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Abstract The production of biofuel from biomass waste
is of great interest to the scientific community regarding the
discovery of solutions to global energy demand and global
warming. The pyrolysis of biomass to produce bio-oil is an
easy, cheap and promising technology. In the current
investigation, the pyrolysis of two different biomasses
(cornelian cherry stones and grape seeds) was achieved at
temperatures ranging from 300 to 700 °C. The effect of
pyrolysis temperatures on the yields of each product was
significant. The bio-oil yields were maximized at 500 °C
for cornelian cherry stones and 700 °C for grape seeds. The
compositions of bio-oils for both cornelian cherry stones
and grape seeds were similar and contained mainly oxy-
genated hydrocarbons. The compounds observed in this
investigation were composed of phenols, alkyl benzenes,
alkanes, alkenes, fatty acids, fatty acid esters and a few
nitrogen-containing compounds. Bio-char properties were
amended in association with both the pyrolysis temperature
and biomass type. Bio-chars from cornelian cherry stones
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contained higher carbon and lower oxygen levels than
those from grape seeds under identical conditions. Increa-
ses in pyrolysis temperatures produced bio-chars contain-
ing higher carbon levels and heating values for both
carnelian cherry stones and grape seeds.

Keywords Pyrolysis - Cornelian cherry stone -
Grape seeds - Bio-oil - Bio-char

Introduction

Biomass is one of the best sources to meet the energy
demands of the future as it is not only renewable but also
environmentally friendly. The energy obtained from bio-
mass is used mainly in heat production, electricity, and as
fuels for vehicles (Houshfar et al. 2014). Various advanced
technologies have been developed to obtain biofuels and/or
biochemicals from biomass, which include the hydrother-
mal process (Jin and Enomoto 2011), pyrolysis (Torri et al.
2009), and combustion (Vassilev et al. 2013).

Pyrolysis of biomass is one of the most efficient tech-
nologies used to produce biofuel. The process is carried out
at elevated temperatures under an inert atmosphere which
is maintained using either argon or nitrogen gases. The
process yields bio-oil, solid residue, and gaseous products.
Process conditions, as well as the raw materials used, have
varying effects on the yields of each product.

Bio-oils and bio-chars are two significant pyrolysis
products, and they have their own significant values which
can be utilized in a sustainable way. Bio-oils can be used as
transportation fuels after they are upgraded using a process
such as deoxygenation and dearomatization (Huber et al.
2006; Amen-Chen et al. 2001). Biofuels can be blended
with diesel fuels with the assistance of surfactants (Huber
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et al. 2006; Bridgwater 2004). They can also be evaluated
as a source of value-added chemicals after isolation and
purification (Amen-Chen et al. 2001).

Bio-chars from pyrolysis of biomass are also perspective
products which can be used to improve soil functions
(Marousek 2013a). Production and storage of bio-chars in
soils have some beneficial aspects such as the mitigation of
climate change by sequestering carbon (Marousek et al.
2014a; Marousek 2013b), leading to an increase in the
capacity of soil to store water (Marousek 2014), an increase
in soil microbial biomass (Marousek 2014), and an increase
in yields of crops (Marousek et al. 2014a).

Fruit wastes and their by-products are important bio-
mass resources for the scientific community to evaluate as
potential energy sources. Many studies are available in the
literature concerning the pyrolysis of fruit wastes for the
production of biofuel via pyrolysis, such as sesame, mus-
tard and neem de-oiled cakes (Volli and Singh 2012),
tamarind seed (Kader et al. 2013), jatropha oil cakes (Raja
et al. 2010; Jourabchi et al. 2014), palm kernel cake (Ngo
et al. 2013), cottonseed cake (Putun et al. 2006), and
pomegranate seeds (Ucar and Karagoz 2009).

Nayan et al. investigated the production of bio-oil from
the pyrolysis of neem seed at the temperature zone from
400 to 500 °C and a heating rate of 20 °C min~' (Nayan
et al. 2013). The greatest bio-oil yield (38 wt%) was
accomplished at 475 °C. Hydrocarbons identified in the
bio-oils were numerous and varied. Prominent compounds
identified in the bio-oils were octadecanenitrile, oleanitrile,
9-octadecenoic acid methyl ester, and stearic acid methyl
ester.

Pyrolysis of karanja seed to produce liquid fuel was
carried at temperatures ranging between 500 and 600 °C
(Shadangi and Mohanty 2014). The optimal temperature
used for the production of the greatest bio-oil yield
(55.2 wt%) was 550 °C. The bio-oil contained a mixture of
oxygenated hydrocarbons including phenols, acids, esters,
hexane, levoglucosan, amide, nitrile, benzene, furan, and
other compounds.

Shadangi and Singh explored the pyrolysis of polanga
seed cake at temperatures ranging from 450 to 600 °C
(Shadangi and Singh 2012). The maximal bio-oil yield was
approximately 46 %, and it was produced at the tempera-
ture of 550 °C. GC-MS analysis showed that the bio-oil
contained various compounds. The relative concentrations
of the following compounds were high: oleic acid, hexa-
decanoic acid, octadecanonic acid, octadec-9-enoic acid,
hexadecanenitrile, 9-octadecanamide, octadecanamide,
phenol, oleanitrile, heptadecane, and pentadecane.

Figueiredo et al. produced bio-oil from the pyrolysis of
castor seeds at the temperature of 380 °C (Figueiredo and
Romeiro 2009). The product distribution was as follows:
50 wt% bio-o0il, 29 wt% bio-char, and 8 wt% gaseous
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Table 1 Properties of biomasses

Proximate analysis (wt%) Grape seeds Cornelian cherry stones

Moisture (as received) 8.53 9.30
Volatile matter (as received) 72.84 79.80
Fixed carbon® (as received) 13.98 9.47
Ash (dry basis) 4.74 1.43
Ultimate analysis (dry basis, wt%)

C 48.70 46.44
H 6.53 5.99
N 1.12 0.26
S - 0.18
o° 43.65 47.13
HHV® (MJ kg™ ") 17.99 15.85

ab By difference

¢ Higher heating value (HHV) calculated by the Dulong formula
[HHV = 0.338C + 1.428(H-0/8) + 0.095S]

products. The fractions of the bio-oils contained long-chain
hydrocarbons and polar compounds.

In the current paper, two types of fruit wastes (cornelian
cherry stones and grape seeds) were exposed to pyrolysis
under identical conditions. Pyrolysis temperatures from
300 to 800 °C were studied. Product distributions from the
pyrolysis of cornelian cherry stones were compared with
the pyrolysis of grape seeds under identical conditions. The
bio-oils were analyzed via GC-MS and an elemental ana-
lyzer. The bio-chars were studied and classified by means
of elemental analysis and scanning electron microscopy
techniques.

Materials and methods
Feedstock

Cornelian cherry stones were purchased from a local
market in Safranbolu, Turkey. Samples were separated
from the skin of the fruits, washed, and air-dried. The air-
dried samples were grinded in a blender. The samples were
milled to a particle size: <0.5 mm. Grape seeds were
obtained from a local market in Ankara, Turkey. Grape
seed samples were used in the same condition of their
purchase. Samples were milled to a particle size:
<0.45 mm. The properties of waste biomasses are shown
in Table 1.

Pyrolysis procedure
Pyrolysis experiments were completed at different pyro-

lysis temperatures (from 300 to 800 °C) for 1 h. An inert
atmosphere was provided by a continuous nitrogen gas
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Fig. 1 Pyrolysis setup 1. Nitrogen cyclinder
2. Furnace and reactor
3. Thermocouple
4. Condensors
5. Gas outlet
6.

Temperature Control Unit

®

flow of 30 mL min~'. The nitrogen gas flow was intro-
duced before the experiment and continued for 30 min to
remove the air inside. A nitrogen purge was injected after
the reaction was complete, including the cooling down of
the reactor to room temperature. The pyrolysis reactor was
made of stainless steel with 6 cm diameter and 21 cm
height. The pyrolysis setup is shown in Fig. 1. The pyro-
lysis reactor was charged with biomass samples of 25 g
(dry basis). The system was heated at a rate of 7 °C/min to
the target temperature. The volatile products were swept by
nitrogen gas from the reactor to the collection flasks. The
first two collections flasks were cooled with a water and ice
mixture. The third flask was cooled using water. The
pyrolysis experiments were repeated three times with an
average standard deviation of 2.5 wt% for bio-oil and bio-
char.

Analysis of pyrolysis products

The liquid portion from the pyrolysis of biomass was
exposed to liquid-liquid extraction using diethyl ether
(300 mL) to recover bio-oils for analysis. The bio-oils
were analyzed by gas chromatography—mass spectrometry
(GC-MS) and elemental analysis. The GC-MS instrument
was a 6890 Gas Chromatograph Agilent (30 m x 0.25 mm
i.d. phenyl methyl siloxane capillary column HP-5MS).
The injector temperature was held at 250 °C. The GC oven
temperature was programmed in the following sequence:
started at 40 °C; held for 10 min; raised at a rate of
2—-170 °C; held for 5 min; raised to 250 °C at a rate of
8 °C; held for 15 min; raised to 300 °C at a rate 15 °C; and
held at this final temperature for 10 min.
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Fig. 2 TGA curves of biomass samples

The functional groups in the raw materials, liquids
(consisting of organic and aqueous phase), and bio-chars
were determined with Fourier transform infrared spec-
trometry for attenuated total reflectance (FTIR-ATR, Per-
kin Elmer FTIR 100 spectrometer).

The elemental content of the raw samples and bio-char
products was established using a LECO CHNS TRuSpec.
The surface morphologies of the raw samples and bio-chars
were studied with the assistance of a scanning electron
microscope (FEI Quanta 450 FEG).

Results and discussion

The TG profiles of the grape seeds and cornelian cherry
stones are shown in Fig. 2. Moisture release for both grape
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Fig. 3 Product distributions (solid, liquid, and gases) from the
pyrolysis of grape seeds and cornelian cherry stones at different
temperatures (300, 400, 500, 600, 700, and 800 °C)

seeds and cornelian cherry stones took place at approxi-
mately 80 °C. Decomposition of the biomasses started just
below 200 °C. In the case of grape seeds, the main
decomposition occurred at temperatures between 170 and
600 °C and resulted in 67.8 wt% weight losses. The main
decomposition of cornelian cherry stones was observed at
temperatures between 170 and 600 °C which resulted in
71.7 wt% weight losses.

The distributions of products were influenced by both
the pyrolysis temperature and biomass type in relation to
temperature (as shown in Fig. 3). The trend for solid
product yields was similar for both grape seeds and cherry
stones. Solid product yields were gradually diminished
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with increasing the temperature for both grape seeds and
cherry stones. The pyrolysis of cornelian cherry stones
yielded less bio-char in comparison with grape seeds under
identical conditions. The highest and lowest bio-char yields
were 50.30 and 25.72 wt% for cornelian cherry stones and
53.88 and 29.82 wt% for grape seeds, respectively. Bio-oil
yields from the pyrolysis of cornelian cherry stones were
scaled up when the temperature was increased to 500 °C.
After this temperature increase, further boosts in pyrolysis
temperatures provided lower bio-oil yields from cornelian
cherry stones. In the case of the pyrolysis of grape seeds,
bio-oil yields increased as the pyrolysis temperature was
raised (up to 700 °C). After further increases in the pyro-
lysis temperature from 700 to 800 °C, the bio-oil yields
dropped for both biomass samples. Previous studies
showed that bio-oil yields from the pyrolysis of biomass
increased incrementally as the temperature was raised to a
certain temperature. After this specific temperature that
changed depending on the conditions (i.e., type of biomass,
type of reactor, and type of pyrolysis), further increases in
pyrolysis temperatures generated either lower yields of bio-
oils (Ucar and Karagoz 2009) or the yields remained at
almost the same levels (Shadangi and Singh 2012). It is
believed that each biomass has the potential to provide a
maximum bio-oil yield at a certain pyrolysis temperature.
After this temperature, further increases in temperature
helped to transform the bio-oil to gas products. Accord-
ingly, gas product yields improved for both biomass sam-
ples when the pyrolysis temperatures were raised. The
greatest gas yield (35 wt% ca.) was obtained at 800 °C for
both the pyrolysis of grape seeds and cornelian cherry
stones.

Figure 4 presents the FTIR spectra of bio-oil derived
from the pyrolysis of grape seeds (Fig. 4a) and cornelian
cherry stones (Fig. 4b) and their corresponding raw mate-
rials. Functional groups observed in bio-oils from the grape
seeds were similar to those from the cornelian cherry
stones. The broad band between 3,200 and 3,600 cm ™!
represented the OH group. The peak at 2,924 cm ™' rose
due to aliphatic CH,. The band at 2,855 cm™! confirmed
the stretching of C—H vibrations of the alkyl functional
groups (CH, and CH3). The peak at 1,743 cm ™' is assigned
to the C=0 functional group. The peaks between 1,100 and
1,200 cm ™! are assigned to C—-O stretching bonds. The
peak at 1,035 cm™' represents C—H out-of-plane bending
vibrations of the alkene groups. The peaks between 680
and 900 cm ™' are assigned to benzene rings (Lievens et al.
2008). Previous studies confirmed similar functional
groups in bio-oils which were identified by FTIR from the
pyrolysis of different biomass resources (Grierson et al.
2011; Huang et al. 2012; Demiral et al. 2012).

Increases in the pyrolysis temperatures did not change the
functional groups in the bio-oils. The peak intensities were
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Fig. 4 FTIR spectrums of raw
material and bio-oils from grape
seeds (a) and cornelian cherry

stones (b) after pyrolysis at 300,
400, 500, 600, 700, and 800 °C
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high in bio-oils from cornelian cherry stones in comparison
with the raw materials. In the case of bio-oils produced from
grape seeds, observed functional groups were similar to
those of the raw material. The intensity of the peaks in bio-
oils at between 2,800 and 3,200 cm~! was high in compar-
ison with the raw material. The total ion chromatograms of
bio-oils obtained from the pyrolysis of grape seeds and
cornelian cherry stones at 500 °C are presented in Figs. 5
and 6, respectively. The main peaks were demonstrated on
the chromatograms. Small peaks on the chromatograms or

peaks belonging to unidentified compounds are not pre-
sented in the figures. The main components in bio-oils for
both grape seeds and cornelian cherry stones were oxygen-
ated compounds such as phenol, 2-furanmethonol,
2-methoxyphenol, 4-ethyl-2-methoxyphenol, 2-methoxy-4-
propylphenol, 2-ethylphenol, and n-hexadecanoic acid. The
formation of phenolic compounds arose predominantly via
cleavages of C—O and C—C bond networks in lignophenols
(intermediate products of lignin). The following nitrogen-
containing compounds were observed in bio-oils from grape
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Fig. 5 Total ion chromatograms for the bio-oil obtained from the
pyrolysis of grape seeds at 500 °C. / 2-Furanmethanol, 2 p-xylene, 3
1-nonene, 4 2-methyl-2-cyclopenten-1-one, 5 1,2,3-trimethylbenzene,
6 1-ethyl-2-methylbenzene, 7 phenol, 8§ decane, 9 butylbenzene, 10
2-methylphenol, /7 3-methylphenol, /2 2-methoxyphenol, /3 unde-
cane, /4 2-ethylphenol, 15 pentylbenzene, 16 naphthalene, 17
2-methoxy-4-methylphenol, /8 dodecane, 79 2,3,5-trimethylphenol,
20 4-ethyl-2-methoxyphenol, 2/ tridecane, 22 (E)-2-tetradecene, 23

seeds: (Z)-13-docosenamide and octadecanamide. The
compound oleanitrile was observed in bio-oils derived from
both grape seeds and cornelian cherry stones. Long-chain
hydrocarbons (not including oxygen) such as decane, tri-
decane, tetradecane, pentadecane, and others were observed
in bio-oils produced from grape seeds and cornelian cherry
stones. The following compounds were also observed in bio-
oils: o-xylene; p-xylene; butylbenzene; 1,2,3-trimethylben-
zene; 1-ethyl; and 2-methylbenzene. Fabbri and co-workers
produced bio-char from biomass using pyrolysis gas chro-
matography (py-GC-MS), and they reported that benzene
derivatives mainly originated from the decomposition of
char the fraction (Fabbri et al. 2012). The formation of
benzene derivates can be explained by the decomposition of
bio-chars from the pyrolysis of biomasses. Our results are in
agreement with this previous report (Fabbri et al. 2012).
Fatty acids (FA) and fatty acid esters (FAE) were
observed in bio-oil from both grape seeds and cornelian
cherry stones. The observed FAs from grape seeds were
n-hexadecanoic acid, (Z, Z)-9,12-octadecadienoic acid, and
oleic acid. FAs from the cornelian cherry stones contained
n-hexadecanoic acid and octadecanoic acid. FAEs from the
grape seeds were hexadecanoic acid methyl ester and
hexadecanoic acid ethyl ester. FAEs from the cornelian
cherry stones were 8-octadecanoic acid methyl ester,
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Tetradecane, 24 cyclopentadecane, 25 1-pentadecene, 26 1-hexade-
cene, 27 hexadecane, 28 cyclotetradecane, 29 1-heptadecene, 30
heptadecane, 3/ 5-octadecyne, 32 octadecane, 33 2-heptadecanone,
34 hexadecanoic acid, methyl ester, 35 n-hexadecanoic acid, 36
hexadecanoic acid, ethyl ester, 37 oleanitrile, 38 2-nonadecanone, 39
(Z,7))-9,12-octadecadienoic acid, 40 leic acid, 4/ (Z)-13-docosena-
mide, 42 octadecanamide, 43 stigmastan-3,5-diene

octadecanoic acid methyl ester, and hexadecanoic acid bis
(2-ethylhexyl) ester. FAs and FAEs in the bio-oils are
responsible for the decomposition of extracts.

Elemental contents and heating values of bio-chars
obtained from the pyrolysis of cornelian grape seeds and
cherry stones are shown in Tables 2 and 3, respectively.
Bio-chars included higher carbon contents and lower
oxygen contents than those of their corresponding raw
materials. Both carbon contents and heating values of bio-
chars from cornelian cherry stones were higher than those
from grape seeds under identical conditions. H/C atomic
ratios of bio-chars for both of the biomasses were dimin-
ished when the pyrolysis temperature increased. The lowest
H/C ratio was attained at the highest pyrolysis temperature
which indicates that the aromatic contents of bio-chars
were the highest. When the aromatic contents of bio-chars
were compared, the contents from cornelian cherry stones
were greater than those from grape seeds under identical
conditions.

The heating value is an important factor which affects
the quality of bio-chars. Biomass type (McHenry 2009),
retention time (Marousek et al. 2014b), and heating rates
(Angin 2013) are some significant pyrolysis parameters
that change the heating values. In addition, new techniques
in pyrolysis systems can allow for the production of
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Fig. 6 Total ion chromatograms for the bio-oil obtained from the
pyrolysis of cornelian cherry stones at 500 °C. I Toluene, 2 furfural, 3
2-furanmethanol, 4 o-xylene, 5 2-methyl-2-cyclopenten-1-one, 6
5-methylfurfural, 7 phenol, 8§ butylbenzene, 9 2-methylphenol, /0
2-methoxyphenol, /1 2-Methoxy-4-methylphenol, /2 1,2-benzene-
diol, /3 3-methoxy-1,2-benzenediol, /4 4-ethyl-2-methoxyphenol, 15
2-methoxy-4-vinylphenol, /6 2,6-dimethoxyphenol, /7 2-methoxy-4-
propylphenol, /8 tetradecane, /9 1-pentadecene, 20 pentadecane, 2/

1-hexadecene, 22 8-heptadecene, 23 heptadecane, 24 1-(4-hydroxy-
3,5-dimethoxyphenyl)ethanone, 25 pentadecanenitrile, 26 hexadeca-
noic acid, methyl ester, 27 n-hexadecanoic acid, 28 oleanitrile, 29
8-octadecenoic acid, methyl ester, 30 octadecanoic acid, methyl ester,
31 (Z)-9,17-octadecadienal, 32 octadecanoic acid, 33 hexanedioic
acid, bis(2-ethylhexyl) ester, 34 2-(3,4-himethoxyphenyl)-7-hydroxy-
4H-1-benzopyran-4-one, 35 5-alpha-ergost-8(14)-ene

Table 2 Elemental composition (wt%) of the bio-chars obtained from grape seeds at different temperatures

Temperature (°C) C H N o? H/C o/C N/C HHV® (MJ kg™ "
300 64.81 5.16 225 27.79 0.96 0.32 0.030 2431
400 66.55 5.02 2.26 26.17 0.90 0.29 0.029 24.99
500 74.40 3.57 243 19.60 0.58 0.20 0.028 26.75
600 78.39 2.53 2.13 16.95 0.39 0.16 0.023 27.08
700 79.94 1.71 1.87 16.48 0.26 0.15 0.020 26.52
800 82.62 1.37 1.68 14.33 0.20 0.13 0.017 2732

4 By difference

° Higher heating value (HHV) calculated by the Dulong formula [HHV = 0.338C + 1.428(H-O/8) + 0.095S]

profitable bio-chars. In a previous study reported by Ma-
rousek and colleagues, it was shown that the production of
high-quality bio-chars is possible from anaerobically fer-
mented residues in designated continuous pyrolysis sys-
tems (Marousek et al. 2014b).

The highest heating values were 32.44 for bio-char from
cornelian cherry stones and 27.32 MJ kg~' for bio-char
from grape seeds. The pyrolysis process that was applied to
both cornelian cherry stones and grape seeds led to deox-
ygenation in bio-chars as O/C ratios were lower than their
corresponding biomasses.

The functional groups in bio-chars from the pyrolysis of
grape seeds and cornelian cherry stones (shown in Fig. 7)
revealed that the functional groups in bio-chars were similar
and that they started to disappear with the increase in pyro-
lysis temperatures. Some of the functional groups observed
in bio-chars at 300 and 400 °C for both grape seeds and
cornelian cherry stones are as follows: the peaks at 2,918 and
2,853 cm ™! are assigned to C—H vibrations, saturated C-C,
and C-H; the peaks at 1,407 and 1,555 cm ™! confirmed the
aromatic ring C=C stretching vibration. The peak at
1,035 cm ™! represents C—H out-of-plane bending vibrations
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Table 3 Elemental composition (wt%) of the bio-chars obtained from cornelian cherry stones at different temperatures

Temperature (°C) C H N o* H/C 0o/C N/C HHV® (MJ kg™h)
300 75.15 4.68 0.43 19.74 0.75 0.20 0.005 28.56
400 81.28 3.57 0.38 14.77 0.53 0.14 0.004 29.93
500 90.14 2.62 0.41 6.83 0.35 0.06 0.004 33.00
600 93.05 1.62 0.35 498 0.21 0.04 0.003 32.88
700 94.59 0.75 0.12 4.54 0.10 0.04 0.001 32.23
800 96.22 0.36 0.12 3.30 0.04 0.03 0.001 32.44

By difference

° Higher heating value (HHV) calculated by the Dulong formula [HHV = 0.338C + 1.428(H-O/8) + 0.095S]

Fig. 7 FTIR spectrums of raw
material and bio-chars from
grape seeds (a) and cornelian
cherry stones (b) after pyrolysis
at 300, 400, 500, 600, 700, and

800 °C
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Fig. 8 SEM images of a grape seeds; bio-chars after pyrolysis at b 300 °C, ¢ 400 °C, d 500 °C, e 600 °C f 700 °C, and g 800 °C

of the alkene groups. This peak was also observed at 500 °C.
After 500 °C, a baseline sloping down to the right was
observed and peaks were distorted at the temperatures of
600, 700, and 800 °C. These results demonstrate that the
diamond ATR technique is not suitable for the analysis of
char samples obtained at high temperatures.

SEM images of bio-chars obtained from grape seeds and
cornelian cherry stones are shown in Figs. 8 and 9,
respectively. The surfaces of bio-chars were altered with
the increase in temperatures for both biomass samples. In
case of bio-chars from grape seeds, it is clearly seen that
the formation of pores started at 300 °C which is due to the
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Fig. 8 continued

first release of volatiles, mainly cellulose and hemicellu-
lose in the biomass. At 400 °C, the pores were distinct.
After further increases in temperature to 500 and 600 °C, it
is believed that the pores were closed by the volatile con-
tents of lignin factions. After 600 °C, the cavities were
reformed which can be explained by the complete removal
of lignin-derived volatiles in the biomass.

In the case of bio-chars from cornelian cherry stones,
crevices and small pores were observed at 300 °C. Like-
wise, cracks and slits were observed at 400 °C. When the
temperature rose to 500 °C, pores were observed. A
number of pores with several dimensions were observed at
600, 700, and 800 °C. It is believed that volatiles were
completely removed at temperatures between 600 and
800 °C, and this occurrence caused the formation of
cavities.
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Conclusion

Pyrolysis of two different biomass samples was carried out
at different temperatures from 300 to 800 °C. The results
show that product distributions under identical conditions
were strongly affected by the types of biomass samples.
The bio-oil yields reached their peaks at 500 for cornelian
cherry stones and 700 °C for grape seeds. The highest bio-
yields were 47.50 wt% for cornelian cherry stones and
41.04 wt% for grape seeds. The contents of bio-oils for
both cornelian cherry stones and grape seeds were similar
and mainly composed of oxygenated hydrocarbons.
Hydrocarbons that did not contain oxygen were also
observed. Elemental contents and heating values varied for
different raw materials. Both carbon contents and heating
values of cornelian cherry stones were higher than those of
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Fig. 9 SEM images of a cornelian cherry stones; bio-chars after pyrolysis at b 300 °C, ¢ 400 °C, d 500 °C, e 600 °C, f 700 °C, and g 800 °C

grape seeds at the same pyrolysis temperatures. Bio-chars
contained less oxygen than their corresponding raw mate-
rials. The surface topography was varied at different
pyrolysis temperatures. The formation of many large and
small cavities on the surface of the bio-chars from grape

seeds was apparent at pyrolysis temperatures of 700 and
800 °C.

In the current paper, it was shown that waste biomasses
can be converted into profitable bio-products with high
economic value including bio-oils and bio-chars. The
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Fig. 9 continued

production of valuable bio-products from waste biomasses
is important in terms of environmental concerns and eco-
nomical factors.
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