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Abstract

Pyrolysis characteristics and kinetics of sour cherry stalk and flesh were investigated using non-isothermal thermogravi-
metric analysis at five different heating rates of 5, 10, 20, 30 and 40 °C min~'. Activation energies at two different particle
size ranges were determined from the experimental data using various isoconversional methods, namely Friedman, Flynn—
Wall-Ozawa and Kissinger—Akahira—Sunose methods. Four stages were observed during the pyrolysis process in which the
second and the third stage were determined as active decomposition stages. Average activation energies of sour cherry stalk
with a particle size of 75-150 um were calculated in the range of 159.0-160.5 kJ mol~' and 118.8—141.1 kJ mol~! at the
second and the third active stage, respectively. The same type of biomass with a particle size of 150-250 um revealed average
activation energies in the range of 179.7-180.0 kJ mol~! and 162.1-164.6 kJ mol~" at the second and the third active stage,
respectively. Average activation energies of sour cherry flesh with a particle size of 75-150 um were calculated in the range
of 136.2-160.5 kJ mol~! and 133.7-151.2 kJ mol ™" at the second and the third active stage, respectively. The same type of
biomass with a particle size of 150250 um resulted in average activation energies in the range of 266.1-273.9 kJ mol~! and
179.8-197.8 kJ mol~! at the second and the third active stage, respectively. Besides the obtained activation energy values,
results demonstrated the effect of the particle size of the applied biomass on pyrolysis kinetics as well as the possibility of
using sour cherry stalk and flesh as renewable feedstock for alternative energy source.
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Introduction

Increasing energy demand and the depletion of fossil fuels
as well as environmental issues originating from the utiliza-
tion of fossil fuels led an increase in the search of alterna-
tive energy sources [1]. Biomass being a renewable energy
source has initiated a major interest over the past decades
due to the advantages such as availability, sustainability and
environment-friendly concerns [2]. In other words, biomass
is available abundantly on earth while preserving essential
ecosystem functions and can reduce the carbon dioxide con-
centration in the atmosphere and releases less sulfur and
nitrogen oxides when used as combustion material [3].
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Biomass originated energy covers a considerable amount
of energy need in the world [4]. Main biomass sources
include agricultural residues such as stalks, husks and
straw; forest residues such as residual wastes from logging
and thinning processes; waste of different origins such as
from municipal, agricultural and industrial extractions;
and energy crops such as oilseeds, sugar crops and algae
[5]. Potential use of biomass as renewable energy resource
depends on the feedstock properties and process parameters
[6, 7].

Thermochemical conversion methods, such as pyroly-
sis, combustion and gasification, are the commonly pre-
ferred processes to produce energy from biomass. Among
these methods, pyrolysis is the most preferred approach
resulting from lower temperature requirement, lack of oxi-
dizing agents in the process and higher quality final prod-
ucts compared with aforementioned methods [8]. Pyroly-
sis is a thermal degradation process in which biomass is
converted into valuable biofuel in the absence of oxygen
at a temperature range between 350 and 700 °C [9]. As a
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result of thermal decomposition, biomass is converted into
carbon-rich solid product, an oil-like liquid product and a
hydrocarbon-rich gaseous product [10]. For an adequate
reactor design, large-scale development and optimization
of thermochemical processes, pyrolysis kinetics needs to
be known [11]. Thermogravimetric analysis (TGA) has
become an effective tool for the investigation of pyrolysis
kinetics along with the development of thermal analytical
instruments. The mass change of biomass as a function of
increasing temperature reveals essential information about
reaction mechanism and kinetic parameters, i.e., appar-
ent activation energy (E,) and pre-exponential factor (A).
These kinetic parameters together with reaction model are
called as kinetic triplets [12].

Kinetic evaluation of TGA data can be performed basi-
cally by using two classes of methods: model-fitting (model
based) methods and model-free (isoconversional) methods
[13]. The model-fitting methods describe the pyrolysis pro-
cess by fitting different reaction models. Corresponding
kinetic parameters are calculated from the assumed reaction
model. However, correct selection of appropriate reaction
model is one of the difficult tasks to be fulfilled [14]. In
contrast to model-fitting methods, isoconversional methods
can estimate the kinetic parameters without assessing the
reaction model. The possible errors which could arise from
the assumed reaction model can be avoided by using isocon-
versional methods [15, 16].

Sour cherry (Prunus cerasus L.) belongs to the family
of Rosaceae [17]. Owing to its specific flavor, sour cher-
ries are one of the most popular fruits worldwide. Annual
production capacity in the world is around 1.378.216 metric
tonnes in 2016, while the leading producers are Russian Fed-
eration, Poland, Turkey and Ukraine with production yields
of 16.72%, 14.13%, 13.96% and 11.35%, respectively [18].
The high production amount demonstrates the importance
of the evaluation of sour cherry in different forms. The main
application areas of sour cherries are in juice, wine and jam
production for food industry [19-21]. Due to the consumer
preferences in Turkey, 40% of total production of sour cherry
is processed in juice production [20]. Relating to the fact that
crucial part of the production is used for juice preparations,
a considerable amount of pomace is produced.

Sour cherry flesh and stalk are generated as a residue of
industrial processing of sour cherries for juice production.
The studies that address the thermal behavior of cherry and
sour cherry stones concern more likely the carbonization
process [22-24]. Nevertheless, the pyrolysis of cherry stones
was studied by several research groups [25-28]. However,
there are a deficient number of studies related to thermal
decomposition of sour cherry stones [29], and moreover, no
studies about thermal behavior of sour cherry stalk and flesh,
which is a by-product of sour cherry processing industry,
have been conducted.
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The present study investigates the thermal decomposi-
tion of sour cherry flesh and stalk via thermogravimetric
analysis and estimates the activation energies by using three
different isoconversional methods which are Friedman,
Flynn—Wall-Ozawa and Kissinger—Akahira—Sunose method.
The results disclose the pyrolysis kinetics and characteristics
revealing proper design, optimization and modeling condi-
tions of pyrolysis process.

Methods
Materials

Sour cherry pomace which consists of sour cherry flesh and
stalk was used in thermogravimetric experiments, separately.
Sour cherry pomace was provided by a fruit juice produc-
ing company, DIMES (izmir, Turkey). The supplied mate-
rial was firstly dried under sun for 2 weeks, and then, sour
cherry flesh and stalks were separated. All the samples of
sour cherry pomace were ground by using an analytic mill
(IKA All, Staufen im Breisgau, Germany) and sieved to
the particle size of two different fractions, 75—150 pm and
150-250 pm. The samples were dried in an oven at 105 °C
for 12 h to remove moisture and kept in glass containers
after being stored in desiccator for 24 h. The fractions were
then used to perform proximate, ultimate, calorific value
and TGA analyses.

Physicochemical characterization
and thermogravimetric analysis

Physicochemical characterization of biomass samples
includes proximate, ultimate and higher heating value anal-
yses. Proximate and ultimate analyses are basic characteri-
zation methods for biofuel quality of the biomass sample
affecting its calorific value [30].

The proximate analysis was performed by an ash oven
(Protech Lab PMF-1103, Turkey) according to the related
ASTM standards to determine moisture content, volatile
matter and ash content [31]. The fixed carbon of the sam-
ples was calculated by the difference between 100 and the
sum of the moisture content, volatile matter and ash content.

Ultimate analysis was carried out using an elementary
analyzer (LECO CHNS-932, USA) to determine the ultimate
percentages of C, H, N and S elements. The oxygen con-
tent was calculated by the difference. Higher heating value
was determined using a bomb calorimeter (IKA C5000,
Germany).

Proximate, ultimate and higher heating value analyses of
sour cherry stalk and flesh are summarized in Table 1.

TG (thermogravimetry) and DTG (derivative thermo-
gravimetry) curves are fundamental tools for determination
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Table 1 Ultimate and proximate analysis of sour cherry stalk and
flesh

Sour cherry stalk Sour cherry flesh

Proximate analysis/%

Moisture 10 12.20
Ash 2.10 2.80
Volatiles 67.12 67.60
Fixed C* 20.78 17.40
Ultimate analysis/%
C 43.18 41.21
H 6.32 6.41
O* 49.59 50.71
N 0.91 1.67
S _ _
Higher heating value/J ¢! 16429 15918

*By difference

of thermal characteristics in a pyrolysis process. TG curve
implies the mass loss of a sample as a function of tempera-
ture or time, DTG curve, on the other side, is the first-order
derivative of TG curve from which maximum mass loss rates
and their corresponding temperatures can be determined.
Thermal decomposition of sour cherry residues was carried
out using a thermogravimetric analyzer EXSTAR SII TG/
DTA 6300, (Seiko Instruments, Japan). The sieved fractions
of 6 mg+0.01 mg of sample were placed in a small alumina
crucible for each experiment and heated from ambient tem-
perature to a maximum temperature of 1000 °C. In order to
prevent oxidation, an inert nitrogen atmosphere with a flow
of 200 mL min~! was used. The change in mass loss was
recorded and evaluated. Each experiment was repeated at least
two times to ensure repeatability.

Kinetic modeling

Pyrolysis of biomass occurs by a degradation reaction, and
during the process, biomass is converted to volatiles and solid
residue (char) [6]:

Biomass — volatiles + char €Y

The equation rate of thermal degradation reaction from
solid state to volatile product can be expressed as follows [32]:
da
— = k(I)f(a) (2)
dr
where «a is the conversion degree, ¢ is the time, & is the reac-
tion constant, T is the temperature, and f{@) is the reaction
model related to the solid reaction mechanism. As defined
in Eq. (2) the rate of pyrolysis, ?j—‘:, at a constant temperature,

is dependent on the reaction rate, k, and the reaction conver-
sion model fla).

k(T), the dependency of the rate constant on temperature,
is defined by the Arrhenius equation:

KT = e () 3)

where A is the pre-exponential factor, E, is the apparent acti-
vation energy, T is the absolute temperature, and R is the
universal gas constant.
The degree of conversion, a, represents the transformed
amount of biomass and can be described as:
m; —m,

where m;, m,, m; are the initial mass of the biomass sample,
the mass of the sample at time ¢, and the final mass of the
biomass sample, respectively.

Combination of Eqs. (2) and (3) gives the general Eq. (5)
to calculate the kinetic parameters for isothermal conditions:

Eq

da _ ge(®)sa) 5)
dr

However, since isothermal conditions require more time
during experiments and non-isothermal procedure could
give equivalent information as well as isothermal proce-
dure, non-isothermal conditions are much more preferred.
For non-isothermal thermogravimetric experiments, heating
rate, f = %, can be substituted into Eq. (5) by giving Eq. (6)
and used in the differential methods:
da A —(%)
a7 e \X/f(a) (6)

Equation (6) represents the fraction of biomass decom-
posed in the course of experimental time. The integral form
of Eq. (6) can be given as Eq. (7) and used in the integral
methods [9, 33]:

a [oe]

T
Ldoc = é‘/e_%dT = AL, / 2dx = AEap(x)
f(@) B x? PR

0 0

@)
where g(a) is the integral form of fla), x is E, /RT, and p(x)
is the temperature integral. The kinetic parameters can be
determined from the general Egs. (5) and (6) or the inte-
gral form of Eq. (7) analytically by means of mathematical
models. Since p(x) has no analytical solution, some approxi-
mations were given. Assuming that x=E,/RT is a constant,
Doyle [34] suggested:

gla) =

X

px) = exp(—1,0518x — 5,330) x> 20 (8)

Coats and Redfern [35] suggested:
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exp(—x) ( 2 ) ©)

px)=——5—(1-=
X X
In the present study, TG/DTG data were used to deter-
mine the activation energy (E,) based on isoconversional
methods. Model-free methods are more reliable compared
with model-fitting methods and lead more accurate calcula-
tion of activation energies [36]. Activation energies of sour
cherry stalk and flesh were estimated by using isoconver-
sional (model-free) methods. Integral model-free methods
including Flynn—Wall-Ozawa (FWO) and Kissinger—Aka-
hira—Sunose (KAS) were applied in addition to Friedman
method which is a differential model-free method.

Friedman method

The apparent activation energy (E,) can be obtained from
the slope of the plot of In (fda/dT) against 1/T at various
heating rates for a given conversion value [37]:

In (ﬂd—“> 1A+ Inf(a) — 22 (10)
dr RT
Equation (10) can be attained by taking natural loga-
rithms of both sides of the general Eq. (6) at a given a.
As a consequence, f{ar) remains constant and determination
of activation energy requires no assumption about reaction
model.

Flynn-Wall-Ozawa (FWO) method

The Flynn—Wall-Ozawa method [38, 39] starts from Eq. (7)
and employs Doyle’s approximation [34] which was repre-
sented by Eq. (8). The FWO method allows the determina-
tion of apparent activation energy by Eq. (11):

AE, E,
—5.331 - 1.052— (11)
Rg(a) RT

The FWO method allows the determination of apparent
activation energy from the slope of the linear regression line
of In g versus 1/T plot.

Inf=1In

Kissinger—Akahira—Sunose (KAS) method

Kissinger—Akahira—Sunose method [40, 41] starts from
Eq. (7) as well and employs the Coats—Redfern approxima-
tion of p(x) which was represented in Eq. (9) to the equation:

B ( AR\ E.
s =In <Eag<a>> RT (12

The Kissinger—Akahira—Sunose (KAS) method allows the
calculation of apparent activation energy from the slope of
the linear line in the plot of In #/T? versus 1/T.
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Results and discussion
Physical and chemical characterization

Proximate analysis consists of moisture, ash, volatile
matter and fixed carbon determination. As it can be seen
from Table 1, the moisture content of sour cherry stalk is
slightly lower than sour cherry flesh since fruit fleshes are
to be expected to contain relatively higher moisture. High
moisture content is undesired since it affects the fuel qual-
ity by mainly decreasing its heating value. For this reason,
to ensure the energy-efficient operation of the process and
to ensure that the fuel has a higher heating value, further
pre-drying of sour cherry stalk and flesh samples may be
considered. Volatile matter and fixed carbon contents indi-
cate the ignition easiness as an energy source [15]. The
results of volatile matter and fixed detectable carbon con-
tents of sour cherry stalk and flesh were within the range
of many general biomass [42]. High ash content as being a
disadvantage for a possible bioenergy source is related to
the reduction in available energy of the fuel [43]. Ash con-
tent of sour cherry stalk and flesh exhibited relatively low
levels compared with some other biomass samples [44].

Ultimate analysis results of sour cherry stalk and flesh
revealed C, H, O, N and S contents. Aside from the com-
parable results of other common biomass samples [42], no
sulfur content leads low greenhouse gas emissions which
is an important positive sign for environmental concerns.
Furthermore, higher heating value of sour cherry stalk and
flesh was 16429 and 15918 J ¢!, respectively. Relative
moderate levels of moisture content could have an influ-
ence on the higher heating value of the sample.

Thermal characteristics

At the scope of the present work, the TG and DTG curves
of biomass waste materials, namely flesh and stalk of sour
cherry obtained from fruit juice production facility, at five
different heating rates (5, 10, 20, 30 and 40 °C min‘l) and
two different particle sizes (75-150 and 150-250 pum) are
given in Fig. 1. The following observations and/or com-
ments can be organized by thoroughly examining the
TG/DTG curves (Fig. 1) obtained for sour cherry flesh
and sour cherry stalk at 10 °C min~! heating rate and
75-150 pym particle size:

The pyrolysis processes of sour cherry flesh and sour
cherry stalk occurred in four different stages in that there
exist four main slope changes in TG curves and their cor-
responding peaks on DTG curves. The stages represented
by the highest two peaks on the DTG curves and their
corresponding highest inclined stages on the TG curves
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Fig.1 TG and DTG curves at different heating rates and particle sizes a sour cherry stalk (75-150 um), b sour cherry stalk (150-250 um), ¢ sour
cherry flesh (75-150) um, d sour cherry flesh (150-250 pm)

(approximately between 190 and 380 °C) are called as  devolatilization of biomass takes place [32]. Thus, the
active pyrolysis stages since these stages demonstrate  temperature range of active pyrolysis stage obtained in the
the highest mass loss rates during the pyrolysis process.  present study is consistent with the literature. As it can be
Active pyrolysis stage (or zone) is defined as the tem-  seen from Fig. 1a, the active pyrolysis stage of sour cherry
perature range between 180 and 400 °C where the major  stalk includes a shoulder-shaped peak, whereas the active
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pyrolysis stage of sour cherry flesh (Fig. Ic) includes a
split peak rather than a shoulder peak.

The first stages (Stage 1) were observed between
25-191 °C and 25-196 °C for sour cherry stalk and sour
cherry flesh, respectively. The mass losses of Stage 1 are
attained from Fig. 1a, ¢ as 3.9% and 6.1% for sour cherry
stalk and sour cherry flesh, respectively. These mass losses
were mainly be attributed to the removal of water both pre-
sent in biomass wastes and bounded to biomass wastes by
surface tension. Moreover, some volatile compounds, espe-
cially that have low molecular weights, may be removed at
the first stage as well.

The second stages (Stage 2) of sour cherry stalk and sour
cherry flesh were observed to be between 191-311 °C and
196-305 °C with mass losses of 30.77% and 27.83%, respec-
tively. The corresponding areas on the DTG curves (Fig. 1a, ¢)
were represented by the peaks at 234 °C and 237 °C for sour
cherry stalk and sour cherry flesh, respectively. The maxi-
mum mass loss rates occurred at these temperatures were
designated to be 3.82% min~' and 3.28% min~'. Stage 2 can
be entitled as an active pyrolysis stage due to the high mass
loss rates occurred. Thermal degradation behaviors of main
biomass components such as hemicellulose, cellulose and
lignin have been well studied, and hemicellulose is known to
decompose at the temperature interval of 150-350 °C [45].
Thus, Stage 2 can be attributed mainly to hemicellulose
decomposition.

The third stage (Stage 3) of sour cherry stalk, which was
denoted by the peak at 332 °C on DTG curve (Fig. 1a),
started at 311 °C and finished at 376 °C with a mass loss
of 22.18% at a maximum mass loss rate of 5.23% min~".
Similarly, the third stage of sour cherry flesh occurred
from 305 °C to 389 °C, which was demonstrated with the
peak at 331 °C on DTG curve (Fig. Ic). The mass loss and
maximum mass loss rate for sour cherry flesh were read as
24.45% and 4.49% min~', respectively. Stage 3, similarly
to Stage 2, can also be defined as active pyrolysis stage
due to the encountered high mass loss rates. The mass loss
rates obtained in Stage 3, both for sour cherry stalk and
sour cherry flesh, were the highest mass loss rates during
the whole pyrolysis processes as it can clearly be confirmed
from DTG curves by examining related peaks. Stage 3 can
be attributed mainly to cellulose since cellulose is known
to decompose at the temperature range of 270-350 °C [45].

The fourth and the last stages (Stage 4) of pyrolysis pro-
cess for sour cherry stalk and sour cherry flesh laid down in
the temperature ranges of 376-1000 °C and 389-1000 °C
with mass losses of 15.25% and 14.74%, respectively. The
residual masses at the end of the overall pyrolysis process
were determined as 27.96% and 27.08% for sour cherry stalk
and sour cherry flesh, respectively. Stage 4 can be referred
as passive pyrolysis stage since the mass loss rates obtained
at the last stage are much lower compared to those obtained
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at Stage 2 and Stage 3. Stage 4 can be attributed mainly to
lignin since the temperature range of lignin decomposition
is known to be between 160 and 900 °C [3].

Therefore, considering the above information given,
active pyrolysis of sour cherry flesh and stalk ends at
around 389 °C and 376 °C, with a total mass loss of 58.18%
and 56.78%, respectively. Thus, pyrolysis process of these
biomass waste materials should be conducted at least at
around 375-390 °C pyrolysis temperature in order to obtain
57.5% average pyrolysis conversion based on volatiles
which is especially important for the processes targeting
liquid products. Further temperature increments are not
expected to increase liquid product yields significantly since
the increased temperature values would fall into the pas-
sive pyrolysis stage which is mainly responsible for char
formation.

TG/DTG curves do not enable the exact calculation
of hemicellulose, cellulose and lignin ratios of a biomass
sample since these components decompose in overlapping
temperature ranges, and they do not completely decompose
but also form an overall residue. On the other hand, there
exist two important information in the literature that we can
rely on their usage in rough estimation of these components
ratios based on the results given in the present section. The
first information is the residue amount yielded by lignin at
the end of a pyrolysis process. A literature search [46-50]
revealed the arithmetic mean of residue amount yielded by
several different lignin samples at the end of pyrolysis as
44% of initial sample by mass. The second information is the
structural content of biomass samples. Biomass materials
are lignocellulosic materials that consist mainly cellulose,
hemicellulose and lignin. Thus, the origins of the residual
mass obtained at the end of pyrolysis are mainly hemicel-
lulose, cellulose and lignin. In other words, the origin of the
residual mass other than lignin can be assumed as hemicel-
lulose and cellulose, together called as holocellulose. There-
fore, combining these two information and the results given
in the present section, the holocellulose-lignin ratios of sour
cherry stalk and sour cherry flesh were roughly estimated as
69-27% and 68-26%, respectively.

The effect of parameters on characteristics of active
pyrolysis stages

The characteristic properties of active pyrolysis stages
(Stage 2 and Stage 3), namely starting temperature (7;), end-
ing temperature (7}), maximum mass loss rate (W,,,.) and
the temperature at which maximum mass loss rate occurred
(Tay)» Were carefully determined for five different heating
rates (5, 10, 20, 30 and 40 °C min_l) and two different par-
ticle sizes (75-150 and 150-250 um) since active pyrolysis

stages were subjected to kinetic calculations. The results of
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sour cherry flesh and sour cherry stalk are summarized in
Tables 2 and 3, respectively.

The effect of heating rate

The heating rate was definitely effective on the characteristic
properties of active pyrolysis stages. Examining Tables 2
and 3, it was clearly noticed that all of the characteristic
temperatures (i.e., T, Ty, Ty, of active pyrolysis stages
were shifted to higher values as a result of increasing heat-
ing rate for all studied biomass types and particle sizes.
The shifting of characteristic temperatures to higher values
with increasing heating rate was also observed in previous
pyrolysis studies of different biomass samples such as Pros-
opis juliflora fuelwood [32], walnut shell [51], woody parts,
sawmill dust [52] carton packaging and cardboard [53]. This
situation was expected since biomass particles are heated
more gradually at lower heating rates leading to an improved
and more effective heat transfer to the inner portions and
among the particles [3]. In other words, higher heating rates
resulted in less efficient and less effective heat transfer to the
inner portions and among the particles of studied biomasses.
In addition, Tables 2 and 3 reveal that maximum mass loss
rates (W,,,,), as well as T, ,,, of active pyrolysis stages were
increased with increasing heating rate for all studied biomass
types and particle sizes. Since the amount of energy trans-
ferred per unit time to the pyrolysis system increases in order
to increase the heating rate, an increase in maximum mass
loss rate was evaluated as an expected progress.

The effect of particle size

The particle size did also affect the characteristic proper-
ties of active pyrolysis stages. Examining Tables 2 and 3, it
was observed that all characteristic temperatures of active
pyrolysis stages of sour cherry stalk and sour cherry flesh
increased with increment in particle size from 75-150 to
150-250 um for all studied heating rates. Additionally, a
similar trend was observed during the pyrolysis study of
empty fruit bunch by thermogravimetric analysis [54]. That
may simply be due to the non-uniform heating of biomass
samples since increasing particle size favors late heating of
inner portions of biomass sample and inner biomass par-
ticles which in turn leads to the completion of pyrolysis
process at higher temperatures. Changing the particle size
demonstrated different trends for W,,,, values accordingly to
the biomass sample type, studied stage and heating rate. For
instance, at Stage 2, increasing particle size of sour cherry
flesh resulted in an increase of W, for all studied heating
rates. However, the opposite trend was observed for sour
cherry stalk, and the increment in particle size resulted in
a decrease of W, values for all studied heating rates. The
latter was an expected outcome since increasing the particle

Table 2 Properties of active pyrolysis stages for sour cherry flesh

-1

Property Heating rate/°C min

40

30

20

10

3rd stage 2nd stage 3rd stage 2nd stage 3rd stage 2nd stage 3rd stage 2nd stage 3rd stage

2nd stage

150-
250 um

75—

150-

75—

150-

75—

150-

75— 150- 75— 150- 75— 150- 75— 150- 75— 150- 75—
250 pm 250 um 250 um

150-

75—

250pym  150pm 250 pm  150pm 250 um 150 um

150 pm

150 pm

150 pm

250pm  150pm 250 pm  150pm 250 pm 150 pm

150 pm

330
435
349

344
423

200
330
272

197
344
270

332
417
345

329
421

198
332
262

197
329
261

328
394
340
7.87

310
392
335

197
328
247

198
310
246

314
393
332

305

196
314
238

196
305
237

311

295
388
325

196
311
235

195
295
235

T/°C

389
331

389
326

T/°C

344

342

Tmax/oc
Wmax/%

12.62 11.63 12.9 13.49 13.91 14.88

10.21

9.94

1.47 2.10 1.71 3.28 3.47 4.49 4.35 6.41 6.88 7.95

141

min~!
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Table 3 Properties of active pyrolysis stages for sour cherry stalk

-1

Property Heating rate/°C min

40

30

20

10

3rd stage 2nd stage 3rd stage 2nd stage 3rd stage 2nd stage 3rd stage 2nd stage 3rd stage

2nd stage

75— 150-

150-

75—

150-

75—

150-

75— 150- 75— 150- 75— 150- 75— 150- 75— 150- 75—
250 pm 250 pm 250 um

150-

75—

250pym  150pm 250 pm  150pm 250 um 150 pum 250 pm

150 pm

150 pm

150 pm

250pm  150pm 250 pm  150pm 250 pm 150 pm

150 pm

337
419
369

336
423
354

210
337
296

200
336
271

342
400
367

333
405

207
342
293
8.4

204
333

323
396
346

325
387
343

199
323
287

196
325
245

324
381
342

311

197
324
272

191
311

311

302
352
321

195
311
261

185
302
225

T/°C

376
332

365
333

T/°C

362

256

234

Tmax/oc
Wmax/%

20.16

17.79 12.79 11.25 17.49

14.98

1.74 2.75 2.72 3.82 2.64 5.23 5.10 6.52 542 9.92 8.06 8.60

1.85

min~!

size is thought (1) to lead poor heat transfer to the inner parts
causing low average particle temperature and hence low
yields of volatiles and (2) to form an extra barrier against
the inner-formed volatiles trying to escape from the surface.
Increasing the particle size resulted in a decrease in W,
values of Stage 3 for sour cherry flesh up to 30 °C min~!
heating rate and for sour cherry stalk up to 20 °C min~! heat-
ing rate. At higher heating rates for Stage 3, W, values of
both sour cherry flesh and sour cherry stalk increased by
increasing particle size, possibly due to the overcoming of at
least some fraction of mass and/or heat transfer limitations.

The residual mass amounts of sour cherry stalk with a
particle size of 75-150 pum at the end of pyrolysis process
were determined at 5, 10, 20, 30 and 40 °C min~! as 23.86%,
27.96%, 25.57%, 28.54% and 25.60%, whereas the residual
mass amounts of sour cherry flesh with the same particle
size were determined as 24.38%, 27.08%, 26.89%, 26.07%
and 30.91%, respectively. Correspondingly, the residual
mass amounts of sour cherry stalk with a particle size of
150-250 pm at the end of pyrolysis process were determined
at 5, 10, 20, 30 and 40 °C min~" as 21.7%, 17.42%, 21.02%,
28.85% and 28.25%, whereas the residual amounts of sour
cherry flesh with the same particle size were determined as
22.57%, 26.78%, 29.29%, 24.29% and 24.40%, respectively.

Kinetic analysis

Thermogravimetric decomposition of the biomass samples
was investigated by dividing analysis graphics into four
stages, and kinetic analysis of each active stage was sepa-
rately determined.

Using the experimental temperature data in Tables 2 and
3, the activation energies of both biomass types were calcu-
lated by application of Friedman method, which was given
in Eq. 10, from the slope of the curve found as a result of
regression analysis of 1/T versus Inf(da/dT) plot, at certain
conversion degrees. Likewise, the activation energy of the
samples at certain conversion degrees was calculated from
the slope of the curve obtained by regression analysis of
1/T versus Ing plot and 1/T versus Ing/T? plot by applying
FWO method and KAS method given in Eqs. 11 and 12,
respectively.

For Friedman, FWO and KAS methods, plots of sour
cherry stalk samples with a particle size of 75—150 um at
the second active stage and the third active stage are dem-
onstrated in Figs. 2 and 3, respectively. Calculated R* val-
ues, activation energies and obtained fitted equations of sour
cherry stalk samples with a particle size of 75-150 pm are
presented in Tables 4 and 5 at the second active stage and the
third active stage, respectively. The results reveal that aver-
age activation energies of sour cherry stalk samples at the
second active stage were 160.5, 159.7 and 159.0 kJ mol~! for
Friedman, FWO and KAS methods, respectively, whereas
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Table 4 Fitted equations, calculated activation energies and the coefficients of determination using Friedman, FWO and KAS methods for the

sour cherry stalk with a particle size of 75-150 um at the second active stage

a Friedman FWO KAS

Fitted equation R’ E, Fitted equation R’ E, Fitted equation R? E,
0.1 y=-16499x+31.021 09744 1372 y=-19622x+42.509 0.9789  155.1 y=-18637x+28.108 0.9766 1549
02 y=-18696x+34.908 09545 1554 y=-19253x+40.717 09732 1522 y=-18240x+26.262 09702 151.6
0.3  y=-20242x+37.182 097 168.3  y=-19739x+40.887 0.97 156.0 y=-18705x+26.391  0.9666  155.5
04  y=-20898x+37.493 09764 1737 y=-20265x+41.074 0.9771 160.2  y=-19208x+26.535 09745 159.7
0.5 y=-20073x+35.188 09817 1669 y=-20492x+40.683  0.9822 1619 y=-19413x+26.102  0.9801 161.4
0.6 y=-20205x+34.691 0.9871 168.0 y=-20608x+40.131 09849 1629 y=-19507x+25.510  0.9831 162.2
0.7 y=-19485x+32.654 09802 1620 y=-20632x+39.422 09899 163.1 y=-19509x+24.760 09887  162.2
0.8 y=-20004x+32.921 09935 1663 y=-20712x+38.851 0.9918 163.7 y=-19567x+24.151 0.9908  162.7
09 y=-17686x+28.465 09936 147.0 y=-20552x+37.931 0.9919 1624 y=-19386x+23.195 0.9909 161.2
Table 5 Fitted equations, calculated activation energies and the coefficients of determination using Friedman, FWO and KAS methods for the
sour cherry stalk with a particle size of 75—150 um at the third active stage
a Friedman FWO KAS

Fitted equation R? E, Fitted equation R? E, Fitted equation R? E,
0.1 y=-16533x+26.347 09735 1375 y=-19541x+35.344 09929 1544 y=-18345x+20.555 0.9919 1525
02 y=-17262x+27.399 09636 1435 y=-19171x+34.453 09906 151.5 y=-—17964x+19.647 0.9893 1494
0.3 y=-16086x+25.371 09701 1337 y=-18859x+33.700 0.989 149.0 y=-17643x+18.879 0.9874  146.7
04 y=-16153x+25.333 09737 1343 y=-18616x+33.086 0.988 147.1  y=-17391x+18.251 0.9862  144.6
0.5 y=-15683x+24.376 0.977 1304 y=-18408x+32.544 09874 1455 y=-17175x+17.695 09855 142.8
0.6 y=-—14542x+22.254 09866 1209 y=-17954x+31.598 09892 1419 y=-16712x+16.734 0.9874 1389
0.7 y=-13661x+20.462 09674 113.6  y=-17445x+30.549 09927 1379 y=-16192x+15.669 0.9915 134.6
0.8 y=-10080x+ 14.293 0.8167 83.8 y=-16270x+28.402 09915 128.6 y=-15003x+13.499 0.9899 1247
09 y=-8615.6x+11.318 0.8493 71.6  y=-—14465x+25.195 0.979 1143  y=-13176x+10.257 0.9744  109.5

at the third stage were 118.8, 141.1 and 138.2 kJ mol ™!,
As given above, the average activation energies at the third
active stage were lower than the average activation energies
at the second active stage. The end result could be explained
by the indication that cellulose mainly starts to be decom-
posed in the second active stage. Since higher thermal
decomposition characteristics of the cellulose need more
energy to be decomposed [55], the average activation ener-
gies of the second stage were relatively higher than the third
active stage. Additionally, the average activation energies of
sour cherry stalk biomass samples obtained by all the three
applied methods remained moderately close to each other
for both active stages.

Plots of estimation of activation energies of sour cherry
stalk with a particle size of 150-250 um for Friedman, FWO
and KAS methods are given in Figs. 4 and 5, for the second
and the third active stage, respectively. Activation energies
of sour cherry stalk with a particle size of 150-250 um,
which were attained through the related plots for a given
value of conversion degree from 0.1 to 0.9, are given in
Tables 6 and 7 for all studied model-free methods. The

@ Springer

activation energy was observed to be a function of con-
version degree due to the multistep reaction mechanism.
The average activation energies of sour cherry stalk with
a particle size of 150-250 um calculated from Friedman,
FWO and KAS methods at the second active stage were
179.7, 179.8 and 180.0 kJ mol~!, while at the third stage
were 162.1, 164.6 and 162.7 kJ mol™!, respectively. The
estimated activation energy values correlate sufficiently for
all the applied methods. The average activation energies of
sour cherry stalk at the higher particle size were higher at
the second active stage than at the third active stage. The
similar tendency could additionally be seen for the lower
particle size about the fact that the average activation ener-
gies were higher at the second active stage in comparison
with the third active stage. Moreover, higher particle size of
sour cherry stalk gave relatively higher average activation
energies compared with the lower particle size at both active
stages. The reason for that could be the heat transfer limi-
tation between particles. When the particle size increases,
the heat transfer between particles decreases and as a result
less particles come in contact; hence, reaction possibility
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Table 6 Fitted equations, calculated activation energies and the coefficients of determination using Friedman, FWO and KAS methods for the

sour cherry stalk with a particle size of 150-250 pm at the second active stage

a Friedman FWO KAS

Fitted equation R’ E, Fitted equation R’ E, Fitted equation R? E,
0.1 y=-20878x+39.450 09552 173.6 y=-23825x+50.540 0.9374 188.3 y=-22826x+36.114 09321 189.8
0.2  y=-21530x+39.903 09279 179.0 y=-23066x+47.701  0.9525 1823 y=-22039x+33.219 09482 1832
0.3  y=-20983x+37.957 0.8567 1745 y=-22484x+45572 09172 1777 y=-21433x+31.042 09095 178.2
04  y=-22327x+39.522 0.8762 185.6 y=-22359x+44.379  0.888 176.7  y=-21283x+29.803 0.8776  176.9
0.5 y=-21133x+36.576  0.852 175.7 y=-22500x+43.767 0.8838 177.8 y=-21402x+29.150  0.873 177.9
0.6 y=-21020x+35.664 0.8324 1748 y=-22647x+43.234 0.8644 179.0 y=-21527x+28.577 0.8519 179.0
0.7 y=-23119x+38.578 0.8036 1922 y=-22771x+42.679 0.8435 180.0 y=-21629x+27.985 0.8292 179.8
0.8 y=-21883x+35.778 0.7892 1819 y=-22562x+41.587 0.8192 1783 y=-21399x+26.856 0.8028 1779
09 y=-21650x+34.830  0.809 180.0 y=-22506x+40.841 08178 1779 y=-21323x+26.076  0.801 177.3
Table 7 Fitted equations, calculated activation energies and the coefficients of determination using Friedman, FWO and KAS methods for the
sour cherry stalk with a particle size of 150-250 pm at the third active stage
a Friedman FWO KAS

Fitted equation R? E, Fitted equation R? E, Fitted equation R? E,
0.1 y=-19958x+31.703  0.9391 1659 y=-20075x+35.937 0.8868 1587 y=-18868x+21.131 0.8736  156.9
0.2 y=-20406x+32.248 09708 169.7 y=-20564x+36.442 09144 162.5 y=-19345x+21.617 09043 160.8
0.3 y=-20735x+32.614 09774 1724 y=-20928x+36.764  0.9368 1654 y=-19699x+21.923 09292 163.8
04 y=-20624x+32.281 09857 171.5 y=-21133x+36.850 0.9531 167.0 y=-19895x+21.993 09473 1654
0.5 y=-20366x+31.656 09879 1693 y=-21328x+36.933 0.9652 168.6 y=-20082x+22.064 0.9609 167.0
0.6 y=-19663x+30.305 09814 1635 y=-21484x+36.951 09764 169.8 y=-20229x+22.068 09734 168.2
0.7 y=-18651x+28.345 09765 1551 y=-21309x+36.423  0.9842 1684 y=-20045x+21.525 09821 166.7
0.8 y=-19434x+28.905 0.8985 161.6 y=-20864x+35.427 09887 1649 y=-19590x+20.512 09872 1629
09 y=-15645x+22.145 0.8702 130.1 y=-19718x+33.204  0.983 155.8 y=-18425x+18.261  0.9805 153.2

decreases, and eventually, the average activation energy
needs to be higher in order to overcome the limitations.

In the second part of the studies, sour cherry flesh
obtained after squeezing process was analyzed in terms
of thermogravimetric aspect. In Figs. 6 and 7, the isocon-
versional plots of sour cherry flesh with a particle size of
75—150 um are presented at the second and the third active
stage, respectively. Based on the fitted equations, activation
energies were calculated and are given in Tables 8 and 9
together with fitted equations and correlation coefficients.
The average activation energies of sour cherry flesh with a
particle size of 75—150 um calculated from Friedman, FWO
and KAS methods were 136.2, 160.5 and 159.9 kJ/mol at
the second active stage and 151.2, 137.0 and 133.7 kJ mol™!
at the third active stage, respectively. The results of sour
cherry flesh with a particle size of 75-150 um at the third
active stage revealed again lower average activation energies
compared with the second stage for FWO and KAS methods,
however, not for Friedman method.

Isoconversional plots of sour cherry flesh with a parti-
cle size of 150-250 um are given in Figs. 8 and 9 at the

@ Springer

second and the third stage, respectively. The related plots
led the calculation of average activation energies which are
presented in Tables 10 and 11. The average activation ener-
gies of sour cherry flesh with a particle size of 150-250 um
calculated from Friedman, FWO and KAS methods were
266.1, 273.9 and 279.2 kJ mol™! at the second active stage
and 179.8, 197.8 and 197.6 kJ mol™! at the third active
stage, respectively. The average activation energies of sour
cherry flesh with a particle size of 150-250 pm maintained
the decreasing trend from the second active stage to the
third active stage. The result approves the idea that the cel-
lulose starts to decompose in the second stage causing an
increase in energy need and therefore relatively higher acti-
vation energy values in comparison with the third stage. In
addition to the mentioned fact, higher particle size range of
sour cherry flesh delivered higher average activation energy
values at both active stages as stated for sour cherry stalk.
This consequence emphasizes the heat transfer limitation
between particles when particle size increases. On the other
hand, both biomass types exhibited quite approximate aver-
age activation energy values for all the studied methods.
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Table 8 Fitted equations, calculated activation energies and the coefficients of determination using Friedman, FWO and KAS methods for the
sour cherry flesh with a particle size of 75-150 um at the second active stage

a Friedman FWO KAS
Fitted equation R’ E, Fitted equation R’ E, Fitted equation R? E,

0.1  y=-22541x+43.294 09043 1874 y=-32764x+69.177 0.9433 2589 y=-31775x+54.772 09398  264.2
02  y=-20591x+38.759  0.905 1712 y=-24681x+51.467 0.9314 1951 y=-23665x+37.006 09257 196.8
03 y=-19631x+36.325 08975 163.2 y=-22740x+46.833  0.9277 1797 y=-21705x+32.336 09211  180.5
0.4  y=-17858x+32.214 0.8901 1485 y=-20729x+42.246  0.9235 1638 y=-19676x+27.713 09156  163.6
0.5 y=-15543x+27.170  0.852 129.2  y=-18849x+38.000 09132 149.0 y=-17776x+23.428 09032 147.8
0.6  y=-13524x+22.869 0.8604 1124 y=-17319x+34.500  0.906 1369  y=-16223x+19.887  0.894 134.9
0.7  y=-12995x+21.398  0.8559 108.0 y=-16069x+31.620 0.9001  127.0 y=-14950x+16.965  0.886 124.3
0.8  y=-12596x+20.244 0.8482 1047 y=-15202x+29.530 0.8961  120.1 y=-14060x+14.834  0.8802  116.9
09 y=-12167x+19.109 0.7835 101.2 y=-14375x+27.600 0.8868 113.6 y=-—13210x+12.865 0.8682  109.8

Table 9 Fitted equations, calculated activation energies and the coefficients of determination using Friedman, FWO and KAS methods for the
sour cherry flesh with a particle size of 75—150 um at the third active stage

a Friedman FWO KAS
Fitted equation R? E, Fitted equation R? E, Fitted equation R? E,

0.1  y=-18481x+29.635 09129 1537 y=-15135x+28.173  0.8737 119.6 y=-13936x+13.379  0.8539 1159
02 y=-20512x+32.781 09047 1705 y=-16371x+29.960 0.8704 1294 y=-15160x+15.146 0.8517  126.0
03  y=-20606x+32.692  0.912 1713  y=-17608x+31.739  0.8685 1392 y=-16385x+16.907 0.8509  136.2
0.4  y=-20744x+32.647 08834 1725 y=-18641x+33.171 0.8705 1473 y=-17408x+18.323  0.854 144.7
0.5 y=-18998x+29.442 08149 1579 y=-18990x+33.470 0.8652 150.1 y=-17746x+18.605 0.8484  147.5
0.6 y=-16536x+24.974 0.7415 1375 y=-18747x+32.776  0.8544 1482 y=-17491x+17.890  0.836 145.4
0.7  y=-14763x+21.534  0.7148  122.7 y=-17274x+30.042 0.8241 136.5 y=-15999x+15.126  0.8005  133.0
0.8  y=-14583x4+20.596 0.7044 1212 y=-16370x+28.166  0.7921 1294  y=-15071x+13.213  0.7633 1253
09 y=-18425x+25.743  0.7397 1532 y=-16863x+28386 0.7556 1333 y=-15537x+13.393 0.724 129.2

However, the difference in the calculated values for various
applied methods was slightly higher when sour cherry flesh
was used as biomass type compared to sour cherry stalk.
Particularly, the average activation energy values of FWO
and KAS methods were quite close to each other for both
active stages, when sour cherry flesh and sour cherry stalk
were used. Conversely, the Friedman method gave slightly
different results than those of two methods for sour cherry
flesh, on the contrary not for sour cherry stalk in general.
The reason for the varying result can be explained by the
fact that the FWO and KAS methods are integral methods
giving more accurate results, whereas the Friedman method
is a differential method which is vulnerable to experimental
noises. The similarity in the results of FWO and KAS meth-
ods for other biomass types also was seen in other studies
[56, 57]. Although the Friedman method is a differential
method, it delivered consistent results for the sour cherry
stalk compared with the other two methods.

In terms of particle size, the activation energy values of
sour cherry stalk and flesh at 75-150 um particle size were
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observed to be close for both active pyrolysis stages by
considering the arithmetic average of activation energies
calculated from Friedman, FWO and KAS methods. How-
ever, for 150-250 pum particle size, the activation energies
of sour cherry flesh calculated by taking the arithmetic
average of Friedman, FWO and KAS methods’ results
were higher than those of sour cherry stalk for both active
stages, but especially for second stage. Activation energy
discloses the minimum amount of energy required for a
reaction to be started. Thus, a reaction having high acti-
vation energy value starts more difficult than a reaction
having low activation energy value. From this point of
view, the pyrolysis process of sour cherry flesh is more dif-
ficult to proceed than the pyrolysis process of sour cherry
stalk for the particle size of 150-250 pum. However, the
same comment cannot be made for the particle size of
75-150 pm since the average activation energies of sour
cherry flesh and stalk at 75-150 um particle size were
close to each other. Therefore, this inference emphasizes
the effect of particle size on the reaction kinetics.
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Fig. 8 Isoconversional plots of sour cherry flesh with a particle 115

size of 150-250 pum at the second active stage a Friedman, b FWO,
¢ KAS method

Fig. 9 Isoconversional plots of sour cherry flesh with a particle size
of 150-250 pm at the third active stage a Friedman, b FWO, ¢ KAS

method
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Table 10 Fitted equations, calculated activation energies and the coefficients of determination using Friedman, FWO and KAS methods for the
sour cherry flesh with a particle size of 150-250 pm at the second active stage

a Friedman FWO KAS
Fitted equation R’ E, Fitted equation R’ E, Fitted equation R? E,

0.1  y=-36108x+70.679  0.904 3002 y=-42935x+89.684  0.9357 3393 y=-41947x+75279 09329 3487
02  y=-29135x+55.634 09433 2422 y=-32816x+67.497 0.9423 2593 y=-31801x+53.040 09388 2644
03  y=-31762x+59.830 09495 264.1 y=-32033x+64.830 0.9446 2532 y=-31001x+50.337 09411  257.7
0.4  y=-33908x+62.695 09701 2819 y=-33999x+67.462 0.9543  268.7 y=-32949x+52.934 09515 2739
0.5 y=-36045x+65.203 0.9 299.7  y=-36671x+71.129 09424  289.8 y=-35599x+56.562  0.9391  296.0
0.6  y=-33310x+58.652 0.8814 2769 y=-36387x+69.083 09157 287.6 y=-35291x+54.471 09109 2934
0.7  y=-29060x+49.705  0.8698 241.6 y=-34315x+63.868 0.8896 2712 y=-33193x+49.210 0.8829  276.0
0.8  y=-31182x+52.229  0.8587  259.2 y=-32444x+59.270 0.8859  256.4 y=-31298x+44.568 0.8784  260.2
09  y=-27575x+45.160 0.8758 2293 y=-30306x+54.513 0.8916 2395 y=-29137x+39.772  0.8837 2422

Table 11 Fitted equations, calculated activation energies and the coefficients of determination using Friedman, FWO and KAS methods for the
sour cherry flesh with a particle size of 150-250 pm at the third active stage

a Friedman FWO KAS
Fitted equation R? E, Fitted equation R? E, Fitted equation R? E,

0.1 y=—24292x+39.116 0.9433 202.0 y=-128324x+49.818 0.9449 223.8 y=-—27122x+35.021 0.9402 225.5
0.2  y=-24627x+39.394 0.9411 204.7 y=-—27653x+48.295 0.9572 218.5 y=-26439x+33.479 0.9534 219.8
0.3 y=—23986x+38.120 0.9457 1994  y=-27282x+47.333 0.9615 215.6  y=-26059x+32.500 0.9579 216.7
04  y=-25593x+40.374 0.9166 212.8 y=-27002x+46.537 0.9596 2134  y=-25769x+31.688 0.9557 214.2
0.5 y=—24086x+37.423 0.9059 200.3 y=-—26446x+45.280 0.9533 209.0 y=-25201x+30.412 0.9487 209.5
0.6 y=-21475x+32.553 0.8467 178.5 y=-25321x+43.032 0.9385 200.1 y=—24062x+28.141 0.9323 200.1
0.7 y=—18712x+27.496 0.7947 155.6  y=-23150x+39.057 0.9088 183.0 y=-21870x+24.134 0.8988 181.8
0.8 y=—16206x+22.952 0.7 134.7 y=-21111x+35.290 0.8652 166.8 y=—19806x+20.328 0.8494 164.7
0.9 y=—15679x+21.488 0.6 1304  y=-18943x+31.356 0.8004 149.7 y=—17608x+ 16.348 0.7758 146.4
Conclusions energies of sour cherry stalk with a particle size of

Decomposition reaction kinetics of sour cherry stalk and
sour cherry flesh was investigated by thermogravimetric
analysis. Average activation energies were determined for
two different particle size ranges using various model-free
methods. According to the obtained TG and DTG data,
thermal decomposition of both biomass samples involved
multiple stages.

Since the results of average activation energies for the
different methods applied were in good agreement, the
results could be summarized by taking the average of cal-
culated average activation energies which were obtained
by application of Friedman, FWO and KAS methods.
Application of various isoconversional methods for differ-
ent particle size ranges demonstrated that the average acti-
vation energy of sour cherry stalk with a particle size of
75-150 pum was at the second active stage 159.8 kJ mol ™!,
while at the third active stage was 132.7 kJ mol~!. Besides
the results of lower particle size, the average activation

@ Springer

150-250 um were 179.8 and 163.1 kJ mol~' for the sec-
ond and the third active stage, respectively. On the other
hand, the average activation energy of sour cherry flesh
with a particle size of 75-150 um was calculated at the
second active stage as 152.2 kJ mol~!, while at the third
active stage was calculated as 140.6 kJ mol~!. In addition,
the average activation energies of sour cherry stalk with
a particle size of 150-250 pym were determined 273.1 and
191.7 kJ mol~! at the second and the third active stage,
respectively. The higher particle size ranges resulted in
relatively higher average activation energies arising from
the heat transfer limitation between particles. Moreover,
the average activation energies of both biomass samples
demonstrated generally lower values at the third active
stage in comparison with the second active stage, which
is a sign of that the decomposition of cellulose started in
the second active region. Comparing the average activa-
tion energies calculated by taking the arithmetic average
of Friedman, FWO and KAS results, the pyrolysis process
of sour cherry flesh at 150-250 um particle size was found
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to proceed more difficult than the pyrolysis process of sour
cherry stalk at 150-250 um particle size. Conversely, the
average activation energy values of sour cherry stalk and
flesh, calculated by taking the results of arithmetic aver-
age of all methods, were fairly close to each other for the
75-150 pum particle size.

In addition, the pyrolysis processes targeting liquid prod-
ucts from sour cherry stalk and flesh should operate at least
at pyrolysis temperatures around 375-390 °C to provide
57.5% average pyrolysis conversion based on volatiles.

Experimental results indicate the importance of the effect
of particle size of the biomass samples during pyrolysis pro-
cess as well as the compatibility with the applied model-free
methods. Consequently, sour cherry stalk and flesh, which
are each residue in juice production, could be evaluated as
sustainable feedstock for energy production.
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