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Biomass from almond shell (aS) was co-pyrolyzed with high density polyethylene (HDPE) polymer to
investigate the synergistic effects on the product yields and compositions. The pyrolysis temperature
was selected as 500 °C, based on results of TGA-DTG. Co-pyrolysis of HDPE-biomass mixtures were pyr-
olysed with various proportions such as 1:0, 1:1, 1:2, 2:1 and 0:1. The yield of liquids produced during co-
pyrolysis enhanced 23%, as the weight ratio of HDPE in the mixture was doubled. Obtained bio-oils were

Keywords: analyzed with using column chromatography, '"H NMR, GC/MS, and FT-IR. According to analyses results,
Eﬁ;;mlysis produced liquids by co-pyrolysis had higher carbon (26% higher) and hydrogen contents (78% higher),
HDPE lower oxygen content (%86 less) with a higher heating value (38% higher) than those of biomass oil.

Almond shell © 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Plastics are used in many aspects of human life, but their mass
consumption has caused severe environmental pollution, with a
great loss of resources from their disposal. Much attention has
been paid to solve these problems, with the production of fuel or
recycling of valuable chemicals from pyrolysis having been inten-
sively studied as a potential solution. The pyrolysis (or thermal
cracking in an inert atmosphere) of waste plastics, particularly
polyolefins, arouses great interest for the valorization of these
wastes, as it allows high yields of fuels and raw materials to be ob-
tained for the benefit of the petrochemical industry. Moreover, the
pyrolysis process has few environmental issues [1,2]. Having a high
hydrogen-to-carbon ratios and convenient molecular chain struc-
tures, waste commodity plastics such as low and high density poly-
ethylene, polyethylene terephthalate (PET), polystyrene (PS), and
polyvinyl chloride (PVC) are very suitable for liquid production [3].

Biomass (plant materials) has been recognized as a major world
renewable energy source to supplement declining fossil fuel re-
sources. It is composed mainly of cellulose, hemicelluloses, lignin
and minor amounts of other organics, which are determined as
the elements of carbon, hydrogen and oxygen with high energy
content [4]. Biomass energy is destined to play an important role
in the future energy systems of the world. Furthermore, it has
the advantage of reducing global warming since it uses carbon
dioxide through photosynthesis. Biomass could also be sources of
energy and raw chemical feedstock because it produces various
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biochemical materials. Meanwhile, biomass is typically converted
to energy through thermochemical conversion, such as gasifica-
tion, combustion and pyrolysis. Pyrolysis of biomass has received
strong interest in recent decades when the awareness on limited
amounts of fossil resources called for alternative solutions based
on renewable materials [5]. However, biomass bio-oil has very
unstable fuel properties compared with conventional oils. Due to
its higher oxygen and acid content; its water content is also too
high (over 20 wt.%). Therefore, these shortcomings should be over-
come for its use as a regular fuel. To improve the fuel suitability of
bio-oil, co-pyrolysis of biomass and organics containing higher
hydrogen contents can be considered. Therefore, plastics could
potentially be a beneficial feedstock due to their higher hydrogen
content and small amount of water in their pyrolysis derived oil.
When plastic and biomass are simultaneously pyrolyzed, the sta-
bility of the oil product would be expected to be greatly improved
compared with that from single biomass pyrolysis, because plastic
can provide plenty of hydrogen to the biomass pyrolysis [1].
There are many studies about thermal decomposition of PE, PP,
tyre, PS etc. with biomass [5-15]. Data obtained in these studies
demonstrated that the co-pyrolysis of plastic and biomass resulted
in a high oil yield with an acceptable quality. Nevertheless except
for a few studies in the literature, pyrolysis of HDPE with biomass
has not been sufficiently investigated [16-18]. For example,
Rotliwala and Parikh studied co-pyrolysis of HDPE with de-oiled
cake of jatropha (JC) in a batch reactor at 450 °C, under nitrogen
flow and at the atmospheric pressure. The yield of liquid product
was found to be as 63%. They characterized the liquid phase
obtained from co-pyrolysis by gas chromatography-mass
spectrometry and ASTM D86 (boiling point distribution) analyses.
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HDPE co-processing with JC significantly increased the proportion
of gasoline like (Cg-C;,) fraction to 45% with comparing the HDPE
pyrolyzed alone [16] Berrueco et al., studied co-pyrolysis of HDPE/
sawdust mixtures in a fluidized bed reactor at five temperatures:
640, 685, 730, 780 and 850 °C. They showed that the gas yield
increased and gas composition changed drastically when the
temperature was increased for both pure components and the
mixture. In addition, average heating value of produced gases by
co-pyrolysis of biomass and HDPE are found greater than that of
obtained biomass alone [18].

HDPE is the fourth-largest commodity plastic material in the
world, after polyvinyl chloride and polypropylene in terms of vol-
ume. HDPE has accounted for a major share of ethylene consump-
tion structure over the recent years. The demand for HDPE had an
increase of 3.6% in a year to 31.3 million MT in 2011 [19]. In the case
of Turkey, according to the Turkish State Statistical Institute’s data-
base, 25.28 million tones of municipal waste was collected in 2010
and 33,637 tones of this municipal wastes are plastics. All plastics
and other kind of wastes are recovered by methods such as inciner-
ation, composting or controlled landfilling [20]. By the way the con-
version of waste plastics to valuable chemicals or fuels is more
advantageous than the methods mentioned above. Plastics recycling
by thermal and chemical methods of conversion of scrap polymers,
as gasification, liquefaction, hydrolysis, pyrolysis, and thermo-cata-
lytic degradation, are well known and environmentally accepted.
They reduce the impact of waste plastics on the environment and
may be a cheap source of energy and useful raw materials [21,22].

Almond is a crop of major importance throughout the world’s
temperate growing regions with the worldwide almond produc-
tion in 2011 being approximately 2.00 million ton according to
FAO (Food and Agriculture Organization). Turkey is one of the
important almond producers among Spain, Greece and Italy in
EU. Turkey has a share of 3.5% in the world shelled almond produc-
ing and 44,366 tons of almonds and 23,205 tons of almond shells
are produced annually. One of the wastes which can be considered
to have a good potential as a biomass feedstock is fruit shells. Be-
tween the outer hull and the nutritious kernel lies the shell, pri-
marily composed of cellulose, hemicelluloses and lignin. The
valorization of such by-product could be an important way to
add value to a low value product. Despite the existence of a num-
ber of published papers that have been reported the production of
activated carbons from such by-product using different methodol-
ogies, adsorption applications, gasification of almond shells etc.
[23,24,26]. There are a few studies about bio-oil production from
this lignocelluloses source. Moreover, there are quite few studies
about thermal degradation of HDPE in a pyrolysis reactor. Accord-
ing to our previous work, pyrolysis of aS gives 21% of bio-oil which
can be considered as a low amount with compared to other bio-
mass sources such as olive residues and cotton seed cake [23-
26]. This study aims to increase the oil yield of aS pyrolysis with
addition of a widely used polymeric waste (HDPE), a difficult ther-
mally degraded disposal with compared to PP, LDPE [2,27,28].

In this study, HDPE is selected as a widely used plastic sample
for the co-pyrolysis with a well-known lignocellulosic biomass
source (aS) to investigate the synergistic effect on bio-oil yield
and composition and understand the chemical transformations
which could have taken place during the co-pyrolysis. Moreover,
the co-pyrolysis of biomass and HDPE bio-oil was characterized
in detail to determine its possibility of being a potential energy
source and chemical feedstock.

2. Experimental

The almond shell (aS) taken from the city Mugla-Datca located
in Aegean region, western part of Turkey was used as a biomass

sample, while HDPE was considered as a representative synthetic
polymer. HDPE samples used in the experiments were supplied
from a petrochemical company (PETKIM Aliaga, Turkey). The parti-
cle size of polymer sample was Dp =10 pum. Air-dried biomass
samples were ground in a high speed rotary cutting mill and
screened to give fractions of Dp > 1.8 mm; 1.8 > Dp > 0.85 mm;
0.85>Dp > 0.425 mm; Dp <0.425 mm, 0.425 <Dp < 0.224,
0.224 < Dp. Average particle size was found to be as 1.67 mm.

Thermo Gravimetric Analysis (TGA) was applied by using Lin-
seis Thermowaage L 81 thermo gravimetric analyzer coupled with
Differential Thermal Analyzer (DTA) to evaluate the thermal
behavior of aS and HDPE. Experiments were applied to 25 mg sam-
ple, 100 mL min~! nitrogen flow with 10 °C min~! heating rate. The
TG and DTG curves for aS and HDPE recorded from room temper-
ature to 1100 °C are shown in Fig. 1.

The pyrolysis experiments were performed using a fixed bed
reactor (Heinze Retort). All detailed information about the sys-
tem could be found in our previous studies [29,30]. The experi-
ments were conducted at the atmospheric pressure. HDPE, aS
and their mixtures (1:1; 1:2; 2:1) were placed in the reactor.
Prepared 10 g of samples were put into the reactor. The reactor
was heated from room temperature to the final pyrolysis tem-
perature of 500 °C with a heating rate of 5°C min~'. The sweep-
ing gas nitrogen is passed through the reactor at the gas hourly
space velocity (GHSV) of 0.015 h~!. The flow of gas released was
measured by a rotameter for the duration of experiments. Exper-
imental apparatus was held at adjusted temperature for 30 min.
The liquid products were collected in ice-cooled traps. At the
end of the experiments, the liquid product consisting of aqueous
and oil phases were separated and weighed. All bio-oil yields
were given water free basis. Char yield was determined from
the overall weight losses of the reactor. The liquid product was
weighed and recovered in dichloromethane for the further anal-
yses. Water was determined by a separating funnel. Gas yield
was determined by overall material balance.

All the yields were calculated on a dry-ash-free (daf) basis and
each experiment was performed. The reproducibility of the exper-
iments is acceptable and experimental data presented in this paper
corresponding to the different operating conditions are the mean
values of runs carried out three times within the experimental
error of less than £0.5.

The main analyses methods used to reveal the composition of
bio-oil are elemental analysis, column chromatography, proton
nuclear magnetic resonance spectroscopy (!H NMR), Fourier
transform infrared (FT-IR), column chromatography, and gas
chromatography/mass spectrometry (GC/MS). This procedure that
we used is illustrated in Fig. 2 and detailed about the analyses were
given in our previous studies [29].

3. Results and discussion
3.1. Thermal gravimetric analysis of raw materials

The normalized weight loss (TG curve) and rate of weight loss
(differential thermogravimetric curve (DTG)) for the aS and HDPE
are shown in Fig. 1. The results show that the major weight losses
of the aS and HDPE occur at 288.9 °C —345.4.6 °C and 470 °C,
respectively. It can be seen that biomass sample decomposed at
lower temperature than polymers while polymers begin to decom-
pose 430 °C and showed the maximum mass loss around 470 °C
(this can be seen from DTG of polymer) and about 500 °C, HDPE de-
graded completely without leaving any residue. As a consequence
of TG/DTG curves of both materials, the optimum co-pyrolysis
temperature was selected as 500 °C.
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Fig. 2. Flow chart of experimental methodology.

3.2. Product yields and synergetic effect

The role of carrier gas during pyrolysis is to evaluate the effect
of the residence time of the gaseous products as a result of pyroly-
sis reactions by removing the products from the reactor. It is an
essential parameter for maximizing the oil obtained. Increasing
the gas flow rate favors reduction of the secondary reactions, like
repolymerization and recondensation [6]. A series of HDPE and
aS experiments were carried out under the different nitrogen flow
rates in our previous study [30]. According to these results, it is
decided to achieve the co-pyrolysis experiments at a constant gas
hourly space velocity of 0.015 h™ .

In this part, the experiments were conducted to determine the
effect of HDPE/aS ratio on the pyrolysis yields for biomass samples.
During experiments 10 g of mixtures of aS was mixed with HDPE in
various portions (1:1, 1:2, 2:1 w/w) and then placed into the reac-
tor. The product yields obtained from thermal degradation (pyroly-
sis) of individual aS, HDPE, and of their binary mixtures of aS and
HDPE are given in Table 1. The HDPE ratio is a main factor that af-
fects the product yields of the gas, liquid, and solid from the blends
of biomass and HDPE. As seen in Table 1, the liquid and solid yield
is between 37-51 wt.% and 9-20 wt.%, respectively. At 1:1 weight

Table 1

Effect of the blending ratio HDPE and aS product yield at 500 °C.
HDPE/aS Solid (%) Liquid (%) Water (%) Gas (%)
1:0 0.00 56.00 0.00 44.00
1:1 15.58 41.39 10.01 33.02
1:2 20.04 37.93 13.88 28.16
2:1 9.25 50.88 15.42 24.45
0:1 28.23 21.12 18.03 32.63

Table 2

Synergetic effects obtained for bio-oil after co-pyrolysis of HDPE/aS.

HDPE/aS ratio (w/w) The percentage of synergistic effect

1:2 7.34
1:1 13.22
2:1 14.36

ratio of mixture, the oil, gas and solid yields were obtained as
41.39%; 33.02% and 15.58%, respectively. With increasing the HDPE
ratio in mixtures, the oil yield gradually increases, but the gas and
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Table 3
Elemental compositions of bio-oils.

Component HDPE (%) as (%) HDPE/aS (1:1) (%)
C 85.72 63.85 80.62

H 14.28 8.60 15.32

N - 0.17 0.33

O (difference) - 27.75 3.74

H/C 2.00 1.62 2.28

o/C - 0.33 0.035

solid yields sharply reduces. At 2:1 weight ratio of mixtures, the li-
quid yield reaches to its maximum, which is about 51 wt.% in our
experimental conditions. Due to no ash and fixed carbon present
in the HDPE sample (0 wt.%), the quantity of solid residue was
not observed .

In literature, there are many studies about the addition of vari-
ous plastics (PP, PS, PLA etc.) to biomass before the pyrolysis [7-
9,13,31]. Abnisa et al. indicated that the ratio of feed was the most
important variable on liquid yields in the co-pyrolysis of palm shell

and polystyrene waste mixtures to synthesis liquid fuel [7].
According to this study, maximum liquid yield of ~68.3% was ob-
tained under the optimum conditions. They found that liquid
mainly consisted of aliphatic and aromatic hydrocarbons. Cornelis-
sen et al. pyrolyzed biomass together with polylactic acid (PLA)
and investigated the bio-oil yield and composition. Flash co-pyro-
lysis of willow and PLA resulted in an enhanced bio-oil yield with a
lower water content. Synergistic effects were observed to addition
of PLA to willow caused an increase of 28% in bio-oil yield and a
decrease of 37% in water content [31].

Synergetic effect was investigated on the product yields of
HDPE/aS mixtures in our study. That is, two or more discrete influ-
ences or agents acting together create an effect greater than that
predicted by understanding only the separate effects of the indi-
vidual agents. The effect of the HDPE on the co-pyrolysis process
can be observed by comparing the co-processed oil yields to the
predicted values are calculated after the pyrolysis of HDPE and
aS alone. According to literature, when the difference between
the experimental value and the predicted values is positive, then
it can be concluded that addition of HDPE to aS enhances the

Transmitance [%]

(b)

4000 3500 3000 2500

2000 1500 1000 500

‘Wiawerumber cme1

Fig. 3. FT-IR spectra bio-oils (a) aS; (b) HDPE and (c) HDPE/aS (1:1).
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Table 4
Relative proportions (area %) of main pyrolysis compounds in the aliphatic sub-
fraction of bio-oils.

Compound % Area

as HDPE HDPE/aS (1:1)
Undecane - 0.89 -
1-Undecene - 1.49 -
Dodecene - 1.97 -
1,11-Dodecadiene - - 0.35
1-Tridecene 0.97 2.33 -
6-Tridecene - - 0.81
1,12-tridecadiene - - 0.86
Tridecane 0.97 1.71 -
1,13-tetradecadiene - - 0.46
1-Tetradecene 1.94 3.02 1.74
13-methyl-11-tetradecene - - 0.50
5-tetradecene - 0.47 -
Tetradecane 291 1.87 1.11
Pentadecene 1.46 3.05 2.05
1,15-pentadecadiene - - 0.87
Pentadecane 4.37 2.05 1.36
7-Hexadecene - 0.68 -
1-Hexadecene 2.90 2.46
Hexadecane 291 2.22 1.43
11-Hexadecene - - 0.39
14-Methyl-8-hexadecene - 0.63 -
1-Heptadecene - 2.65 4.20
Heptadecane 243 410 1.29
1-Octadecene - 5.59 2.10
9-Octadecene - - 1.64
Octadecane 1.94 4.06 1.23
1-Nonadecene - 8.18 19.03
9-Nonadecene - - 4.74
Nonadecane 13.11 2.93 1.30
1-Eicosyne - - 1.48
Eicosane 10.19 5.21 3.24
Cycloeicosane - _ 2.28
10-Heneicosene - 2.32 2.30
Heneicosane 19.42 8.27 1.68
Heneicosene - - 14.09
Docosane 4.85 2.01 1.69
1-Docosene - 6.63 11.80
Tricosane 5.34 - -
9-Tricosene - _ 2.98
Cyclotetracosane - 2.34 -
Tetracosane 7.28 2.32 1.66
Pentacosane 9.22 7.61 1.69
Hexacosane 10.67 2.53 1.71
9-Hexacosene - - 3.48
Heptacosane - 2.58 -
Triacontane - 3.92 -

bio-oil production [32-34]. Table 2 shows the synergetic effects
obtained for the bio-oil yields in the co-pyrolysis of HDPE and aS.
As shown in Table 2, an increase in the HDPE ratio in the mixture
leads to an increase of synergetic effect in the production of bio-oil.
As the predicted value of oil yield of the mixture prepared by using
2:1 weight ratio of HDPE/aS mixture was 44.49%, it was obtained
as 50.88% in the experimental study. A 14% of increase was

Table 5
Results of 'TH NMR for the bio-oils.

determined in the experimental studies, which means that there
is a synergetic effect on the co-pyrolysis bio-oils obtained from
HDPE and aS.

Pyrolysis of HDPE resulted in a hydrocarbon mixture, mainly
consisting of n-paraffins and n-olefins, in the temperature range
of between 400 and 450 °C, whereas products of co-pyrolysis have
many other compounds with oxygen, nitrogen, etc. depending on
the selected raw materials. As known, the thermal pyrolysis of
polymers occurs by a radical mechanism (initiation, propagation
and termination). The mechanism of co-pyrolysis is more complex
due to the having various chemical species. The following elemen-
tal reactions take place during co-pyrolysis of HDPE and biomass
could be proposed as follows: initiation, formation of secondary
radicals (depolymerization, formation of monomers, favorable
and unfavorable hydrogen transfer reactions, intermolecular
hydrogen transfer (formation of paraffin and dienes), and isomeri-
zation via vinyl groups) and finally termination by disproportion-
ation or recombination of radicals [35].

All these can be summarized as Marin’s proposal for the mech-
anism of co-pyrolysis. The degradation of biomass started at a low-
er temperature than HDPE degradation. Radicals evolved from
biomass degradation were able to initiate the de-polymerization
of HDPE. The addition of biomass results in a first step to its inde-
pendent degradation and lead to a solid formation. Secondly, the
assisted degradation of polyolefin occurs. Finally, during the degra-
dation of polymer some interactions between the radicals and the
solid are responsible of the formation of 2-alkenes [ 10]. These reac-
tions accelerate decomposition of biomass in the HDPE, which
leaves behind smaller amount of residue. Thus, enhanced rate of
thermal decomposition of biomass reduced the residue formation,
which leads a synergistic effect [36]. This mechanism is to present
the role of evolved and free radicals in stabilization. The reaction of
hydrogen transfer from a polyolefinic chain to biomass-derived
radicals will stabilize the primary products from cellulose thermal
degradation. The stabilization of radicals increases condensable
fractions and results in high oil yields. Moreover, scission of poly-
ethylene chains causes an increase of aliphatic fraction of oil
[5-13,31].

3.3. Pyrolysis oils chemical characterization

Detailed characterization of oils was performed to reveal the ef-
fect of HDPE addition to biomass. The results of elemental analysis
and heating values of the oils obtained from biomass, HDPE and
HDPE/biomass mixtures are given in Table 3. After co-pyrolysis ap-
plied, hydrogen content of oil increased. To enhance the H content
of the biomass pyrolysis oil, it should be co-pyrolyzed with high
H-containing materials to favor the improvement of the oil quality.
The heating value of bio-oil from biomass (aS) was very low when
compared with liquid products obtained from both HDPE and
HDPE/aS. Due to high oxygen content, the oil obtained from bio-
mass pyrolysis has lower calorific value and strong corrosive prop-
erties. In addition, the contents of C and H and H/C ratios are

Hydrogen type Chemical shift (ppm) as (%) HDPE (%) HDPE/aS (1:1) (%)
CH; v or further from aromatic ring and parafinic CH; 1.0-0.5 - 31.59 29.95

CHjs; CH; and CH B to araomatic ring 1.5-1.0 428 23.69 21.93

CH; and CH attached to naphthenes 2.0-15 - 2.59 4.24

CHj3; CH, and CH o to aromatic or aceytlenic 3.0-2.0 4444 9.92 9.43

Total aliphatics 3.0-0.5 48.72 67.79 65.55

Hydroxyl, ring-joining methylene, methine or methoxy 4.0-3.0 27.18 - 2.83

Phenols, non-conjugated olefins 6.0-4.0 8.51 32.21 21.23

Aromatics, conjugated olefins 9.0-6.0 15.58 0.42 10.38
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important indicators of the fuel properties [31,37]. As seen in
Table 3, the co-pyrolysis oils contain higher contents of C and H,
whereas having lower contents of O and N. The addition of HDPE
to biomass increases the H/C ratio from 1.62 to 2.28. Liquid
products obtained from the pyrolysis of HDPE and co-pyrolysis of
biomass/HDPE are likely to have a high energy content, because
of their high H/C ratio (Table 3). A further comparison of H/C ratios
with conventional fuels indicates that H/C ratios of the oils ob-
tained by the co-pyrolysis lie between those of diesel and gasoline
like products.

The results of FT-IR analysis of the obtained oils are shown in
Fig. 3. For all spectra, aliphatic hydrocarbon such as alkenes and
alkanes were detected at the range of 2926-2856 cm ™, respectively.
In Fig. 3a and c, the strong peaks in the range of 900-700 cm™!
showed the presence of aromatic hydrocarbons. It can be seen that
the existence of the HDPE can remarkably reduce the oxygen in the
pyrolysis liquid product. When there is no HDPE (pyrolysis-oil of
aS alone), the peaks at range of 3400-3244cm~! and 1717-
1714 cm™!, which represent —OH and —C=0 groups, respectively,
perform high intensity. However, these peaks nearly disappear
while the HDPE exists. Obviously, polymers can effectively remove
the oxygen of pyrolysis products. These results are consistent with
the results of elemental analysis.

The results of GC/MS analysis of the aliphatic fraction of bio-oils
(from aS, HDPE and co-pyrolysis of aS and HDPE) are given in
Table 4. Abundances of the peaks are listed in, as the area (%)
related to the total ion intensity. It is clear that co-pyrolysis of
HDPE and aS leads to an increase of 75% in alkene fractions com-
paring with the results obtained from individual biomass pyrolysis.
Hence, HDPE addition has a marked impact on both the degrada-
tion mechanism and product distribution. As proposed by Jakab
et al. [8], and Sharypov et al. [9,10], the formed solid from biomass
evolves to act as a radical donor. The evolved radicals from biomass
pyrolysis stabilize the free radicals produced from polymers.
Stabilization of these radicals is enhanced by progressing the
pyrolysis and n-alkenes are generated by B scission.

The straight chain of n-alkanes are ranging from C;o to C34 for
HDPE, Cy5 to Cyg for aS, and C;3 to C33 for HDPE/aS in the aliphatic
sub-fraction of pyrolysis oils. Products in the range of C;3-Cyg, an
indicator of diesel like fraction, formed the major constituent in
the liquid product [16]. As seen, in the spectrum of aliphatic sub-
fraction of oil from co-pyrolysis of HDPE/aS, heptadecene (Cy7)
nonadecene (C;g), heneicosane (C5o) and 1-docosene are abundant
products in the range of C;3-Cy5 like diesel fraction.

Aromatics, olefins, and paraffins content of the obtained oils are
determined using 'H NMR spectroscopy given in Table 5. 'H NMR
results indicated that the aromaticity of the oil obtained from co-
pyrolysis of the HDPE/aS mixtures is very low compared to that
of the oil obtained by pyrolysis of the biomass alone. The olefins
in the 4.0-6.0 ppm interval have been observed as the highest per-
centage in the obtained HDPE oil. The olefinic hydrogen percentage
in oil from aS was 8.51% and increased to 21.23% after co-pyrolysis.
The aS oil has the highest value of the protons located in carbonyl
groups, which were observed in the 2.0-3.0 ppm range; the ether
and ester group protons were observed in the 3.0-4.0 ppm range.

Aliphatics (alkanes and alkenes) are essential compounds in
bio-oils, since they show the similarity of bio-oil with the gasoline
and derivatives. The liquid column chromatographic technique
was subjected to separate aliphatics from bio-oil. Oils obtained
by pyrolysis were separated into two fractions, as n-pentane-solu-
ble (deasphalted oil) and insoluble (asphaltenes) using n-pentane.
The n-pentane-soluble materials were further separated by col-
umn chromatography into aliphatic, aromatic, and polar fractions.
The yield of de-asphalted oil obtained from the pyrolysis of bio-
mass is 50%. The aliphatic fraction of pyrolysis oil increased from
14% to 68.77% by co-pyrolysis with HDPE. The polar and aromatic

fractions were 34% and 52% in biomass pyrolysis and decreased to
7.77 and 23.46% in the oil obtained by co-pyrolysis of HDPE/aS
mixture. This is also consistent with of the result of elemental
analysis.

4. Conclusions

In this study, synergic effect on the co-pyrolysis of aS/HDPE was
observed both on yields and compositions. It could be attributed to
the hydrogen release due to the cracking of polyethylene chains
during the thermal decomposition. The conclusions can be drawn
as follows:

e The results of elemental analysis show that oil obtained by

co-pyrolysis is quite similar to currently utilized transport fuel

in terms of H/C ratios and heating values.

Co-pyrolysis of HDPE/aS decreases oxygen content which

makes the oil more stable. The oxygen content aS oil is

decreased 86.5% after addition of HDPE (1:1).

In the spectrum of aliphatic sub-fraction of oil from co-pyrolysis

of HDPE/aS, heptadecene (C;7) nonadecene (C9), heneicosane

(Cy0) and 1-docosene are abundant products in the range of

Cq3-Cy5 like diesel fraction.

o The addition of HDPE to aS has a positive effect on fuel proper-
ties of obtained oil as well.

e The aliphatic contents of the oils obtained by HDPE pyrolysis
and co-pyrolysis of HDPE/aS are the highest compared to the
oils obtained by aS individual.

In this study, the addition of HDPE to biomass allowed to obtain
the bio-liquids by pyrolysis methods with the yield near 40-50%
wt. at 500 °C at atmospheric pressure. As a conclusion, the method
of biomass co-pyrolysis with synthetic polymer has good prospects
for integrated production of engine fuels, chemicals, taking into
account a rather high yield of bio-oil. Besides, this process can
solve the urgent plastic disposals.

References

[1] Park HJ, Heo HS, Yoo KS, Yim JH, Sohn JM, Jeong KE, et al. Thermal degradation
of plywood with block polypropylene in TG and batch reactor system. ] Ind Eng
Chem 2011;17:549-53.

[2] Elordi G, Olazar M, Lopez G, Artetxe M, Bilbao ]. Product yields and
compositions in the continuous pyrolysis of high-density polyethylene in a
conical spouted bed reactor. Ind Eng Chem Res 2011;50:6650-9.

[3] Ballice L, Yiiksel M, Saglam M. Classification of volatile products from
thetemperature-programmed  pyrolysis of low- and high-density
polyethylene. Energy Fuel 1998;12:925-8.

[4] Isahak WNRW, Hisham MWM, Yarmo MA, Hin TY. A review on bio-oil
production from biomass by using pyrolysis method. Renew Sust Energy Rev
2012;16:5910-23.

[5] Brebu M, Spiridon I. Co-pyrolysis of LignoBoost®lignin with synthetic
polymers. Polym Degrad Stabil 2012;97:2104-9.

[6] Ye JL, Cao Q, Zhao YS. Co-pyrolysis of polypropylene and biomass. Energy
Source Part A 2008;30:1689-97.

[7] Rutkowski P, Kubacki A. Influence of polystyrene addition to cellulose on
chemical structure and properties of bio-oil obtained during pyrolysis. Energy
Convers Manage 2006;47:716-31.

[8] Jakab E, Varhegyi G, Faix O. Thermal decomposition of polypropylene in the
presence of wood-derived materials. ] Anal Appl Pyrol 2000;56:273-85.

[9] Sharypov VI, Marin N, Beregovtsova NG, Baryshnikov SV, Kutnetzov BN,
Cebolla V, et al. Copyrolysis of wood biomass and synthetic polymers mixtures.
Part I: influence of experimental conditions on the evolution of solids, liquids
and gases. ] Anal Appl Pyrol 2002;64:15-28.

[10] Marin N, Collura S, Sharypov VI, Beregovtsova NG, Baryshnikov SV, Kutnetzov
BN, et al. Copyrolysis of wood biomass and synthetic polymers mixtures. Part
II: characterisation of the liquid phases. ] Anal Appl Pyrol 2002;65:41-55.

[11] Sharypov VI, Beregovtsova NG, Kutnetzov BN, Membrado L, Cebolla VL, Marin
N, et al. Co-pyrolysis of wood biomass and synthetic polymer mixtures. Part
III: characterisation of heavy products. ] Anal Appl Pyrol 2003;67:325-40.

[12] Sharypov VI, Beregovtsova NG, Kuznetsov BN, Baryshnikov SV, Cebolla VL,
Weber ]V, et al. Co-pyrolysis of wood biomass and synthetic polymers
mixtures. Part IV: catalytic pyrolysis of pine wood and polyolefinic polymers
mixtures in hydrogen atmosphere. ] Anal Appl Pyrol 2006;76:265-70.


http://refhub.elsevier.com/S0196-8904(13)00743-7/h0005
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0005
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0005
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0010
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0010
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0010
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0015
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0015
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0015
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0020
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0020
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0020
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0025
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0025
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0025
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0030
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0030
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0035
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0035
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0035
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0040
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0040
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0190
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0190
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0190
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0190
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0195
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0195
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0195
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0200
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0200
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0200
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0060
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0060
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0060
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0060

710 E. Onal et al./Energy Conversion and Management 78 (2014) 704-710

[13] Abnisa F, Daud WMAW, Ramalingam S, Azemi MNBM, Sahu JN. Co-pyrolysis of
palm shell and polystyrene waste mixtures to synthesis liquid fuel. Fuel
2013;108:311-8.

[14] Aboulkas A, Harfi KE, Bouadili AE. Non-isothermal kinetic studies on co-
processing of olive residue and polypropylene. Energy Convers Manage
2008;49:3666-71.

[15] Dong C, Yang Y, Jin B, Horio M. The pyrolysis of sawdust and polyethylene in
TG and U-shape tube reactor. Waste Manage 2007;27:1557-61.

[16] Rotliwala YC, Parikh PA. Thermal co-processing of high density polyethylene
with coal, fly ashes, and biomass: characterization of liquid products. Energy
Source Part A 2012;3(4):1055-66.

[17] Rotliwala YC, Parikh PA. Study on thermal co-pyrolysis of jatropha deoiled
cake and polyolefins. Waste Manage 2011;29:1251-61.

[18] Berrueco C, Ceamanos ], Esperanza E, Mastral JF. Experimental study of co-
pyrolysis of polyethylene/sawdust mixtures. Thermal Sci 2004;8:65-80.

[19] <http://www.plasticseurope.org/document/the-compelling-facts-about-
plastics-2009.aspx>.

[20] Turkish State Statistical Institute Municipal Waste Statistics; 2010.

[21] Kayacan I, Dogan OM. Pyrolysis of low and high density polyethylene. Part I:
non-isothermal pyrolysis kinetics. Energy Sources Part A 2008;30:385-91.

[22] Stelmachowski M. Thermal conversion of waste polyolefins to the mixture of
hydrocarbons in the reactor with molten metal bed. Energy Convers Manage
2010;51:2016-24.

[23] Demirbas A. Effect of temperature on pyrolysis products from four nut shells. ]
Anal Appl Pyrol 2006;76(285):289.

[24] Nabais JMV, Laginhas CEC, Carrott PJM, Ribeiro MML. Production of activated
carbons from almond shell. Fuel Process Technol 2011;92:234-40.

[25] Gokcol CB, Dursun B, Alboyaci E, Sunan E. Energy policy importance of biomass
energy as alternative to other sources in Turkey. Energy policy 2009;24:431-7.

[26] Gonzalez JF, Ganan ], Ramiro A, Gonzalez-Garcia CM, Encinar JM, Sabio E, et al.
Almond residues gasification plant for generation of electric power.
Preliminary study. Fuel Process Technol 2012;87:149-55.

[27] Achilias DS, Roupakias C, Megalokonomosa P, Lappas AA, Antonakou EV.
Chemical recycling of plastic wastes made from polyethylene (LDPE and
HDPE) and polypropylene (PP). ] Hazard Mater 2007;149:536-42.

[28] Arabiourrutia M, Elordi G, Lopez G, Borsella E, Bilbao ], Olazar M.
Characterization of the waxes obtained by the pyrolysis of polyolefin
plastics in a conical spouted be reactor. ] Anal Appl Pyrol 2012;94:230-7.

[29] Ozbay N, Apaydin-Varol E, Uzun BB, Piitiin AE. Characterisation of bio-oil
obtained from fruit pulp pyrolysis. Energy 2008;33:1233-40.

[30] Onal E, Uzun BB, Piitiin AE. An experimental study on bio-oil production from
co-pyrolysis with potato skin and high-density polyethylene (HDPE). Fuel
Process Technol 2012;104:365-70.

[31] Cornelissen T, Yperman J, Reggers G, Schreurs S, Carleer R. Flash co-pyrolysis of
biomass with polylactic acid, part 1. Influence on bio-oil yield and heating
value. Fuel 2008;87:1031-41.

[32] Suelves I, Moliner R, Lazaro M]. Synergetic effects in the co-pyrolysis of coal
and petroleum residues: influences of coal mineral matter and petroleum
residue mass ratio. ] Anal Appl Pyrol 2000;55:29-41.

[33] Suelves I, Lazaro M], Moliner R. Synergetic effects in the co-pyrolysis of Samca
coal and a model aliphatic compound studied by analytical pyrolysis. Fuel
Process Technol 2002;65:197-206.

[34] Moliner R, Suelves I, Lazaro M]. Synergetic effects in the copyrolysis of coal/
petroleum residue mixtures by pyrolysis/gas chromatography: influence of
temperature, pressure, and coal nature. Energy Fuels 1998;12:963-8.

[35] Miskolczi N. Co-pyrolysis of petroleum based waste HDPE, poly-lactic-acid
biopolymer and organic waste. ] Ind Eng Chem 2013;19:1549-59.

[36] Rotliwala Y, Parikh P. Thermal degradation of rice-bran with high density
polyethylene: a kinetic study. Korean ] Chem Eng 2011;28:788-92.

[37] Aboulkas A, Makayssi T, Bilali L, Harfi KE, Nadifiyine M, Benchanaa M. Co-
pyrolysis of oil shale and high density polyethylene: structural
characterization of the oil. Fuel Process Technol 2012;96:203-8.


http://refhub.elsevier.com/S0196-8904(13)00743-7/h0065
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0065
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0065
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0070
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0070
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0070
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0075
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0075
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0080
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0080
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0080
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0085
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0085
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0090
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0090
http://www.plasticseurope.org/document/the-compelling-facts-about-plastics-2009.aspx
http://www.plasticseurope.org/document/the-compelling-facts-about-plastics-2009.aspx
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0205
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0205
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0205
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0110
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0110
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0110
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0115
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0115
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0115
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0120
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0120
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0125
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0125
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0210
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0210
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0210
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0135
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0135
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0135
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0215
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0215
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0215
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0145
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0145
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0145
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0150
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0150
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0150
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0155
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0155
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0155
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0160
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0160
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0160
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0165
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0165
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0165
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0170
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0170
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0170
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0175
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0175
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0180
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0180
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0185
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0185
http://refhub.elsevier.com/S0196-8904(13)00743-7/h0185

	Bio-oil production via co-pyrolysis of almond shell as biomass and high density polyethylene
	1 Introduction
	2 Experimental
	3 Results and discussion
	3.1 Thermal gravimetric analysis of raw materials
	3.2 Product yields and synergetic effect
	3.3 Pyrolysis oils chemical characterization

	4 Conclusions
	References


