil or
other impurities. Next, the orange and potato samples were
peeled. The obtained peel samples (OPs and PPs) were pre-
dried at ambient temperature under air atmosphere approximate-
ly for a period of 1 week. The pre-dried samples were ground to
particle size of <0.2mm by using an analytic mill. The final
drying process of samples was established in an oven at 105°C
for 2 h. The samples were stored in air-tight dark brown glass
containers placed in moisture-free shelves which were not ex-
posed to sunlight. The ash, moisture and volatile matter contents
were determined accordingly to ASTMD1102-84-2013, ASTM
E871-82-2013 and ASTM D1762-84-2013 standards, respec-
tively. The elemental analysis and higher heating value of sam-
ples were determined by using an elementary analyser (LECO
CHNS-932, USA) and a bomb calorimeter (IKA C5000,
Germany), respectively. The proximate and ultimate analyses
of peel samples were performed over the milled and dried bio-
mass. The results are presented in Table 1.

2.2 TGA

The data needed to study pyrolysis characteristics and kinetics of
OP and PP were obtained from non-isothermal TGA measure-
ments carried out from ambient temperature to 650°C at heating
rates of 2, 10 and 15°C/min under 50 ml/min flowrate of N2 gas
by using EXSTAR SII TG/DTA 6300 (Seiko Instruments,
Japan) model thermogravimetric analyser. The average amount
of sample used in the experiments was approximately 7 mg.

2.3 Kinetic theory

Devolatilization is a basic step of all thermochemical process-
es and involves the release of volatiles as the chemical bonds
of biomass constituents, i.e. hemicellulose, cellulose, lignin,

are thermally cleaved. In reality, it has a complex mechanism
composed of several consecutive and parallel chemical reac-
tions. However, it is generally simplified to the following
single reaction:

biomass→char þ volatiles ð1Þ

The rate of reaction is given by the linear function of reac-
tion rate constant (k(T)) and reaction model (f(α)):

dα
dt

¼ k Tð Þ f αð Þ ð2Þ

where α is conversion degree, or the fraction of pyrolyzed
biomass, and is defined by the terms of mo (the mass of bio-
mass at the beginning), mt (the mass of biomass at time t) and
mf (the mass of biomass at the end of event of interest) as:

α ¼ m0−mtð Þ
m0−mf
� � ð3Þ

Equation 2 can be rewritten by inserting Arrhenius equa-

tion (k Tð Þ ¼ Ae−
Ea
RT ) as:

dα
dt

¼ Ae−
Ea
RT f αð Þ ð4Þ

where A, Ea, R and T are pre-exponential (or frequency) factor
(time−1), apparent activation energy (J/mol), gas constant
(8.314 J/(mol K)) and temperature (K), respectively. For
non-isothermal studying conditions, temperature is a function
of time, and it increases with a constant heating rate (β)
starting from an initial value (T0) as follows:

T ¼ T0 þ βt ð5Þ

Following equation is obtained by differentiating Eq. 5:

dT ¼ βdt ð6Þ

Table 1 Proximate and
ultimate analyses results
of OP and PP

Analysis OP PP

Proximate analysis (wt%)

Moisture content 12.84 8.07

Volatile matter 70.51 68.80

Ash content 2.60 8.75

Fixed carbona 14.05 14.38

Ultimate analysis (wt%)

C 44.51 43.94

H 5.99 6.08

Oa 48.20 47.20

N 1.08 2.78

S 0.22 -

HHVb (MJ/kg) 18.32 17.36

a By difference, b Higher heating value
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Equation 6 can be rearranged as:

dt ¼ dT
β

ð7Þ

Equation 8 can be obtained by applying Eq. 7 in Eq. 4 as
given below:

dα
dT

¼ A
β
e−

Ea
RT f αð Þ ð8Þ

Equation 8 can be rearranged by collecting the related
terms at the same sides as follows:

dα
f αð Þ ¼

A
β
e−

Ea
RT dT ð9Þ

Equation 9 is the fundamental equation in differential form
that can be used to calculate kinetic parameters from non-
isothermal TGA data. Equation 9 can also be expressed in
integral form by integrating it [35–37]:

g αð Þ ¼ ∫
α

0

dα
f αð Þ ¼

A
β

∫
T

0
e−

Ea
RT dT ¼ AEa

βR
P xð Þ ð10Þ

where g(α) is the integral form of the reaction model and
x ¼ Ea=RT . The right side of the equation, P(x), also called as
the temperature integral, has no exact analytical solution.
However, numerous approximation methods can be used to
solve the temperature integral, and, thus, several integral equa-
tions were derived.

2.3.1 Friedman method

Friedman (FR) method is a widely used differential
isoconversional method. FR equation is obtained simply by
taking the natural logarithm of Eq. 9 as given below:

ln β
dα
dT

� �
¼ ln Af αð Þð Þ−Ea

RT
ð11Þ

According to FRmethod (Eq. 11), ln β dα
dT

� �
versus 1

T should
be plotted at different heating rates for a constant conversion
value, and then, activation energy (Ea) can be calculated from

the slope (−Ea
R ).

2.3.2 Kissinger-Akahira-Sunose method

KAS method is another widely used isoconversional method,
but in integral form. KAS equation is obtained by introducing
the approximation P(x) = x-2e−x [36] into Eq. 10, and then
taking natural logarithm as follows:

ln
β

T2

� �
¼ ln

AR
Eag αð Þ
� �

−
Ea

RT
ð12Þ

According to Eq. 12, ln β
T2

� �
versus 1

T should be plotted at

different heating rates for a given value of conversion, and

then, Ea can be calculated from the slope −Ea
R

� �
.

2.3.3 Direct Arrhenius plot method

Direct Arrhenius plot (DAP) method is a model-fitting differ-
ential method. DAP equation is obtained by taking natural
logarithm of Eq. 9, and, then, inserting nth-order chemical
reaction model ((1-α)n) for f(α) as follows:

ln
dα
dT

� �
−nln 1−αð Þ ¼ ln A=βð Þ−Ea

RT
ð13Þ

DAPmethod requires the plotting of ln dα
dT

� �
−nln 1−αð Þ ver-

sus 1
T graphs accompanied with an appropriate selection of

reaction order (n). Providing this necessity, ln dα
dT

� �
−nln 1−αð Þ

versus 1
T plot should give a straight line. Then, the Ea and pre-

exponential factor can be calculated from the slope (−Ea
R ) and

intercept (ln(A/β)) of this straight line.

2.3.4 Coats-Redfern method

Coats-Redfern (CR) method is a commonly used model-fitting
integral method. CR equation is obtained by applying asymptot-
ic series to the temperature integral in Eq. 10, neglecting higher
orders terms, selecting nth-order chemical reaction model
((1-α)n) for f(α), simplifying for the assumption of 2RT/E << 1
and taking the natural logarithm as follows [36]:

ln
1− 1−αð Þ1−n
T2 1−nð Þ

 !
¼ ln

AR
βEa

� �
−
Ea

RT
for n≠1ð Þ ð14Þ

ln
−ln 1−αð Þ

T 2

� �
¼ ln

AR
βEa

� �
−
Ea

RT
for n ¼ 1ð Þ ð15Þ

In CR method, a straight line should be obtained by plot-
ting left hand side of Eq. 14 or 15 versus 1/T if an appropriate
value of n is selected. Then, Ea and pre-exponential factor can

be calculated from the slope (−Ea
R ) and intercept (ln AR

βEa

� �
) of

this straight line.

3 Results and discussion

3.1 Proximate, ultimate analyses and heating values

Proximate analysis, ultimate analysis and heating value enable
estimation of valuable information about biomass samples
with regard to their application in pyrolysis process.
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High amount of moisture content is expected to increase
the energy demand of pyrolysis process since it must be re-
moved at the initial stages of process. Moreover, higher mois-
ture content can lead to liquid product having higher amount
of water, which is not a desired property since it makes the
liquid product inappropriate for combustion and gasification
as fuel and lowers the heating value. For this reason, examin-
ing the moisture contents given in Table 1, further pre-dying
of biomass samples, especially pre-drying of OP, may be con-
sidered. Volatile matter content plays an important role in
pyrolysis process. It is known that higher amount of volatile
matter increases bio-oil yield [38]. Moreover, higher amount
of volatiles can constitute more porous structure while they are
removed from the biomass during the pyrolysis process,
which in turn increases the area of biomass that will further
decompose. Therefore, high volatile matter content may be
expected to accelerate pyrolysis process. The pyrolysis pro-
cess of OP may be expected to present a slight advantage in
terms of bio-oil yield and process rate since OP has 1.71%
higher volatile matter content compared to PP (Table 1). As
can be seen from Table 1, ash content of PP (8.75%) is sig-
nificantly greater than the ash content of OP (2.60%). Higher
ash content has generally the impact of lowering bio-oil yield
[38]. Thus, OP may have an advantage in producing higher
bio-oil yield by pyrolysis process since it has considerably less
amount of ash as well as slightly higher volatile matter
content.

Carbon and hydrogen are the fundamental combustible el-
ements of fuels, and their increase is expected to result in an
increase of heating value, making the fuel, both the biomass
itself and the fuel produced from biomass, more valuable.
From this point of view, OP and PP exhibit notably close
values (Table 1), and thus, cannot provide a significant advan-
tage against each other. Oxygen content does not favour the
energy content of fuel, and an increase in oxygen content
decreases the heating value. Moreover, it is also known that
bio-oil produced in pyrolysis process is an oxygenated fuel
similar to the original biomass it is produced from. Thus, a
similar level of negativity can be mentioned in terms of oxy-
gen content since the oxygen contents of both biomass wastes
(Table 1) are close to each other. Nitrogen content of biomass
is mainly important in terms of NOx emissions resulting from
combustion of original biomass or biomass derived fuels by
pyrolysis. Less NOx emissions are expected when the biomass
or biomass-derived fuel has less nitrogen content. Therefore,
examining the nitrogen contents given in Table 1, it can be
predicted that the use of OP or OP-derived fuel by pyrolysis as
an energy source will result in less NOx emission when com-
pared to the use of PP or PP-derived fuel by pyrolysis as an
energy source. However, on the other hand, elemental analysis
showed that PP did not consist measurable amounts of sulphur
whereas OP had 0.22% sulphur content. Sulphur content is
also important environmentally, and less SOx emissions are

expected when the biomass or biomass-derived fuels by py-
rolysis contain less sulphur. Considering this, it can be pre-
dicted that the use of PP or PP-derived fuels by pyrolysis
process as an energy source will contribute less to SOx emis-
sions when compared to the use of OP or OP-derived fuels by
pyrolysis process as an energy source. It should also be noted
that sulphur content of OP is still considerably lower than the
sulphur content of most of the coal types.

It was expected that the heating values of both samples will
be close to each other since the C, H and O contents were quite
close to each other as explained in the former paragraph.
However, the heating value of OP was app. 5.5% higher than
that of PP (Table 1), which can be explained by the fact that
OP contains significantly less ash content than PP, since ash
refers to the unburned fraction of the fuel at the end of the
combustion process, and its high value indicates that the un-
burned fraction will be more, and therefore, the energy obtain-
ed by burning the fuel will be less. It should also be noted that
higher heating value of both OP and PP is considerably lower
than that of fossil fuels.

3.2 Pyrolysis characteristics of OP and PP

The OP and PP samples were thermogravimetrically analysed
to generate TG (thermogravimetric) and DTG (derivative ther-
mogravimetric) curves from which pyrolysis characteristics
can be examined, and the data needed to calculate kinetic
parameters can be provided. Therefore, analyses were carried
out from ambient temperature to 650°C at heating rates of 2,
10 and 15°C/min under 50 ml/min N2 flowrate. The generated
TG and DTG curves are presented in Fig. 1.

The structure and thermal stability of components that con-
stitute biomasses differ from each other. Therefore, their ther-
mal decomposition occurs at different temperature ranges and
at different mass loss rates. Thereby, all the stages that occur at
different mass loss rates in different temperature ranges, to-
gether, establish the entire pyrolysis process. These stages can
be determined by examining the slope changes in a TG curve
and the peaks of a DTG curve. Hence, TG/DTG curves ob-
tained at 10°C/min (Fig. 1) were examined, and the informa-
tion gathered about the pyrolysis characteristics of OP and PP
are listed below:

& It can be said that thermal decompositions of OP and PP
occur in four and three stages, respectively. Arenas et al.
[10] also obtained four stage thermograms for OP which
are very similar to the ones obtained in present study. The
DTG curve of waste potato peel obtained in another study
[39] is also very similar to the DTG curve obtained in
present study.

& The masses of OP and PP continuously decrease between
ambient temperature and the final temperature due to de-
hydration and thermal degradation of the structural
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components. The first stage of OP pyrolysis took place up
to 162°C with a mass loss of app. 15.1%. For PP, the first
stage ended at app. 201°C with 11.9% mass loss. Mass
losses of first stages can be attributed to the removal of
moisture and low molecular weight volatiles. When the
moisture values in Table 1 (OP: 12.84%, PP: 8.07%) are
compared with the mass loss values of first stages, the
larger values obtained in first stages confirm the removal
of low molecular weight volatiles in addition to the mois-
ture removal.

& Following the first stage, a dramatic increase in mass loss
rates for both OP and PP can be noticed by examining the
high increase at the slope of TG curves. These stages with
high mass loss rates are active pyrolysis stages, and basic
devolatilization reactions take place in these stages. For
OP, the stage at the temperature range of 162–260°C is the
second stage whereas the stage at the temperature range of
260–367°C is the third stage. These two stages together
form the active pyrolysis stages for OP. Mass losses ob-
served in these stages are 27.53% and 23.31%, respective-
ly. For OP, the maximum mass loss rates were measured
as 4.95 %/min at 208°C and 3.12 %/min at 338°C in the
second and third stages, respectively. Unlike OP, the ac-
tive pyrolysis stage for PP consists of a single stage, and
this stage is the second stage where 39.43% mass loss
occurred at the temperature range of 250–329°C. The
maximum mass loss rate at this stage was 8.59 %/min,
and it was measured at 290°C.

& It can be understood from the considerable decrease at the
slope of TG curves that the rates of mass loss following
the active pyrolysis stages were drastically decreased for
both biomass waste materials. Thereby, the fourth stage of
OP and the third stage of PP were the final stages of py-
rolysis processes. These stages are defined as passive py-
rolysis stages due to their extremely low mass loss rates.
The fourth stage of OP was observed between 367 and
650°C with a mass loss of 10.32%. The third stage of PP
lied between 329 and 650°C with a mass loss of 15.54%.
The residual amounts of OP and PP at the end of the whole
pyrolysis processes were determined as 23.64% and
27.19%, respectively.

& The temperature ranges of the above determined stages
can be compared with the known decomposition temper-
ature ranges of biomass waste constituents in order to
assign them to the fundamental structural components
such as hemicellulose, cellulose and lignin. For instance,
the main constituents of OP are hemicellulose, cellulose,
lignin and pectin whereas PP is mainly composed of hemi-
cellulose, cellulose, lignin and starch. Hemicellulose, cel-
lulose, lignin, pectin and starch are known to thermally
decompose at the temperature ranges of 200–260°C,
240–350°C [40], 150–900°C [41], 233–263°C [42] and
269–345°C [43]. Comparing these known temperature
ranges with the above determined temperature ranges of
stages, the second stage of OP pyrolysis can be attributed
to the thermal decomposition of hemicellulose and pectin

Fig. 1 TG and DTG curves for OP (a) and PP (b)
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whereas the third stage of OP pyrolysis can be assigned to
the thermal decomposition of cellulose. Likewise, second
stage of PP pyrolysis can be attributed to the thermal de-
composition of hemicellulose, cellulose and starch. Fourth
stage of OP and third stage of PP were found to be due to
the thermal decomposition of lignin, which decomposes
over a wide temperature range and is known to be charac-
terized by a prolonged tail in thermal curves. These as-
signments reflect the main decompositions in related steps
and may also minorly include decompositions of other
components. This is because the decomposition tempera-
ture intervals of the components that make up the biomass
overlap. For instance, although the decomposition of lig-
nin was mainly assigned to the last stages of OP and PP
pyrolysis, it should not be missed that lignin decomposi-
tion also took place at earlier stages.

& The residual weights of OP and PP observed at 500°C
were 25.55% and 29.19%, respectively. At 650°C, the
final residual weights of OP and PP were read as
23.64% and 27.19%, respectively. Comparing the residual
weights at 500°C and 650°C, it can be noticed that the
difference is only about 2% indicating that the thermal
decomposition was almost finished at around 500°C for
both OP and PP. This can be interpreted that the main
devolatilization reactions are mostly completed at around
500°C, and thus, the processes targeting bio-oil produc-
tion fromOP and PP should operate at least around 500°C,
but further increments in pyrolysis temperature are not
expected to significantly contribute to bio-oil yield since
the further increased temperatures fall into the fourth
stage, lignin decomposition, which is mainly responsible
for char formation.

The characteristic properties of active pyrolysis stages were
carefully examined for all studied heating rates since these
stages were subjected to kinetic calculations. The characteris-
tic properties included characteristic temperatures (Ti—
starting temperature, Tf—ending temperature, Tmax—the tem-
perature at whichmaximummass loss rate occurred) andmax-
imum mass loss rate (Wmax). The results are presented in
Table 2. As can be observed clearly, all of the characteristic
temperature values observed for active pyrolysis stages of OP
and PP demonstrated an increase with increasing heating rate.
This is in fact due to the relatively low heat conductivity of
biomasses. As the biomass materials are heated with an in-
creased heating rate, the temperature difference between the
surface and the inner part of biomass particles increases due to
the relatively low heat conductivity of biomass, yielding the
temperature of surface higher than the inner parts. Thus, py-
rolysis reactions proceed in higher temperature, which is ob-
served as a shift of characteristic temperatures to higher
values. All Wmax values observed for active pyrolysis stages
of OP and PP also demonstrated an increase with increasing

heating rate as the amount of energy loaded into the system
per unit time increased by increasing the heating rate. On the
other hand, increasing heating rate did not significantly affect
the mass loss of active pyrolysis stages, and the mass losses
remained almost constant with increasing heating rate. It can
be said that the time provided was high enough, even at the
highest studied heating rate, so that the active pyrolysis stages
were completed. On the contrary, the heating rate had an in-
fluence on the residual amounts obtained at the end of the
pyrolysis process as can be observed from TG curves of PP
(Fig. 1). The residual amounts obtained at 10 and 15°C/min
were significantly lower than that of 2°C/min for PP (Fig. 1b).
This can be related to the reduction of secondary reactions
leading to a lower amount char production as the time of
pyrolysis process is shortened by the increase in heating rate
[44]. However, the same situation was not observed for OP,
and the residual amounts remained nearly constant as can be
seen from Fig. 1a.

3.3 Calculation of kinetic parameters

The kinetic parameters related to active pyrolysis stages of OP
and PP were calculated by both model-free (isoconversional)
and model-fitting methods including differential and integral
ones, namely, FR, KAS, DAP and CR methods.

Considering Eq. 11 for calculations to be made within the
scope of FR method, ln β dα

dT

� �
versus 1

T graphs of PP and OP
were plotted at heating rates of 2, 10 and 15°C/min for conver-
sions between 0.1 and 0.9 (Fig. 2). The fitted equations, correla-
tion coefficients (R2) of fitted equations and the Ea values calcu-
lated from the slopes of fitted equations are given in Table 3.

Table 2 Properties of active pyrolysis stages of OP and PP

Property Heating rate (°C/min)

2 10 15

S2
a S3

b S2 S3 S2 S3

OP

Ti (°C) 149 246 162 260 178 274

Tf (°C) 246 347 260 367 274 382

Tmax (°C) 186 313 208 338 218 349

Wmax (%/min) 0.89 0.69 4.95 3.12 7.34 4.85

Mass loss (%) 26.24 22.52 27.53 23.31 27.18 22.52

PP

Ti (°C) 231 - 250 - 260 -

Tf (°C) 323 - 329 - 344 -

Tmax (°C) 265 - 290 - 299 -

Wmax (%/min) 1.57 - 8.59 - 12.97 -

Mass loss (%) 36.30 - 39.43 - 40.49 -

a Second stage; b Third stage
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The calculations of KAS method were carried out according

to Eq. 12. ln β
T2

� �
versus 1

T graphs of PP and OP were plotted at

three different heating rates (2, 10 and 15°C/min) for 0.1–0.9
conversion range (Fig. 2). The fitted equations, correlation co-
efficients (R2) of fitted equations and Ea values calculated from
the slopes of fitted equations are given in Table 3.

The results obtained from isoconversional methods
(Table 3) indicated that the activation energy was strongly af-
fected by the extent of conversion. For instance, having exam-
ined the results of KASmethod, it was observed that increasing
the extent of conversion caused a continuous increase in the Ea
values for the active pyrolysis stages of both OP and PP.
However, the increment observed for the third stage of OP
was significantly lower than those observed for the second

stages of OP and PP. When the Ea values calculated by the
FR method were examined, a fluctuating and irregular behav-
iour was noticed with increasing extent of the conversion for all
active pyrolysis stages. This behaviour can be considered as an
indicator for the appearance of complex multi-step reactions
including parallel, competitive and consecutive reactions
[10]. In addition to this, the fluctuations observed for the active
pyrolysis stages of OP were found more intense and more in
numbers than that of PP indicating the occurrence of more
complex reactions in the pyrolysis of OP.

If the results presented in Table 3 are examined, it can be
noticed that the average Ea values calculated by FR method
were higher than the average Ea values calculated by KAS
method for all active pyrolysis stages of both OP and PP. It

Fig. 2 ln β dα
dT

� �
versus 1

T graphs plotted for FR method. a Second stage of OP pyrolysis. b Third stage of OP pyrolysis. c Second stage of PP pyrolysis;

ln β
T2

� �
versus 1

T graphs plotted for KAS method. d Second stage of OP pyrolysis. e Third stage of OP pyrolysis. f Second stage of PP pyrolysis
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can be seen that the same situation is also valid for most of the
Ea values obtained on the basis of conversion, except for a few
cases. The variations between the average Ea calculated by FR
and KAS methods for second stage of OP, third stage of OP
and second stage of PP were around 16.2%, 12.5% and 4.2%,
respectively. Considering these values, it can be said that the
results calculated by FR and KAS methods are comparatively
agreeable with each other.

The high Ea values calculated by either FR or KAS
methods at 0.9 conversion value for second stage of PP pyrol-
ysis attracted considerable attention (Table 3). These high Ea
values obtained at 0.9 conversion can be attributed to the need
for high energy to stabilize char intermediates [31]. This was
not the case for the third stage of OP pyrolysis since the Ea
values calculated by FR and KAS methods for 0.9 conversion
value at this stage were not high.

A comparison of average and conversion-based activated
energies calculated by FR and KAS methods for second and
third stages of OP pyrolysis revealed that all the values calcu-
lated for third stage were higher than that of second stage
(Table 3). This may be associated with the thermal stability
of the components decomposed in relevant stages. The second
stage of OP pyrolysis was mainly related to the thermal

decomposition of hemicellulose and pectin whereas the third
stage of OP pyrolysis was mainly attributed to cellulose de-
composition. The result of mentioned comparison can be con-
sidered reasonable as thermal decomposition of cellulose is
completed at higher temperatures, and, thus, it is thermally
more stable than hemicellulose and pectin.

Arenas et al. [10] determined the Ea values of pyrolysis
kinetics of orange peel between 150 and 270 kJ/mol for the
conversion range of 0.1–0.8 by using KAS, FWO, Starink,
Vyazovkin and FR methods. Similarly, Kim et al. [31] calcu-
lated the Ea values of Citrus sinensis peel corresponding to
0.1–0.8 conversion range as 120–250 kJ/mol by using Ozawa
method. In another study [30], researchers investigated the
pyrolysis kinetics of orange pulp by using FR and KAS
methods, and reported the Ea values between 120 and 250
kJ/mol. Ozawa-Flynn-Wall was another method used by De
Morais et al. [28] to calculate Ea of OP as 92.6 kJ/mol. Finally,
Santos et al. [27] determined the Ea values of OP at three peak
points as 130, 145 and 229 kJ/mol by using non-isothermal
Kissinger method. It can be observed that the Ea values of
present study obtained by using FR and KAS methods
(Table 3) coincided with the Ea values reported by the refer-
ences stated above. Therefore, it can be said that Ea values

Table 3 Kinetic parameters of OP and OP active pyrolysis stages calculated by FR and KAS methods

α 2nd stage of OP pyrolysis 3rd stage of OP pyrolysis 2nd stage of PP pyrolysis

R2 Fitted equation Ea (kJ/mol) R2 Fitted equation Ea (kJ/mol) R2 Fitted equation Ea (kJ/mol)

FR method

0.1 0.9552 y = −16766x + 34.279 139.39 0.9666 y = −23613x + 40.330 196.32 0.9979 y = −23750x + 41.771 197.46

0.2 0.9712 y = −16866x + 34.103 140.22 0.9423 y = −27634x + 46.681 229.75 0.9785 y = −21504x + 37.462 178.78

0.3 0.9382 y = −17567x + 35.192 146.05 0.9047 y = −26951x + 44.662 224.07 0.9868 y = −20481x + 35.331 170.28

0.4 0.9458 y = −18960x + 37.722 157.63 0.9057 y = −24428x + 39.594 203.09 0.9810 y = −23013x + 39.587 191.33

0.5 0.8999 y = −18310x + 35.821 152.23 0.9867 y = −21135x + 33.385 175.72 0.9712 y = −24485x + 41.877 203.57

0.6 0.9116 y = −16647x + 31.767 138.40 0.9827 y = −23401x + 36.842 194.56 0.9762 y = −24300x + 41.138 202.03

0.7 0.8776 y = −18556x + 34.639 154.27 0.9684 y = −23890x + 37.255 198.62 0.9660 y = −23721x + 39.489 197.22

0.8 0.8485 y = −21336x + 39.062 177.39 0.9949 y = −25997x + 40.000 216.14 0.9528 y = −24394x + 39.874 202.81

0.9 0.8195 y = −23673x + 42.430 196.82 0.9699 y = −23588x + 34.901 196.11 0.8566 y = −32024x + 51.614 266.25

Avg. 0.9075 155.82 0.9580 203.82 0.9630 201.08

KAS method

0.1 0.9308 y = −13455x + 19.561 111.86 0.9297 y = −20630x + 27.174 171.52 0.9790 y = −20090x + 27.014 167.03

0.2 0.9490 y = −14202x + 20.530 118.08 0.9393 y = −21596x + 28.056 179.55 0.9778 y = −21271x + 28.618 176.85

0.3 0.9577 y = −14833x + 21.367 123.32 0.9299 y = −22095x + 28.145 183.70 0.9767 y = −21712x + 28.967 180.51

0.4 0.9606 y = −15303x + 21.909 127.23 0.9330 y = −22156x + 27.531 184.21 0.9773 y = −21917x + 28.944 182.22

0.5 0.9524 y = −15911x + 22.729 132.28 0.9524 y = −22004x + 26.637 182.94 0.9769 y = −22373x + 29.384 186.01

0.6 0.9324 y = −16760x + 23.943 139.34 0.9673 y = −21529x + 25.286 178.99 0.9737 y = −23085x + 30.255 191.93

0.7 0.8918 y = −17576x + 24.912 146.13 0.9757 y = −21671x + 25.053 180.17 0.9664 y = −24278x + 31.893 201.85

0.8 0.8674 y = −18268x + 25.430 151.88 0.9793 y = −22055x + 25.213 183.37 0.9485 y = −26027x + 34.347 216.39

0.9 0.8682 y = −18864x + 25.658 156.84 0.9746 y = −22322x + 25.022 185.59 0.8988 y = −28972x + 38.518 240.87

Avg. 0.9234 134.11 0.9535 181.12 0.9639 193.74
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concordant with the literature data were calculated for OP.
However, it is worth to mention that, the highest Ea values
obtained by using FR and KAS methods in the present study
were lower compared to the values repor ted in
abovementioned references. This situation is thought to be
due to the structural differences of OPs as the oranges were
planted in different geographical regions.

In DAP method (Eq. 13), the appropriate selection of n is
based on statistical approach, where several n values are se-
lected, several ln dα

dT

� �
−nln 1−αð Þ versus 1

T graphs are plotted
by using selected n values and finally, determination of the
plot with highest correlation coefficient (R2) to obtain the ap-
propriate n. For this purpose, several values of nwere selected,
several ln dα

dT

� �
−nln 1−αð Þ versus 1

T graphs were plotted by

using selected n values and the correlation coefficients (R2)
of these plots were calculated to generate R2 – n curves (Fig.
3). The most appropriate n, i.e. the n value providing the
highest R2 value, was determined from the generated R2 – n
curves. Then, using the determined n values, final ln dα

dT

� �
−nln

1−αð Þ versus 1
T graphs (Fig. 4) were plotted to calculate acti-

vation energies and pre-exponential factors. The results are
presented in Table 4. It must be mentioned that kinetic param-
eters for 2°C/min heating rate could not be calculated since the
final ln dα

dT

� �
−nln 1−αð Þ versus 1

T graphs drawn by using the
most appropriate n values (determined from the maximum
point of R2 – n plots) were curves instead of straight lines.
Thus, it was concluded that DAP method may not be suitable
for determining reaction order (and other kinetic parameters)

Fig. 3 R2 – n graphs generated for DAP method. a Second stage of OP pyrolysis. b Third stage of OP pyrolysis. c Second stage of PP pyrolysis; for CR
method. d Second stage of OP pyrolysis. e Third stage of OP pyrolysis. f Second stage of PP pyrolysis
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from thermogravimetric data obtained at very slow heating
rates such as 2°C/min by applying the method described
above.

In CRmethod (Eqs. 14 and 15), several n values are select-
ed, several left hand side of Eqs. 14 and 15 versus 1/T graphs
are plotted by using the selected n values and finally, the plot
having the highest correlation coefficient (R2) is specified to
determine the most appropriate n value. Thus, several values
of n were selected, several left hand side of Eqs. 14 and 15
versus 1/T graphs were plotted by using selected n values and
the correlation coefficients (R2) of these plots were calculated
to generate R2 – n curves (Fig. 3). The most appropriate n, i.e.
the n value providing the highest R2 value, was determined
from the generated R2 – n curves. Then, using the determined

n values, the final left hand side of Eq. 14 or 15 versus 1/T
graphs (Fig. 4) were plotted to calculate activation energies
and pre-exponential factors. The results are listed in Table 4.

The results given in Table 4 were examined, and the vari-
ations between the average Ea values calculated by DAP and
CR methods for second stage of OP, third stage of OP and
second stage of PP pyrolysis processes were determined as
app. 28%, 11.2% and 25.5%, respectively, which were signif-
icantly higher than the variations determined between FR and
KAS results.

For pyrolysis of OP, all kinetic parameters calculated by
DAPmethod, except for the Ea calculated at 15°C/min heating
rate for the third stage, were significantly higher than the ki-
netic parameters calculated by CR method (Table 4).

Fig. 4 Final ln dα
dT

� �
−nln 1−αð Þ versus 1

T graphs generated for DAP
method. a Second stage of OP pyrolysis. b Third stage of OP pyrolysis.

c Second stage of PP pyrolysis; final ln 1− 1−αð Þ1−n
T2 1−nð Þ

� �
versus 1

T graphs

generated for CR method. d Second stage of OP pyrolysis. e Third
stage of OP pyrolysis. f Second stage of PP pyrolysis (black square—
2°C/min, dark grey circle—10°C/min, light grey diamond—15°C/min)
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However, for the second stage of PP pyrolysis, just the oppo-
site case was observed, i.e. all the kinetic parameters calculat-
ed by CR method were higher than the kinetic parameters
calculated by DAP method.

Having compared the values calculated for the second and
third stages of OP pyrolysis (Table 4), it was noticed that all Ea
values related to third stage calculated by both DAP and CR
methods were lower than the Ea values calculated for second
stage by the same methods. This was the opposite of the situ-
ation encountered in isoconversional (FR and KAS) calcula-
tions. The expected situation was not observed since the third
stage was mainly due to decomposition of cellulose which is
thermally more stable than hemicellulose and pectin, the com-
ponents whose decomposition mainly took place in second
stage.

Average Ea results calculated by CR, DAP, FR and KAS
methods were compared to determine the consistency of the
results. The values calculated for the second stage of OP py-
rolysis were in the range of 131.65–168.53 kJ/mol. For the
second stage of PP pyrolysis, the results lied between 173.56
and 217.88 kJ/mol. It would be righteous to mention that the

results calculated by all studied methods in these two active
pyrolysis stages were relatively concordant. For the third stage
of OP pyrolysis, the results calculated by isoconversional
methods were agreeable with each other (181.12, 203.81 kJ/
mol), and model-fitting methods gave consistent results
among themselves (101.88, 113.26 kJ/mol). However, when
the results calculated by all studied methods were evaluated
together, the differences between these two method groups
(i.e. isoconversional and model-fitting) were found evidently
high. The results calculated from distinct methods were ex-
pected to vary due to the different approaches used in deriva-
tion of the methods. However, the differences determined for
the third stage of OP pyrolysis were considerably higher than
expected.

The Ea value of pyrolysis process represents the minimum
energy amount that must be provided for pyrolysis reactions
to take place. For this reason, the Ea values of OP and PP
calculated within the scope of present study were compared
with the Ea values of several types of biomass including corn
stover (179.6, 207.4 and 239.3 kJ/mol), cotton stalk (178.2,
205.3 and 239.5 kJ/mol), palm oil husk (169.7, 200 and 236.1

Table 4 Kinetic parameters of
OP and PP active pyrolysis stages
calculated by CR and DAP
methods

β (°C/min) Stage Ea (kJ/mol) A (1/s) Fitted equation R2 n

CR method

OP

2 2nd 120.68 9.8150E+10 y = −14515x + 19.128 0.9964 2.67

3rd 101.41 1.7587E+06 y = −12198x + 8.3723 0.9976 1.10

10 2nd 129.48 1.4071E+12 y = −15574x + 20.111 0.9991 2.40

3rd 100.87 3.9321E+06 y = −12132x + 7.5728 0.9942 1.22

15 2nd 144.78 4.9093E+13 y = −17414x + 23.146 0.9974 2.73

3rd 103.36 6.0607E+06 y = −12432x + 7.5756 0.9953 1.13

Average 2nd 131.65 1.6866E+13 2.60

3rd 101.88 3.9172E+06 1.15

PP

2 2nd 216.64 2.5995E+18 y = −26057x + 35.635 0.9997 2.58

10 2nd 212.95 9.7783E+17 y = −25613x + 33.065 0.9994 2.06

15 2nd 224.04 7.6203E+18 y = −26947x + 34.662 0.9995 2.20

Average 2nd 217.88 3.7325E+18 2.28

DAP method

OP

10 2nd 143.62 5.9633E+13 y = −17275x + 33.511 0.9836 2.55

3rd 128.81 2.0564E+09 y = −15493x + 23.236 0.9142 1.67

15 2nd 193.43 1.3372E+19 y = −23266x + 45.426 0.9763 3.42

3rd 97.70 2.2664E+06 y = −11751x + 16.020 0.9440 1.14

Average 2nd 168.53 6.6860E+18 2.99

3rd 113.26 1.0293E+09 1.41

PP

10 2nd 174.01 1.8186E+14 y = −20930x + 34.626 0.9940 1.69

15 2nd 173.10 1.1931E+14 y = −20818x + 33.799 0.9973 1.74

Average 2nd 173.56 1.5059E+14 1.72
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kJ/mol), pine wood (186.7, 214.4 and 271.76 kJ/mol), red oak
(183.1, 209.6 and 242.1 kJ/mol), sugar cane bagasse (184.8,
212.5 and 234.8 kJ/mol), switch grass (186.8, 212.1 and 261
kJ/mol), wheat straw (175.5, 204.2 and 240.6 kJ/mol) [45],
corn brakes (300.6 kJ/mol) hazelnut shell (216.35 kJ/mol),
beech sawdust (227.8 kJ/mol), MDF sawdust (260.7 kJ/mol)
[46], brewery spent grains (218, 221 and 213 kJ/mol), coffee
waste (236, 222 and 224 kJ/mol) [47], microalgae—Spirulina
platensis (153.2 kJ/mol) and swine manure digestate (209.5
kJ/mol) [48]. The comparison revealed that the average Ea

values calculated for OP and PP in the present study
(Tables 3 and 4) are around typical biomass Ea values. Thus,
pyrolysis processes of OP and PP are expected to require
energy amounts similar to the ones that are provided for py-
rolysis processes of many biomass types.

The reaction order (n) and pre-exponential factor (A) were the
other kinetic parameters calculated by DAP and CR methods.
DAP and CR methods yielded average reaction order for the
second stage of OP pyrolysis as 2.99 and 2.60, respectively.
The same results for the third stage of OP pyrolysis were calcu-
lated as 1.41 and 1.15 by DAP and CR methods, respectively.
The average reaction orders calculated for the second stage of PP
pyrolysis by DAP and CR methods were 1.72 and 2.28, respec-
tively. So, comparing the average reaction orders, it can be said
that both DAP and CR methods yielded relatively close results,
especially for OP. However, as can be observed from Table 3,
pre-exponential factors calculated by DAP and CR methods
were not close and differed in orders of magnitude.

4 Conclusion

The thermogravimetric analyses were carried out to determine
the pyrolysis characteristics and kinetics of OP and PP. The
thermal decompositions of OP and PP were shown to occur
in four and three stages respectively. It was observed that OP
and PP completed their decompositions almost at 500°C with
74.45% and 70.81% conversion based on volatiles, respective-
ly. This is an important indicator that OP and PP can be prom-
ising candidate raw materials for pyrolysis processes aiming
liquid products since the volatiles that are rapidly cooled down
constitute the major part of liquid products. The kinetic param-
eters essential for the design, optimization and scaling of pyrol-
ysis process, were calculated by CR, DAP, FR and KAS
methods. The average Ea values calculated for OP and PP re-
vealed that the pyrolysis processes of OP and PP require typical
energy amounts observed for many types of biomass. The DAP
method, as applied here, was not found appropriate to calculate
the kinetic parameters at very slow heating rates (e.g. 2°C/min).
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