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Abstract

Biomass-derived pyrolytic oil, bio-oil, has the potential to substitute fossil fuels from a sustainable point of view. The uti-
lization of bio-oil in different applications is limited due to the aging effects on its stability in terms of its compositional,
thermal, and rheological changes. Thus, the objective of this work is to investigate the short- and long-term storage effects
on bio-oil properties. For this purpose, bio-oil produced from olive pomace using a laboratory-scale slow pyrolysis reac-
tor was aged under two different conditions: at room temperature in a sealed bottle for 7 days and under accelerated aging
conditions (80 °C) for 24 and 168 h. The raw and aged bio-oil samples were characterized by elemental analysis, thermo-
gravimetric analysis (TGA), gas chromatography—mass spectrometry (GC-MS), Fourier transform infrared spectroscopy
(FT-IR), TGA-FT-IR, and rheometer. Carboxylic acids, esters, and phenols were detected to be the main groups of bio-oil.
Long-term and high-temperature storage, known as accelerated aging, affected the rheological behavior of bio-oil while
increasing the instability, which is attributed to the polymerization reactions that occurred during storage. The viscosity of
this aged bio-oil was measured as 111.2 cP at 20 °C, which is 46.8% higher than that of the fresh bio-oil. The maximum
decomposition temperature was shifted to around 300 °C for the 168 h of accelerated aged bio-oil. Overall, this study ena-
bles a better understanding of the olive pomace-based bio-oil storage conditions for its possible use as a synthetic fuel and
provides data for the development of more feasible biorefinery processes.
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1 Introduction

Due to environmental concerns such as sustainability,
atmospheric carbon accumulation, and the associated global
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of biomass sources can be used as feedstock for pyrolysis
processes such as plant-based materials (crops and agricul-
tural residue), industrial waste, and municipal solid waste
[9, 10]. The subtle point to consider during biomass selec-
tion for pyrolysis is the abundance and continuity of the
feedstock. In this perspective, olive oil pomace as a waste
stream of the oil industry can be considered a suitable bio-
mass material, especially for the Mediterranean countries. It
is known that olive is one of the main agricultural products
in the Mediterranean region with more than 95% of olive
oil production worldwide. Approximately 17 million tons
of grain olives are obtained from 900 million olive trees in
around 10 million hectares of land in the world. The average
worldwide annually olive oil production, according to the
last 5 seasons, is around 3.2 million tons/year [11]. Spain,
Italy, Tunisia, Greece, and Turkey are the most olive pro-
ducers in the world, both in terms of land devoted to olive
tree cultivation and olive oil production [12]. Moreover, a
life cycle assessment study on olive pomace valorization
showed that pyrolysis process is an ecological tool using
energy-efficient equipment [13]. Olive pomace is the main
residue of the olive oil extraction process that is a thick dark
brown sludge. It is the remaining pulpy material after remov-
ing most of the oil from the olive paste, and it consists of
pieces of skin, pulp, stone, and olive kernel [14—16]. In the
structure of olive pomace, a variety of compounds of car-
bohydrates, lipids (remaining oil), phenols, and inorganics
exist. Cellulose, hemicellulose, and lignin are known to be
the main biochemical components of the pomace; however,
fatty oils and protein are also present in significant quanti-
ties [14, 16—18]. The findings of the previous studies verify
that the olive pomace has considerable potential for efficient
biorefinery processes since its bio-oil has similar character-
istics to petroleum fractions with a suitable calorific value
[14, 19-23].

During biomass pyrolysis, a complex mixture of hydro-
carbons is formed due to the non-synchronized decompo-
sition of biomass constituents, namely cellulose, hemicel-
lulose, and lignin [24, 25]. Therefore, bio-oil includes a
large number of organic substances in its structure, such
as ketones, aldehydes, alkanes, acids, alcohols, esters,
anhydrosugars, furans, phenols, guaiacols, syringols, and
aromatic compounds together with water and large molecu-
lar oligomers [26]. Due to this complex structural compo-
sition of bio-oil, it exhibits some unfavorable properties
like high acidity, high moisture content, and poor stabil-
ity which limits its widespread applications for heat and
power generation and applications in the chemical indus-
try [27-29]. Furthermore, the components of bio-oil may
react with each other, forming macromolecular organics,
which eventually cause bio-oil aging during storage. As a
result of the instability of bio-oil, viscosity increment is
observed during storage, especially if exposed to relatively
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high temperatures [30]. It is well-known that aging not
only deteriorates the quality of bio-oil but also influences
the refining of bio-oil and its extracted chemicals since it
causes obvious changes in the physical and chemical prop-
erties [31]. Therefore, the stability of bio-oils needs to be
studied in detail during their use.

By far, although various process parameters on olive
pomace pyrolysis product yields have been investigated
such as temperature [21], heating rate [32], heating type
[19], residence time [34], catalysis [35, 36], pressure [37,
38], and pyrolysis atmosphere [20] together with effects
of pretreatment [14, 23, 39], the intrinsic effect of aging
on olive pomace-based bio-oil characteristics has not been
studied yet. On the other hand, there have been several
studies over the years measuring the stability of pyrolytic
liquid from different biomasses, but none of them studied
the thermal and rheological behavior of bio-oil produced
from the olive pomace, or no viscosity measurements
were carried out at specific temperatures and a specific
shear rate or a narrow shear rate range. A few papers have
been reported on the storage stability of pyrolytic bio-oil.
Diebold reported a review that focused on bio-oil storage
instability and the possible chemical reactions taking place
during storage [40]. Cai et al. provided a study that inves-
tigated long-term (2 years) storage on rice husk pyrolytic
liquid under three different conditions and concluded that
the low storage temperatures slowed down the degrada-
tion reactions [27]. In another study, both accelerated aging
and long-term storage on torrefied wood pyrolytic liquid
physicochemical and compositional properties were inves-
tigated [41]. Having focused on the scientific essence of the
aforementioned issue, the effect of storage and aging seems
to require being resolved for efficient and feasible bio-oil
utilization. Considering the high-temperature performance
and aging resistance required for many engineering appli-
cations, improvement in the rheology can give a more
detailed performance-related characterization with varying
degrees of aging to qualitatively verify the consistency in
general characteristics. Therefore, this study aims to inves-
tigate the effect of different storage conditions on bio-oil
thermal and storage stability in terms of rheological and
analytical characterization techniques. In this way, impor-
tant fundamental data about the performance and charac-
teristics of olive pomace-based bio-oil will constitute an
important resource for further engineering applications.

2 Materials and methods
2.1 Raw material

The olive oil pomace (olive residue) used in this study as
feedstock was collected from Manisa city located in the
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Aegean Region, west of Turkey, during the 2019 season.
Olive pomace consisted of the solid remains of the olive
including skins, pulp, seeds, and stems. The feedstock was
dried at room temperature for a few days before pyrolysis to
extract any excess water content. The main characteristics
of olive pomace are listed in Table 1.

2.2 Raw material characterization
2.2.1 Thermogravimetric analysis

The thermogravimetric analysis was carried out using Seta-
ram Labsys-Evo to investigate the thermal decomposition
behavior of the raw material. The sample was heated from
room temperature to 1000 °C in N, atmosphere with a flow

rate of 20 ml.min~!, at a heating rate of 10 °C.min" .

2.3 Bio-oil production via pyrolysis

Pyrolytic oil was obtained from olive pomace via slow pyrol-
ysis using a fixed bed reactor details of which was given
in the previous studies [42]. The reactor was fixed in an
electrically heated oven to obtain the desired pyrolysis tem-
perature. The reactor temperature was maintained at 500 °C
using a PID controller with a K-type thermocouple placed
on the top of the reactor. After the reactor was filled with
feedstock, its upper chamber was sealed carefully to ensure
that there are no gas leakages. The final temperature of the
reactor was set to 500 °C at a heating rate of 10 °C.min~".
After reaching the final temperature, a holding period of
15 min was sustained. The volatiles produced during pyroly-
sis were swept out using nitrogen that flows in the reactor at
100 cm®.min~"! and passed through four cylindrical bio-oil
traps placed in an ice bath. The condensed volatiles were
collected as bio-oil with a certain amount of water, which
was further separated. The difference in the density of water
and bio-oil makes it simple to separate them using a standard
separation funnel. Bio-oil having a density lower than the

Table 1 Main characteristics of the biomass

Ratio (wt.%)  Method

Proximate analysis ~ Moisture 7.1 ASTM D2016-74

Ash 34 ASTM D1102-84

Volatile 823 ASTM E897-82
Ultimate analysis C 59.45 ASTM D 5373

H 6.96 ASTM D 5373

N 5.37 ASTM D 5373

O* 28.22

H/C 0.12

o/C 0.47

* By difference

water creates a two-phase liquid in the funnel where the
bio-oil is the upper phase and the water was drained slowly
from the bottom. The water-free, fresh bio-oil was trans-
ferred to a closed glass vessel and kept in the refrigerator at
4 °C for further analyses. All analyses for fresh bio-oil were
carried out using the bio-oil without any treatment except
water separation.

2.4 Bio-oil aging

Bio-oil samples were aged under two different conditions:
(i) at room temperature for 7 days and (ii) at 80 °C, known
as accelerated aging, for 24 and 168 h. In the literature,
accelerated aging refers to 24 h of storage at 80 °C, and it
is reported to be equivalent to 1 year of storage at room tem-
perature [43, 44]. Therefore, in this study, both short- and
long-term aging were performed to investigate the effects
of storage time on the characteristics of bio-oil. Bio-oil
samples are named as follows: “fresh” for the bio-oil before
the aging; “7-day aged” for the samples aged at room tem-
perature for 7 days; and ‘“24-h accelerated aged” and “168-h
accelerated aged” for the samples aged at 80 °C for two
different durations. During aging, all samples were placed
in separate brown-colored glass bottles, which were tightly
closed and stored in a dark environment.

2.5 Bio-oil characterization

The elemental composition, C, H, and N, of each sample,
was determined using a LECO CHN628 elemental analyzer
using ASTM D-5377 method. Oxygen content was calcu-
lated by difference (100% — (C + H+ N)). The determination
of the calorific value of bio-oil samples was accomplished
by using the Dulong equation [16]:

MJ 0
QGCV(E) =33.83C + 144.3(11 - §> W

where C, H, and O are the mass fractions of carbon, hydro-
gen, and oxygen, respectively, and Qgcy is the gross calorific
value in MJL.kg™".

Fourier transform infrared spectroscopy (FT-IR) was used
to analyze the organic functional groups in the bio-oil sam-
ples before and after the aging process. A Thermo Fisher
Scientific Nicolet iS10 FT-IR spectrometer with a resolu-
tion of 4 cm and 32 scans was used for analyzing samples
between 4000 and 500 cm™!. With the OMNIC software,
spectral analysis was done and reproducibility and accuracy
of the gained data were confirmed.

The gas chromatography-mass spectroscopy
(GC-MS) analysis was carried out on each sample using
Agilent Technologies 7820A Gas Chromatography
(GC)-5977B Mass Spectroscopy (MS) equipped with
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30 mx0.25 mmx0.25 ym HP-5MS column. The tempera-
ture of the GC oven was programmed to hold at 40 °C for
3 min, and then, the temperature was increased at a rate
of 2 °C.min""! to hold for 30 min after reaching the final
temperature of the oven set as 270 °C. A 1-uL sample injec-
tion was adopted. Helium flow rate was adjusted as 1 mL/
min. WON11 mass spectral library was used to identify the
obtained peaks.

Thermogravimetric analysis (TGA) experiments were
carried out using Labsys Eyo (SETARAM Instrumentation),
and the gases that evolved during thermal decomposition
were detected by a simultaneous FT-IR (Thermo-Nicolet
1Z10). Approximately 10+ 1.0 mg of sample was loaded into
a 100 pL alumina crucible and heated from 25 to 1000 °C
with a heating rate of 20 °C.min~! where 20 mL/min nitro-
gen was used as the sweeping gas. Before each analysis, a
blank experiment was performed and subtracted from the
TGA data of the samples to eliminate the systematic errors
of the instrument. During pyrolysis, evolved gases were
swept through the capillary transfer lines which were con-
nected to the FT-IR spectrometer. To avoid condensing, the
transfer line and FT-IR cell were maintained at 225 °C and
250 °C, respectively. FT-IR spectra were recorded from 4000
to 400 cm~! using OMNIC software.

All characterization tests were applied to fresh and aged
samples, and to ensure the accuracy of the experimental
results, all the experiments were conducted at least twice.

2.6 Rheology

The dynamic viscosity of bio-oil samples was determined
by using Kinexus ultra+ (Malvern UK) rheometer. Two dif-
ferent tests were applied to each sample, shear rate ramp
and temperature ramp. Shear rate ramp tests were applied
between 5 and 580 s~! to each sample at different tempera-
tures of 20, 25, 30, 35, and 40 °C. To reach a steady state at
the target temperature, 5 min of holding time was applied.
Temperature ramp tests were applied between 20 and
60 °C to each sample with a 1 °C.min~" heating rate at con-
stant shear stress (1 Pa). The temperature is controlled using
an active hood Peltier plate cartridge with+0.01 °C tem-
perature resolution and +0.1 °C temperature stability; this
cartridge is designed for accurate measurement of samples
with volatile components and to minimize sample drying.
The experimental error in viscosity measurements was found
to be less than 2.45% by using standard mineral oil. Cone
plate stainless steel geometry was used with a 40 mm diam-
eter and 4° angle because this geometry requires a small
sample volume and generates a homogeneous shear field
on the sample compared to different geometries. During the
tests, the cone plate gap was 0.1498 mm, and ~ 1.2 mL vol-
ume of sample was required. The data was gathered using
rSpace and was analyzed using OriginPro 9.0.0 software.
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The change in the dynamic viscosity, A 77, known as the
aging index was calculated using the following equation
[35, 38]:

Naged — NFresh

An x 100% 2)

NFresh

3 Results and discussion

3.1 Thermal decomposition behavior of olive
pomace and bio-oil production

Pyrolysis experiments were carried out at 10 °C/min under
nitrogen by TGA. The TG and DTG curves are shown in
Fig. 1. The main pyrolysis reactions started around 170°C
and completed at 560°C, giving a maximum decomposi-
tion rate of 6.4%/min at 322°C. The total mass loss was
recorded as 77.4 wt.%. According to the thermal decom-
position data, the pyrolysis temperature to produce bio-
oil is selected to be 500 ‘C for the further bench-scale
experiments.

Slow pyrolysis was applied at this temperature under an
inert atmosphere to avoid secondary reactions. The bio-oil
yield was achieved to be around 35 wt. %, which is consist-
ent with the previous studies [20, 21]. For instance, Uzun
et al. studied the fast pyrolysis of olive pomace at differ-
ent pyrolysis temperatures and retention times. According
to their results, the highest bio-oil yield of 46.7 wt.% was
achieved at 500 °C when the heating rate was 500 °C.min~"
[16]. For the case of slow pyrolysis, on the other hand, the
bio-oil formation was reported to be significantly lower with
a yield of wt. 37.7% at the same temperature [45].

TG (%)

T v T T T T T v -
200 400 600 800 1000
Temperature (°C)

Fig. 1 Thermal decomposition behavior of olive pomace
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3.2 Bio-oil characterization
3.2.1 Elemental composition

The ultimate analysis results of bio-oil samples are given
in Table 2. The analyses showed that all bio-oil samples
contained almost the same percentages of carbon, hydro-
gen, nitrogen, and oxygen. All results were in the accu-
racy range specified by the standard materials used for
calibration. Aged bio-oil samples were carefully sealed
to prevent any contact with air/oxygen to prevent or mini-
mize oxidation reactions. As a result, the oxygen con-
tent of aged bio-oil samples showed minor changes with
respect to that of fresh bio-oil samples. Separating bio-oil
from water content immediately after pyrolysis resulted
in higher carbon and lower oxygen contents compared to
other studies [21]. However, still, the oxygen content of
bio-oil is around 15 wt. %, which is one of the main prob-
lems of bio-oil utilization as an alternative to petroleum-
derived oils. The increased content of oxygen results in
a lower energy density and also accelerates the oxidative
degradation reactions during the storage time. Moreover,
the oxygenated chemical compounds are highly reactive
and promote the instability of the bio-oil [46, 47]. The
ratios of atomic hydrogen and oxygen to carbon (H/C and
O/C) are critical indicators of calorific value and stability.
The biofuels with a high H/C ratio have higher calorific
values, while the lower O/C ratio specifies better fuel
stability. The higher the calorific value is, the closer the
bio-oil to the synthetic fuel. As seen in Table 2, the aver-
age gross calorific value of bio-oil samples was calculated
as 35.74 MJ.kg_l, which is close to that of petroleum
products [48] and higher than that of typical bio-oil sam-
ples [49] due to separation of water from the oil fraction
immediately after pyrolysis.

Table 2 Elemental analysis results of fresh and aged bio-oil samples
(as received, wt. %)

Fresh 7 days  24-h acceler- 168-h accel-
aged ated aged erated aged
C 7336  74.05 73.74 73.40
H 9.34 9.26 9.44 9.39
N 2.17 2.20 2.23 2.16
(o} 1513 14.49 14.60 15.05
H/C 1.52 1.49 1.53 1.52
o/C 0.16 0.15 0.15 0.15
Qgey MJ/kg) 3556 3580  35.93 35.67

* By difference

K%k .
Gross calorific value

3.2.2 Functional groups of bio-oil samples

The functional groups of bio-oil samples were detected
by FT-IR spectroscopy (Fig. 2), and the summary of the
main functional groups detected by FT-IR is summarized
in Table 3. During the aging process, although a series of
reactions took place, all major bands attributed to similar
functional groups are observed in the spectra due to the
negligible change in the composition of bio-oil. Moreo-
ver, the presence of oxygenated compounds is observed
from the spectra through the carboxyl and carbonyl group
vibration bands.

The O-H stretching vibrations between 3200 and
3570 cm™! observed in all FT-IR spectra indicate the pres-
ence of hydroxyl groups in alcohols and phenols. The weak
peaks at around 3010 cm™! are related to the aromatic = C-H
vibrations from the aromatic ring [50]. The symmetric and
asymmetric stretching vibration associated with the peaks at
around 2925 and 2854 cm™! of C-H is attributed to methyl
and methylene groups. The only difference between the
fresh and aged bio-oil samples is the relative intensities
and sharpness of these vibration bands. The C=0 group is
arising mainly from the aldehydes, ketones, and carboxylic
acids, and the stretching bands are observed between 1685
and 1760 cm™'. The strong peak at 1711 cm™' observed
for all samples is assigned to the stretching vibrations of
carboxylic acid, which is a common characteristic of edible
oil and is further confirmed by GC-MS analysis [51]. The
1340-1470 cm™! C-H bending vibrations correspond to
alkyl and aliphatic groups. The stretching vibrations associ-
ated with the peaks at 1242 and 1264 cm™" are likely indica-
tive of C—-O stretching vibration in organic acids, ethers, and
alcohol groups. The presence of —OH groups is confirmed by
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Fig.2 FT-IR spectra of bio-oil samples
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Table 3 The main functional

C Wavenumber (cm™!)
groups of bio-oil

Functional group Compounds

3200-3570 (broad)
3000-3100
2850-2970
1690-1760
1500-1600
1340-1470
1050-1300
1000-1200
1000-1060

O-H (stretching)
C-H (stretching)
C-H (stretching)
C =0 (stretching)
C=C (stretching)
C-H (bending)
C-O (stretching)
C-H (bending)
C-O (stretching)

Hydrogen-bonded alcohols, phenols
Aromatic rings

CH, or CHj; groups

Aldehydes, ketones, carboxylic acids
Aromatic rings

Alkyl, aliphatic

Alcohols, ethers, carboxylic acids
Aromatic rings

Ethers, alcohols, phenols

the stretching vibrations of C-OH at 1110 cm™". The stretch-
ing vibrations between 1060 and 1030 cm™" are attributed
to stretching vibrations of C-O belonging to the carboxyl
(-COOH) group [21, 50, 52].

3.2.3 GC-MS analysis

GC-MS analysis provides information about the compo-
nents of bio-oil samples to understand the changes in the
composition due to the possible chemical reactions during
the aging period. According to GC-MS spectra and library
search results, bio-oil is a complex mixture of hydrocar-
bons, containing more than 100 compounds. To eliminate
the inaccuracies, only the components with relatively high
matching quality (higher than 50) were selected in this study
and classified as phenols, carboxylic acids, alkanes, ketones,
esters, alcohols, aldehydes, and aromatics. The distribution
of the fresh and aged bio-oil compounds that are identified
according to the retention times is given in Table 4. The
majority of fresh bio-oil is oleic acid with the highest rela-
tive percentage of 46.80%, which is a kind of fatty acid and
grouped in carboxylic acids. The phenolic compounds have
the second major contribution to bio-oil composition. It is
known that the lignocellulosic biomass is oxidized to phe-
nols during the pyrolysis process, and hence, fresh and aged
bio-oil produced from olive pomace has approximately 17%
phenolic compounds [20, 53]. Due to the presence of these
high fractions of oxygenated compounds, i.e., fatty acids, the
stability of bio-oil is low, and a free-radical chain reaction,
namely, autoxidation reaction, occurs during the long-term
storage [54]. To prevent the formation of free radicals, it is
necessary to keep the bio-oil under inert conditions. In this
study, the bio-oil samples were aged in closed vessels, and
therefore, the possible oleic acid decomposition reactions
were minimized. To precisely observe the effect of aging
on the composition of bio-oil, the variations in the areas of
each component group are demonstrated in Fig. 3. For the
fresh bio-oil, the main groups were carboxylic acids, phe-
nolics, and esters with percentages of 58.4, 16.8, and 16.5,
respectively. After aging, it is noticed that the percentage of
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carboxylic acids decreased slightly by ~10% to 53% when
168-h accelerated aging was applied. On the other hand,
esters, ketones, and aromatics percentage areas slightly
increased. The possible explanation for this substitution
is the esterification reactions, where the —OH group of the
carboxylic acid is replaced by —OR’ groups to give esters.
Moreover, the fraction of aromatic compounds in the fresh
bio-oil represents 2.5%, and it increased to 3.3% after 168-h
of accelerated aging. The dehydrogenation of existing cyclic
compounds during the storage resulted in an increase in
the aromatic compounds, which also increased the higher
molecular weight hydrocarbon fractions. The results are
consistent with the previous studies as Grioui et al. reported
that hydroxyl, carbonyl, and carboxyl group components are
the main reactants for the chemical reactions that occurred
during storage [51].

3.2.4 Thermal decomposition behavior of bio-oil

The thermal stability of fresh and aged bio-oil samples is
indicative of their rheological behavior. Figure 4 shows the
weight loss of bio-oil samples during thermal decomposi-
tion at a 20 °C/min heating rate, and Table 5 summarizes
the decomposition temperatures. It is seen that around 93
wt. % of the samples were decomposed at the final tempera-
ture of 1000 °C and all bio-o0il samples exhibited almost the
same mass loss. The decomposition of bio-oil was accom-
plished in a single step between around 45 and 510 °C.
Lower molecular weight hydrocarbons such as aldehydes,
alcohols, and carboxylic acids were volatilized at tempera-
tures between 45 and 130 °C, and when the temperature
increased to around 130 °C, complex pyrolysis reactions
started to take place resulting in rapid degradation. The TG
curves of the aged samples shifted to the right due to the
formation of a higher molecular weight tar sample during
the aging process as a result of the polymerization reactions.
Figure 4 also shows dTG curves for each sample; the maxi-
mum decomposition rate increased by 17 °C from 281 °C for
fresh bio-oil to 298 °C for 168 h of accelerated aged bio-oil.
The main decomposition occurred in a single step, followed
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Table4 GC-MS results for

S Compounds Molecular formula Area (%)
fresh and aged bio-oil samples

Fresh 7days 24h 168h

Alcohols
2-Furanmethanol CsHyO, 0.17  0.38 036 031
Aldehydes
9-Tetradecenal, (Z)- C4H,,0 - 0.80 - 0.81
Alkanes
Octane CgHg 022 0.5 021 0.19
Nonane CoH,, 018 020 016 0.14
Decane CyoHy, - 0.26 0.16  0.15
Undecane Ci Hyy - 024 023 030
Dodecane CioHyg - 026 027 0.26
Tridecane Ci3Hog - 036 029 027
Tetradecane C4H; 031 0.32 034 032
Pentadecane CisH;, 046 048 046 045
Hexadecane Ci6Hzy - 0.27 027 0.25
Aromatics
Toluene C,Hg 045 041 034 030
Ethylbenzene CgHy g 0.18 - - -
Benzene, 1,3-dimethyl- CgH, g 0.16 0.13 0.13  0.12
Styrene CgHg 005 0.12 011 0.09
p-Xylene CgHy 020 0.19 0.18 0.15
2,4,6-Octatriene, 2,6-dimethyl- CioH6 - 019 025 0.25
2,3,5-Trimethoxytoluene C,oH;40; - - - 1.01
Squalene C;0Hsp 147 142 143  1.36
Carboxylic acids
3,5-Dimethoxy-4-hydroxyphenylacetic acid C,oH;,05 0.18 0.25 0.11  0.11
Oleic acid C,sH5,0, 46.80 41.94 44.46 4255
n-Hexadecanoic acid C,¢H3,0, 11.39 1243 975 10.30
Ester
Hexadecanoic acid, methyl ester C,7H5,0, 253 236 251 254
9,12-Octadecadienoic acid (Z,Z)-, methyl ester C,oH5,0, 1.06 1.10 1.04 1.07
9-Octadecenoic acid, methyl ester C,oH560, 1295 11.75 1236 12.74
9-Octadecenoic acid (Z)-, 2,3-dihydroxypropyl C,H,00, - 1.02 1.10  1.08
ester
Ketones
2-Cyclopenten-1-one, 2-methyl- C¢HgO - 0.19 0.17  0.15
Butyrolactone C,H(0, 021 024 022 0.20
2-Cyclopenten-1-one, 2-hydroxy-3-methyl- C¢Hg0, - 0.43 0.25 042
2,4-Dihydroxypropiophenone CoH, (05 - 0.12 0.14  0.13
2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- C,oH,0; 046 044 042 047
Phenols
Phenol C¢HsO 071 076 074 0.70
Phenol, 2-methyl- C,HgO 0.59  0.52 0.61  0.54
Phenol, 3-methyl- C,HgO 091 0.81 0.81 0.86
Phenol, 2-methoxy- C,Hg0, 3.62 346 345 340
Phenol, 2-ethyl- CgH,,O 033 031 032 030
Phenol, 3,4-dimethyl- CgH,,0 024 031 031 029
Phenol, 2,4-dimethyl- CgH,,0 019 027 029 0.28
Phenol, 4-ethyl- CgH,,0 036 021 030 041
Phenol, 3-ethyl- CgH,,0 037 022 029 042
Phenol, 2-methoxy-3-methyl- CgH,,0, - - - 0.15
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Table 4 (continued)

Compounds Molecular formula Area (%)
Fresh 7days 24h 168h

Creosol CgH,,0, 0.77  0.98 1.00  1.15
1,2-Benzenediol C¢HgO, - - - 0.28
Phenol, 4-ethyl-3-methyl- CoH,,0 017 019 024 036
Phenol, 4-ethyl-2-methoxy- CoH,,0, 144 136 153 1.49
2-Methoxy-4-vinylphenol CoH,,0, 0.70  0.63 0.62 0.51
Phenol, 2,6-dimethoxy- CgH, 05 259 247 261 247
Phenol, 2-methoxy-4-(1-propenyl)- C,oH;,0, - - 036  0.35
Phenol, 2-methoxy-4-propyl- CioH 40, - 0.56 059 0.55
Phenol, 2-methoxy-4-(1-propenyl)- C,oH,0, - 0.33 035 034
Phenol, 2-methoxy-4-(1-propenyl)- C,oH,0, 1.84 1.63 1.73  1.66
2,6-Dimethoxy-4-vinylphenol C,oH;,0; 031 043 041 030
Phenol, 2,6-dimethoxy-4-(2-propenyl)- C,,H,,0; - - - 0.16
2,6-Dimethoxy-4-propylphenol C,H;60; 034  0.38 040 0.37
Phenol, 2,6-dimethoxy-4-(2-propenyl)- C,H,,0; 1.31 141 123 1.37

Polycyclic aromatic hydrocarbons
Naphthalene, 1,2,3,4-tetrahydro-2,2,5,7-tetrame- C4H,, - 0.27 0.26  0.25

thyl-

60 Il Fresh

I 7 days aged

Il 24 h accelerated-aged
[ 168 h accelerated-aged

50

40

30

Peak area (%)

20

; © & 36 < 2
o & o & 0 5O N
P&go F‘O((\ ¥ < ¢ NG o)
o
[ea

Fig.3 Relative contents of different groups of chemicals in bio-oil
samples before and after the aging process

by a shoulder between approximately 360 and 520 °C. The
magnitude of the shoulder increased significantly for the
168-h accelerated aged bio-oil sample due to the same rea-
son explained above. The degradation of higher molecular
weight compounds and aromatic structures is more difficult
than the simple short-chain hydrocarbons having lower boil-
ing points. After 500 °C, the mass loss rate decreased, and
both TG and dTG curves became almost flat. As seen in
Table 5, the bio-oil aged for 7 days at room temperature
showed a similar decomposition behavior to 168-h acceler-
ated aged bio-oil. On the other hand, decomposition of 24-h
accelerated aging was found to be similar to that of fresh
sample.

@ Springer

The evolved gases during the thermal decomposition
of bio-oil samples were detected via FT-IR spectroscopy
at the maximum decomposition temperatures (Table 5),
and FT-IR spectra are shown in Fig. 5. Regardless of
the storage time, the volatile formation is similar for
all samples due to the complex reactions occurring dur-
ing heat treatment. The thermal composition of bio-oil
comprises mainly decarboxylation, dehydration, and
depolymerization of high molecular weight, long-chain
hydrocarbons, yielding lower molecular weight gas
products whose functional groups can be detected via
FT-IR. As seen in Fig. 5, the main peak belonging to
strong stretching vibrations of O =C =0 is observed
between 2400 and 2210 cm™!, indicating the presence
of carbon dioxide. The sharp peaks of O—H vibrations
between 3750 and 3580 cm™' are assigned to the alco-
hols and observed for mainly the aged samples. During
the pyrolysis of bio-oil, the evolution of low molecular
weight aliphatics is established by the stretching vibra-
tions of C-H between 3000 and 2840 cm™!, specifically
for the fresh bio-oil sample. The C = O stretching band
between 1780 and 1735 cm™! is attributed to carboxylic
acids and esters. Moreover, the overlapping vibrations
of carbonyl and C = C stretching bands between 1850
and 1690 cm™' indicate the release of aldehydes and
acids. The weak bands for C-O stretching vibrations
(1225-1200 cm™!) are indicative of the formation of
ether groups [55]. Since the composition of bio-oil sam-
ples slightly changed after the aging process, no detect-
able difference in the volatile formation was recognized
during the decomposition process.
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Fig.4 Thermal decomposition of fresh and aged bio-oil samples: TG and dTG curves

Table 5 Thermal decomposition characteristics of fresh and aged bio-
oil samples

Bio-oil ) T Ta" T8 Total mass
loss (wt. %)

Fresh 43 281 376 519 932

7 days aged 44 295 380 526  94.1

24-h accelerated aged 44 281 380 515 925

168-h accelerated aged 46 298 392 518 931

! T,, temperature at which the decomposition is started (°C)

i T . temperature at which the highest decomposition rate is

observed (C)
i T,,, temperature at the shoulder after the main decomposition (‘C)

¥ T}, temperature at which the decomposition is completed (‘C)

3.2.5 Rheological behavior

One of the most important key properties of fuel for the
design and operation of processing equipment is viscosity.
For instance, a typical liquid fuel injection system is affected
by variations in viscosity since the fluidity of the fuel at dif-
ferent temperatures changes significantly [56]. While tem-
perature plays an important role in the viscosity of bio-oil,
other factors such as the pyrolysis conditions, raw material,
and accordingly the chemical composition of bio-oil are also
important factors in the rheological behavior.

The dynamic viscosities of olive pomace bio-oil at dif-
ferent temperatures were measured between the shear rates
of 5 and 580 s~! (Fig. 6). The trends observed in the shear

W,‘J%‘K/\ﬂww‘/w/\«MGB h accelerated aged

24 h accelerated aged

S M A 7 days aged

wﬂ\/—/\/\\/\/\h\ﬂ Fresh

Fig.5 FT-IR spectra of volatiles
evolved during the thermal
decomposition of fresh and aged
bio-oil samples at the maximum
decomposition rate
/ﬁ'"*-J\‘V-“'\
©
o
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o
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T T
4000 3500 3000

T T T T 1
2500 2000 1500 1000 500

Wavenumber (cm™)

@ Springer



9662

Biomass Conversion and Biorefinery (2024) 14:9653-9666

rate ramp tests appeared to be close to each other for the
four bio-oil samples (i.e., fresh, 7-day aged, 24-h accelerated
aged, and 168-h accelerated aged). Aged bio-oil samples
exhibited qualitatively similar viscosity-shear rate response
to the fresh bio-oil sample that has the lowest mean dynamic
viscosities at all temperatures. According to Nolte et al., at
temperatures lower than 55 °C, most bio-oil samples behave
as Newtonian fluids [57]. In this study, the dynamic vis-
cosity was almost constant at a broad range of shear rates
(5-580 s71). However, all samples at all temperatures began
to shear thickening at around 200 s~!; therefore, the aver-
age viscosity was calculated at a shear rate between 10 and
50 s~!, where the dynamic viscosity was almost constant.
Table 6 represents the viscosities of fresh and aged bio-oil
samples at different temperatures, along with the calculated
aging indexes (AI). The fresh bio-oil sample exhibited the
lowest viscosity values at all temperatures, whereas the
168-h accelerated aged bio-oil had the highest viscosity. In
general, the viscosity of fresh and aged bio-oil samples pro-
duced from olive pomace decreased when the temperature

Table 6 Viscosity (1; cP) and aging index (AI; %) of fresh and aged
bio-oil samples

Temperature Fresh 7-day aged 24-h 168-h accel-
accelerated erated aging
aging

20°C 1 7577 847 89.4 111.2

Al - 11.8 18.0 46.8

25°C 1 579 653 67.8 82.4

Al - 12.9 17.3 42.33
30°C n 453 519 52.6 63.5
Al - 14.5 16.0 40.1
35°C n 36.3 422 41.7 50.2
Al - 16.1 14.9 38.2
40°C n 29.8 349 339 40.7
Al - 17.0 13.7 36.5

increased. A similar trend was reported for several bio-oils
produced by fast or slow pyrolysis at different final tem-
peratures from different biomasses such as rice husk [58],

o 90 70
1151 20°C 25°C 30°C
e ARRaanaasasasan s oSSR e cad 85
—_ 110 W 651 M,..—v—-—-/"/
23/ 105 80
= 60
5 1004 75+
Q
O 954 g 1
2 7 70 55 W
90+ M
Q 65+
g o5 ““‘/ 504
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5, 804 45 M,///
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Q
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Fig.6 Viscosity vs shear rate at different temperatures
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pinewood [59], softwood bark [60], walnut shell flour [61],
and greenhouse crop residue [62].

The viscosity of fresh and aged bio-oil samples, given in
Table 6, was found to be within the range of typical bio-oil
viscosities (40-120 cP, at 50 °C) reported previously and
lower than the heavy fuel oil viscosity of 180 cP [63]. The
viscosity of fresh bio-oil showed a decrease of approximately
60% when the temperature increased from 20 to 40 °C. A sim-
ilar decrement of 60 +3% was achieved for the aged bio-oil
samples. The viscosity of 7 days aged sample was 5.5% higher
than that of fresh bio-oil, whereas the viscosity of the 168-h
accelerated aged bio-oil sample was reported as 111.2 cP. The
calculated aging indexes for both natural and accelerated aged
samples are also listed in Table 6. The effect of accelerated
aging on bio-oil is seen in the aging indexes. The aging index
values were calculated as 11.9, 12.9, 14.5, 16.1, and 17.0%
at the five different temperatures between 20 and 40 °C for
the 7-day naturally aged bio-oil. On the other hand, the aging
indexes were 46.8, 42.3, 40.1, 38.2, and 36.5% for bio-oil
samples stored at 80 °C for the same duration (7 days) at the
same temperature ranges. Storing bio-oil at room temperature
had a lower effect on the viscosity at lower temperatures (20,
25, and 30 °C), while the viscosity at higher temperatures (35
and 40 °C) exhibited a higher effect.

Generally, the temperature has a significant effect on the
dynamic viscosity, as the temperature increase, the dynamic
viscosity decreases. Moreover, it is seen that the temperature
has a higher effect on the accelerated aged samples com-
pared to the aged sample at room temperature. At relatively
higher temperatures (35 and 40 °C), the dynamic viscosity
of 24-h accelerated aged sample was recorded to be lower
than 7-day aged sample at room temperature. The results
showed that storing bio-oil at room temperature for 7 days
had a similar effect as 24 h accelerated aging.

At the shear rates between 5 and 580 s~!, fresh and aged
bio-oil samples followed Newton’s law of viscosity with the
linear relationship between the shear stress and the shear rate
as shown in Fig. 7. The slope of the straight lines refers to

W
o
L

20°C / «
/
//

204 20 " 4o 0

. /
,
-
,/"/
20 e
s —— Fresh

7 —— 7 days aged
& —— 24 h accelerated-aged
+— 168 h accelerated-aged

Shear stress (Pa)

Shear stress (Pa

the constant viscosity that is independent of the shear rate.
The viscosity remained constant at different shear rates for
each sample for all temperatures. The aging process did not
affect the rheological behavior of the bio-oil. Experimental
data fit the Newtonian model very well with R values higher
than 0.99 for all samples at all measured temperatures.

The relationship between viscosity (1) and temperature can
be demonstrated by the Arrhenius equation as given as follows:

5 = Aeir 3)

where 7 is the dynamic viscosity of bio-oil; A is a constant
(cP); E represents the flow activation energy; and R is the
universal gas constant (8.314 J .mol™. K1) [59]. To achieve
a linear relationship between viscosity and temperature, the
Arrhenius equation is linearized as in Eq. 4 [57]:

E
Inp=InA+ —
nn = IlnA + RT 4

Equation 4 can be plotted as a straight line with /n(n)
versus 1000/T (Fig. 8). The values of E which is related
to the rate of vaporization of the bio-oil were calculated
from the slope of the straight lines and given in Table 7.
The flow activation energies of all bio-oil samples are simi-
lar at around 40 kJ.mol™!, which is close to that of bio-oil
produced from pinewood [59], lower than that of oak and
poplar wood bio-oils [64], and higher than that of water and
gasoline [57]. The activation energy was slightly decreased
after the aging process. This could be due to esterification
and acetalization reactions that occurred during the aging
period to form ester, acetyls, and water as products.

4 Conclusions
The thermal stability of bio-oil is an important property

as bio-oil might be exposed to different temperatures dur-
ing storage life. The detailed information on the effect of
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Fig.7 Shear stress versus shear rate of fresh and aged bio-oil samples at 20, 30, and 40 °C
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temperature on bio-oil can lead to better storage conditions.
Also, the storage stability of bio-fuel should be high enough
to consider it as an alternative fuel.

The compositional, thermal, and rheological characteris-
tics of the bio-oil were studied to evaluate its stability during
storage. The bio-o0il samples produced from olive pomace

Table 7 Arrhenius coefficients and activation energies of fresh and
aged bio-oil samples

Bio-oil A (cP) E/R R? E (kJ.mol™")
Fresh 476x107° 4.94 09982 41.11
7-day aged 9.68x1078 479 0.9984 39.84
24-h accelerated aging  1.29x 107> 4.65 0.9980 38.65
168-h accelerated aging  8.01x 107 4.89 0.9983 40.63

were aged at room temperature for 7 days and at 80 °C for 24
and 168 h. The thermal stability tests revealed the fact that
the decomposition of bio-oil shifted to higher temperatures
after the aging process since the higher molecular weight
hydrocarbons present in the bio-oil were retained during the
storage conditions, while the lower molecular weight com-
pounds volatilized. Also, carbon dioxide, carboxylic acids,
and aliphatics were detected as the evolved gases during the
thermal decomposition via simultaneous FT-IR. The influ-
ence of aging on bio-oil rheology was examined through the
viscosities at different temperatures. The viscosity of bio-oil
increased from 29.8 (fresh) to 40.7 cP (168-h accelerated
aged) at 40 °C due to the possible polymerization, decar-
boxylation, esterification, and dehydrogenation reactions
that occurred during storage which resulted in a significant

@ Springer

change in the chemical composition. According to GC-MS
results, carboxylic acid (mainly oleic acid, 46.8% of bio-oil)
content decreased, while the new formation of esters was
observed.

As aresult, understanding the effects of storage on bio-oil
may lead to new investigations on the methods to increase
the stability and quality of bio-oil, which will accelerate
the commercial use of this renewable and environmentally
friendly energy source. Besides, the outcome of this study
will make it possible to understand structural, thermal, and
rheological changes taking place with aging, which in turn,
helps develop more feasible biorefinery processes. For future
works, the aging effects using different upgrading methods
could be analyzed in terms of characterization and rheologi-
cal behavior of olive pomace-based bio-oil. Furthermore, the
exact accelerated aging effects on the viscosity compared to
long-term temperature aging may be investigated.
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