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Abstract

Biomass is a renewable energy source which may provide a significant contribution to the reduction
of fossil fuels consumption and the associated environmental impacts. The use of agricultural or
agro-industrial waste such as solid residues from olive oil production is particularly relevant since it
may combine several benefits. Gasification is a promising waste-to-energy technique for this type of
lignocellulosic residues. The technology however is adapted to a relatively limited panel of solid
waste fuels of defined specifications, which must therefore be characterized properly to assess their
adaptation. The purpose of this research was to analyze and compare three different olive mill solid
residues by complementary techniques such as Fourier transform infrared spectroscopy (FTIR) and
thermochemical methods, in order to characterize these residues as potential fuels for gasification.
The results obtained underlined the complex nature of the residues and indicated that they were
mainly organic, with very little mineral matter. In addition to the major organic components
(cellulose, hemicelluloses and lignin), the presence of several minor organic constituents was shown
by thermogravimetry coupled to differential scanning calorimetry and FTIR. The gas produced from
pyrolysis was analyzed by gas chromatography and mass spectrometry. It was found to contain
several degradation products from lignocellulosic material and olive oil, such as hydroxyacetone,
furfural and methoxyphenols. The influence of the olive oil extraction process (two-phase or three-
phase) was also demonstrated. It was shown that the thermochemical degradation of olive mill
residues followed a complex pathway but the composition of the residues met the requirements for
gasification for most parameters.

Keywords: olive mill residues; characterization; thermogravimetry — differential scanning calorimetry;
Fourier transform infrared spectroscopy; pyrolysis — gas chromatography/mass spectrometry;
gasification
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1. Introduction

Mediterranean countries are the largest producers of olive oil in the world. The large quantities of
solid and liquid by-products, waste and effluents, generated may significantly affect the economic
balance of this agro-industrial activity due to the costs associated to their proper disposal and
treatment, or the adverse environmental impacts generated otherwise. In addition, some of these
residues may be used as resources for the production of renewable energy, thereby improving
furthermore the economic balance.

The nature of solid and liquid residues produced in the olive oil production process depend on the
technology used for the extraction of olive oil and the local conditions of operation [1-3]. Three
technical options are available for extracting the oil, namely the three-phase and two-phase
centrifugation processes, and the traditional pressing process [1;2]. The three-phase process is
characterized by the use of large amounts of water to facilitate the extraction and separation of oil,
while in the two-phase process, no water is added. Consequently, the three-phase process allows to
reach higher oil extraction yields and therefore generates solid organic residues with lower moisture
and oil contents, but produces large volumes of aqueous effluents. On the other hand, the two-phase
process produces solid residues with higher moisture and oil contents but relatively small volumes of
wastewater.

The solid residues generated from olive oil production processes are usually referred to as olive mill
solid waste, olive husk or olive pomace. These are mostly lignocellulosic materials made of cellulose,
hemicelluloses and lignin, but they also contain residual olive oil, proteins, and various other
compounds [1;2]. The type of olives used and their maturity affect the chemical composition of the
solid residues, but the extraction process used has a major influence. The solid residues derived from
the traditional, two-phase and three-phase processes are significantly different from each other both
guantitatively and qualitatively [3]. These differences may suggest different strategies for their
treatments, and/or specific adaptations to the treatment processes.

Numerous studies have been published on the possible treatments of olive mill solid waste.
Treatments include composting, extraction of valuable products, livestock feeding, land application
or the production of derived materials which can be used as soil conditioners or biosorbents for the
removal of heavy metals or dyes from industrial effluents [2;4]. More recently, treatment processes
for energy recovery have gained increasing interest [3;5]. Indeed, biomass is a renewable energy
source which significantly contributes to the reduction of fossil fuels consumption and the associated
environmental impacts. Biomass to energy systems are considered environmentally- and climate-
friendly options due to their close to neutral balance in greenhouse gas emissions. Using biomass
residues is an even better option because it avoids the potential impacts of dedicated energy crops
production. Waste-to-energy techniques include biochemical and/or thermochemical conversion
technologies. Anaerobic digestion of olive pomace has been extensively studied [6-12].
Thermochemical conversion technologies include pyrolysis, gasification and combustion [13-25].

Gasification is a mature technology for coal or wood conversion and an attractive alternative to
combustion for organic residues from agriculture and agro-industry. This thermochemical process
converts solid lignocellulosic materials into a gaseous fuel called syngas, mainly composed of
hydrogen, carbon monoxide and carbon dioxide. Water, light hydrocarbons such as methane, and
nitrogen may also be present among many other trace components. The overall process of
gasification is generally considered to comprise four steps occurring in different zones within the
gasifier (namely drying, pyrolysis, oxidation and reduction) and involving several simultaneous
chemical reactions. The technology however is adapted to a relatively limited panel of solid waste
fuels of defined specifications, which must therefore be characterized properly to assess their
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adaptation.

Classical waste fuel analyses include proximate analyses (moisture, volatile matter, fixed carbon, and
ash contents), ultimate analyses (C, H, N, O and other elements contents), heating value and physical
parameters such as bulk density or particle size distribution. Other analytical techniques may provide
however more specific information on the considered waste material with respect to its treatability
by thermochemical processes such as gasification.

The purpose of this research was to characterize and compare three solid residues collected from
olive oil production facilities located in three different Mediterranean countries using different oil-
extraction processes. Complementary analytical methods were used such as Fourier transform
infrared spectroscopy (FTIR), simultaneous thermogravimetry and differential scanning calorimetry
(TG-DSC) and analytical pyrolysis combined with gas chromatography and mass spectrometry (Py—
GC/MS). The influence of the oil extraction process on the characteristics of the residues was
considered more particularly because the residual oil content is known to affect the gasification
process, syngas composition, and the efficiency of pelletizing or briquetting operations which are
usually needed to prepare the waste materials for gasification.

2. Material and methods

2.1 Solid residues

Three olive mill solid residues of different origins were compared in the present study. The samples
were respectively collected from:

- a three-phase industrial olive oil extraction plant located in Tunisia (referenced 3P-I-T for "3-phase,
industrial, Tunisia" in this paper). A representative sample was taken from the production facility by a
Tunisian partner (ENIT). The initial moisture content was 52% w/w. The sample was dried in a stove
at 50 °C for 24 h prior to being sent to Lyon.

- a three-phase artisanal plant located in the south of France (sample 3P-A-F for "3-phase, artisanal,
France"). The initial moisture content was 63% w/w.

- a two-phase industrial plant located in Spain, named 2P-I-S ("2-phase, industrial, Spain"). The solid
residues were dried on the facility, further extracted with hexane to recover residual oil contents,
and then pelletized. The sample was sent to Lyon in the form of pellets. Initial moisture content was
not recorded. However, it is known to range typically around 55-70% w/w [3].

All samples were finely grinded using an agate mortar before analysis.

2.2 Routine analyses

2.2.1 Proximate analyses and higher heating value

Volatile Matter (VM) content was determined as the percentage of mass loss recorded by thermal
treatment of dried samples in a closed crucible at a temperature of 900 °C for 7 min in a reductive
atmosphere.

Ash content was determined as the mass fraction remaining after complete combustion in air at
600 °C of dried samples.

Fixed carbon (FC) was calculated by mass balance as: FC (%) = 100% — VM (%) — Ash (%).

The higher heating value (HHV) was determined by combustion using a bomb calorimeter.



The lower heating value (LHV) was calculated by subtracting the latent heat of vaporization of water
from the HHV:

LHV (MJ/kgom) = HHV (MJ/kgom) — 2.45 x 9 x H

where 2.45 is the heat of vaporization of water at 20 °C expressed in MJ/kg, 9 is the molar mass ratio
between H,0 and H, and H is the hydrogen content expressed in % w/w of DM as determined in the
elemental analysis (§ 2.2.2).

All analyses were done in triplicates.

2.2.2 Ultimate analysis and metal contents

Total elemental contents (C, H, N, Cl and S) were determined by combustion of dried samples in a
bomb calorimeter, followed by the analysis of CO,, H,0, N2, NOx, HCl and SOx. The O content was
obtained by difference.

Metal contents (Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Sb,
Se, Si, Sn, Sr, Ti, Tl, V, W, Zn, Zr) and S content were determined by mineralization and extraction
with aqua regia, then metal analysis by inductively coupled plasma mass spectrometry (ICP-MS).

2.2.3 Fiber analyses

Fiber contents were determined following the standard procedure XP U44-162 [26] developed from
Van Soest's sequential extraction method [27]. The method consisted in three successive stages of
extraction with reagents of increasing hydrolytic strength. After a preliminary extraction with
acetone to remove residual oils, the samples were extracted with a neutral detergent aqueous
solution to collect the easily extractible constituents. The residual solids were dried and weighed.
They constituted the neutral detergent fiber (NDF) fraction. The solids in NDF fractions were
predominantly composed of cellulose, hemicelluloses and lignin. NDF fraction was then treated with
a dilute acidic detergent aqueous solution. This stage hydrolyzed hemicelluloses which were hence
separated as soluble products of hydrolysis from the solid fraction called ADF (for acid detergent
fraction). The ADF solids were further treated with a concentrated sulfuric acid aqueous solution to
hydrolyze cellulose. The remaining solids constituted ADL fraction and were considered to contain
mostly lignin. They were weighed, dried at 105 °C, weighed again and calcined at 480 °Cfor6 hina
furnace.

The procedure allowed to determine the contents in "extractives" (easily soluble constituents),
hemicelluloses, cellulose and lignin, expressed in % w/w of dry matter, as follows:

- Extractives = (total initial dry mass — dry mass of NDF fraction) / total initial dry mass;

- Hemicelluloses = (NDF — ADF) / total initial dry mass;

- Cellulose = (ADF — ADL) / total initial dry mass;

- Lignin = ADL / total initial dry mass.

2.3. Fourier transform infrared spectroscopy (FTIR)

The three samples were analyzed by Fourier transform infrared spectroscopy in attenuated total
reflectance (ATR) mode with a Nicolet IS50 equipment. FTIR analyses allow the characterization of
the nature of inter-atomic bonds present in the constituents of the material from their typical
vibration frequency (stretching and bending). FTIR spectra were recorded between 500 and 4000 cm~
! with a resolution of 4 cm™. OMNIC software was used for data acquisition and post-treatment.



2.4. Thermogravimetry (TG) and differential scanning calorimetry (DSC)

Thermogravimetry and differential scanning calorimetry were performed on the three samples both
in nitrogen and in air, using a Mettler Toledo TGA/DSC 2 thermal analyzer. The device was equipped
with a thermobalance, and recorded as a function of temperature both the sample’s mass evolution
(TG) and the heat flow variation between the sample and a reference material (DSC). Samples of
approximately 20 mg were introduced into an alumina crucible and heated from 25 °C to 950 °C
according to the following pattern: heating from 25 to 105 °C at a rate of 10 °C/min, plateau at 105 °C
for 15 minutes (to remove all the water), then heating from 105 to 950 °C at a rate of 5 °C/min.

2.5. Analytical pyrolysis combined with gas chromatography/mass spectrometry (Py—GC/MS)
Dried samples of 1-2 mg were flash-pyrolyzed at 550 °C in inert atmosphere (helium) using an
EGA/PY-3030D Pyrolyzer. The gas emitted was analyzed with a gas chromatograph (GC7890A from
Agilent) and a mass spectrometer (5977B from Agilent). The GC oven program temperature was:
50 °C for 5 minutes, heating rate of 15 °C/min (50 to 280 °C), 280 °C for 5 minutes. The method
allowed to identify the main families of constituents in the pyrolysis gas and analyze them semi-
guantitatively. Each sample was analyzed in triplicate.

3. Results

3.1 Routine analyses

The results of proximate and ultimate analyses, metal contents, HHV determination and fiber
analysis are given in Table 1. Standard deviations are given when triplicate analyses were done.
Note that the metals analyzed at a content below 10 mg/kgom or below their respective limits of
guantification were not included in Table 1.

Table 1
Chemical composition of olive mill solid residues: proximate analysis, ultimate analysis, metal
contents, higher heating value and fiber analysis (DM: dry matter).

Parameter 3P-I-T 3P-A-F 2P-1-S
Volatile matter (% w/w of DM) 80.0+15 79.0+0.4 73.5+0.2
Fixed carbon (% w/w of DM) 17615 17.9+0.3 17.6+0.2
Ash (% w/w of DM) 2.5+0.2 3.1+0.2 8.9+0.1
C (% w/w of DM) 55.1 53.3 48.4

H (% w/w of DM) 7.0 7.2 6.0

O (% w/w of DM) 33.9 35.2 34.9

N (% w/w of DM) 1.3 1.0 1.5

K (mg/kgom) 11300 12400 19700
Ca (mg/kgom) 14800 2200 7250

P (mg/kgom) 1080 1490 1650
Cl (mg/kgom) 1400 850 2000

S (mg/kgom) 1280 797 1250
Mg (mg/kgom) 667 489 1180
Fe (mg/kgom) 258 143 484
Na (mg/kgom) 557 46 103

Si (mg/kgom) 197 28 270




Al (mg/kgom) 142 23 323

Zn (mg/kgom) 15 351 24
B (mg/kgow) 26.2 16.2 39.9
Cu (mg/kgowm) 10.9 16.1 16.5
Mn (mg/kgom) 16.9 8.7 20.6
Sr (mg/kgom) 63.1 <5.0 52.3
Zr (mg/kgom) 2.2 6.0 22.9
HHV (MJ/kgom) 22.0+0.3 22.7+£0.3 19.7+0.1
LHV (MJ/kgom) 20.4+0.3 21.1+£0.3 18.3+£0.1
Extractives (% w/w of DM) 34.0+1.3 46.0+04 47.3+0.9
Cellulose (% w/w of DM) 33.8+0.5 27.7+0.6 24.8+1.6
Hemicelluloses (% w/w of DM) 16.3+2.3 13.0+04 145+15
Lignin (% w/w of DM) 15.8+0.7 13.3+05 13405

Analytical data gathered in Table 1 revealed quite similar compositions of the three samples.
Analyzed compositions were also close to literature data reported for olive mill residues of other
origins [1;17;28-30].

Regarding proximate and ultimate analyses, no significant difference was observed between the 3P-I-
T and the 3P-A-F samples. Yet, some differences were observed mostly between sample 2P-I-S and
the others: lower VM content, lower C and H contents, and higher ash content. These differences
were attributed to the stage of hexane extraction on 2P-I-S sample which, by removing residual oil,
decreased volatile matter content of the residues. The lower contents in C and H of 2P-I-S sample
were also good indicators of its lower residual oil content since fatty acids in the oil are mostly
composed of C and H. Finally, these observations were consistent with the lower heating value of
sample 2P-I-S as compared to the other two samples. Fixed carbon content was similar in the three
samples.

The metals found in highest concentrations were K, Ca and P, followed by Mg, Fe, Na, Si, Al and Zn.
The highest content in K was observed in the 2P-I-S sample and the highest content in Ca was
observed in the 3P-I-T sample. The contents in several toxic metals or metalloids such as As, Cd, Cr,
Hg, Pb, Sb and Se were below the limits of quantification. The lowest Cl and S contents were
observed in the 3P-A-F sample. The observed differences in metals, Cl and S contents may be
correlated to olive type and growing conditions.

With regards to fiber analysis, the three samples revealed high contents in extractives, although
sample 3P-I-T was at a significantly lower level than the other two samples. Extractives are composed
of a variety of constituents relatively easily extractible by a neutral detergent, such as oils (glycerol
tri-esters), waxes, terpenes, fatty acids, alcohols, alkanes, gums, phenolic compounds,
carbohydrates, etc. The content in cellulose was significantly higher in the 3P-I-T sample and
significantly lower in the 2P-I-S sample. The content in hemicelluloses was similar in the three
samples whereas lignin content appeared slightly higher in the 3P-I-T sample. The observed
differences in fiber contents may be explained by factors such as the type of olives or their growing
conditions or their maturity.

3.2 Fourier transform infrared spectroscopy
Figure 1 shows the FTIR spectra obtained for the 3 samples. Even if strong similarities could be
observed between the 3 samples from these analyses, some differences were also highlighted.
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Figure 1. FTIR spectra recorded from the samples 3P-I-T, 3P-A-F and 2P-I-S.

A broad band in the range 3100-3700 cm™ was recorded for the three samples, corresponding to the
OH stretching region. It can be assigned to OH vibrations in carboxylic groups, alcohols or phenols.
Several compounds, such as cellulose, hemicelluloses and lignin may explain the presence of these
vibrations. It was observed that this peak was shifted to lower wavenumbers in 2P-I-S sample
(maximum at 3252 cm™) as compared to 3P-I-T and 3P-A-F samples (3338 and 3324 cm™!
respectively), revealing a different structure of the molecule bearing the —OH group.

The very weak peak observed in 3P-I-T and 3P-A-F samples around 3000 cm™ was assigned to C-H
stretching vibration in RHC=CHR. The two sharp peaks around 2925 and 2855 cm™ were due to
vibrations of asymmetric and symmetric -C-H stretching band in aliphatic chains [31]. They were
observed in all samples, although slightly smaller in 2P-I-S sample.

In the 1200-2000 cm™ range, several peaks specifically attributed to organic compounds were
observed, underlining the complex structure of the samples. The bands in the range of 1742-1710
cm™ can be assigned to C=0 stretching in carbonyl of esters and in carboxylic groups. Some
differences were observed between the three samples in terms of wavenumber (from 1710 to 1742
cm?) and intensity for these characteristic bands. The broad bands around 1600 cm™ could be
attributed to C=C stretching in alkenes and aromatic compounds, with contributions of C=0
stretching of ketones [32]. The band around 1530 cm™ showed C-N stretching vibrations in
combination with N-H bending (called the Amide Il band).

The region between 1200 and 1400 cm™ was assigned to methyl symmetrical bending, -COO-
symmetrical stretching vibration and C-O stretching in carboxylic acids [33;34]. The bands between
850 and 1200 cm™ may be attributed mainly to O-H stretching in organic compounds, but also in
some mineral phases, and to C-O stretching in carboxylic groups of organic molecules [35;36].

The spectra recorded from samples 3P-I-T and 3P-A-F were very similar to each other. The spectrum
recorded from 2P-I-S sample showed however significant differences, such as sharp specific bands at
1083, 937 and 874 cm™ which were not observed in 3P-I-T and 3P-A-F samples. FTIR therefore
confirmed the routine analyses, showing very close similarities between 3P-I-T and 3P-A-F samples,
which were both produced from a three-phase extraction process, while revealing a slightly different
profile for 2P-I-S sample, originating from a two-phase process followed by hexane extraction of
residual oil.



3.3. Thermogravimetry and differential scanning calorimetry

TG-DSC analyses were performed in both oxidative (air) and inert (N;) atmospheres in order to
investigate the processes occurring respectively in the pyrolysis and oxidation zones of the gasifier.
Only the phenomena occurring above 105 °C were considered here (i.e after the total removal of
water in the thermal analyzer).

3.3.1. TG-DSC in air
Figure 2 shows the TG (mass loss) and DSC (heat flux) profiles obtained for the three olive mill
residues in oxidative atmosphere (air). Derivative thermogravimetric curves (dTG) are also shown.
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Figure 2. TG, dTG and DSC profiles for the three samples (3P-I-T, 3P-A-F, 2P-I-S) under air atmosphere
(heating rate 5 °C/min).

The baseline considered as mass reference for the calculation of mass loss and heat flux was the
sample mass after the plateau at 105 °C (i.e. after complete drying).

For the three samples, the TG curves showed two main regions for mass losses associated in DSC
with exothermic peaks (centered at 290-320 °C and 440-480 °C). Several authors described the
oxidative thermal degradation of olive pomace or other biomass as a progressive decomposition of
cellulose, hemicelluloses and lignin into volatiles and solid char, followed by the combustion of solid
char generated by pyrolysis [22;24;37].

The cumulated mass loss recorded over the whole range of temperatures of the assays was around
94-95% w/w of dry matter for 3P-I-T and 3P-A-F samples, and 91% for 2P-I-S sample. This mass loss
mainly occurred below 550 °C, indicating that the residues were mainly organic, with small contents
in inorganic matter. These results are in accordance with the ash contents given in Table 1.

The mass loss related to the first peak in TG curves was around 45 % w/w of initial dry mass with 2P-
I-S sample and around 60% for 3P-I-T and 3P-A-F samples. Another noticeable difference was that
exothermic reactions were of smaller amplitude for the first peak and higher amplitude for the
second peak in 2P-I-S sample. These observations were attributed to hexane extraction in the two-
phase process, which removed residual oil and also probably part of the relatively easily degradable
organic matter.

Slighter differences were also observed between 3P-I-T and 3P-A-F samples, with respect to the dTG
and DSC curves maxima. They underlined the complex nature of the residues, composed of several
groups of organic constituents, which are oxidized at different temperatures, even for residues
generated from the same process of oil extraction.

DSC and dTG curves were further analyzed by deconvolution. As an example, figure 3 shows the
deconvolution result of the DSC curve for the sample 3P-I-T. For a good fit between the experimental
and deconvoluted dTG and DSC curves of samples 3P-I-T and 3P-A-F, a deconvolution into at least 9
overlapping peaks was necessary. As for sample 2P-I-S, a good fit was obtained with 7 peaks of
deconvolution. The higher number of peaks for 3P-I-T and 3P-A-F as compared to 2P-I-S sample may
be attributed to the reactions of the residual oils remaining in 3P-I-T and 3P-A-F samples. Vecchio et
al. [38] studied the thermal decomposition of 12 monovarietal extra virgin olive oils in air and
observed a complex multistep decomposition pattern with several overlapping processes due to the
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chemical composition of the samples, including triacylglycerols, fatty acids and phenols. In their
study, all DSC thermograms were best deconvoluted into six Gaussian peaks.

Moreover, a two-stage char combustion process has also been reported for some biomass samples
[30].
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Figure 3: Deconvolution of the DSC curve for the 3P-I-T sample.

3.3.2. TG-DSC in nitrogen

Figure 4 shows the TG, dTG and DSC profiles obtained for the three olive mill residues (3P-I-T, 3P-A-F
and 2P-1-S) in inert atmosphere (nitrogen).
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Figure 4. TG, dTG and DSC profiles for the three samples (3P-I-T, 3P-A-F, 2P-I-S) under N, atmosphere
(heating rate 5 °C/min).

The TG curves obtained in N, assimilated to pyrolysis profiles, showed two main mass loss
contributions in the 200-600°C region with associated endothermic reactions of low intensities in
DSC. A similar trend was reported for olive mill residues by Darvell et al. [30] and Gomez-Martin et al.
[24]. The first peak around 250 °C, also considered as a shoulder of the main peak (dTG curve), is
commonly attributed to the decomposition of hemicelluloses. The main peak at higher temperature
(maximum between 300 and 325 °C here) was attributed to cellulose decomposition. Lignin
decomposition occurred over a large temperature range, explaining the slow mass loss observed at
temperatures upper 350 °C [39;40].

The overall mass losses measured in N, were around 84%, 83% and 80% w/w of dry matter for
samples 3P-I-T, 3P-A-F and 2P-I-S respectively. They were lower than in air, which was attributed to
the presence of a residual mass of char, which remained at the end of thermal analyses in nitrogen,
whereas char was fully oxidized in air. Finally, the TG profile of sample 2P-I-S differed from those of
the other two samples with a smaller mass loss in the lower temperature mass-loss zone.

A good fit of the experimental dTG curves was obtained with a deconvolution in 5 peaks for the three
samples. The lower number of peaks compared to the results in air atmosphere is partly due to the
fact that there is no char combustion in nitrogen.
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3.4 Analytical pyrolysis combined with gas chromatography/mass spectrometry

The three samples were analyzed by pyrolysis combined with gas chromatography and mass
spectrometry. Figure 5 shows the raw spectra obtained with the three samples. The y-axis is
abundance and the x-axis is the retention time (depending on the GC program).

From 3 to 17 min, numerous peaks were recorded, which were mainly attributed to substituted
phenols. The peaks observed at higher retention times (> 17 min) were attributed to tyrosol and fatty
acids (retention time of 17-21 min) and squalene (retention time of 24 min).
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Figure 5: Py—GC/MS chromatograms of the three samples (3P-I-T, 3P-A-F, 2P-I-S).
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Nineteen compounds of interest were clearly identified from the collected chromatograms. These
compounds were of two types of origins. A first group of compounds (mostly phenols and substituted
phenols) were produced from the thermal degradation of the lignocellulosic structural material of
the samples (Figure 6). A second group of compounds were formed by the vaporization or (partial)
degradation of the residual olive oil constituents (Figure 7). Assignments of the main peaks are
presented in Table 2 where m/z is the mass-to-charge ratio. Benzene, toluene and naphthalene were
also found in the pyrolysis gas but were not included because their contents were very low.

Table 2
Assignments of the main peaks identified in the Py—GC/MS chromatograms

Peak Compound Formulae m/z  Marker
1 Hydroxyacetone C3He0; 43 cellulose and hemicelluloses
2 Furfural CsH402 96 cellulose and hemicelluloses
3 2-Furanemethanol CsHeO, 98 cellulose and hemicelluloses
4 Ethylpyridine C7HoN 107 amino acids and proteins
5 Phenol CeHsO 94 p-hydroxyphenyl lignin
6 Cresol C/HsO 107 p-hydroxyphenyl lignin
7 2-Methoxyphenol C7Hg0O2 109 guaiacyl lignin
8 4-Ethylphenol CgH100 107 p-hydroxyphenyl lignin
9 2-Methoxy-4-vinylphenol CsH100; 150 p-hydroxyphenyl lignin
10  2,6-Dimethoxyphenol CsH1003 154 syringyl lignin
11 TerSOl CngoOZ 107 Oil
12 2,6-Dimethoxy-4-ethylphenol C10H1403 180 syringyl lignin
13  Palmitic acid Ci6H320; 73 Oil
14 Oleic acid CigH340, 55 Oil
15  Stearic acid Ci18H3603 73 Oil
16  Squalene CsoHso 69 Oil

The degradation products are shown on Figure 6 and Figure 7, which compare the abundance of the
major compounds identified in the gases collected from the pyrolysis of the three samples. The y-axis
shows the surface areas of the peaks corresponding to the different compounds obtained from the
pyrolysis of 1 mg of each dried sample.

Several authors reported that hydroxyacetone, furfural and 2-furanemethanol come from the
thermal degradation (pyrolysis) of cellulose and hemicelluloses [30;41-44].

Lignin is a complex three-dimensional amorphous macromolecule made from the polymerization of
three phenylpropane units: p-hydroxyphenyl, guaiacyl and syringyl in proportions which depend on
the origin of the molecule. Some published studies [30;41;42] have demonstrated that:

- phenol, cresol, 4-ethylphenol and 2-methoxy-4-vinylphenol are produced from the pyrolysis of p-
hydroxyphenyl lignin;

- 2-methoxyphenol is a product from the pyrolysis of guaiacyl lignin;

- 2,6-dimethoxyphenol and 2,6-dimethoxy-4-ethylphenol come from the pyrolysis of syringyl lignin.

Ethylpyridine was also identified in the pyrolysis products (Figure 6). It is produced from the

degradation of amino acids and proteins [45] and therefore can be used as an indicator of the
presence of organic nitrogen in the analyzed sample.
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Figure 6: Contents in degradation products from the lignocellulosic material and proteins in the
pyrolysis gas from the three samples (3P-I-T, 3P-A-F, 2P-I-S).

Figure 6 shows that the three samples revealed relatively similar profiles. Some differences were
observed however on sample 2P-I-S, which produced the smallest quantities of most identified
compounds (hydroxyacetone, furfural, methoxyphenols, etc.) while revealing the highest
concentrations in a few other constituents (phenol, ethylpyridine, 4-ethylphenol).

Sample 3P-I-T also revealed slight differences as compared to the others, with the highest contents in
methoxy- and dimethoxy-phenols, which are produced from thermal degradation of lignin. It may be
explained by the fact that the lignin content was slightly higher in the 3P-I-T sample, as shown in
Table 1.

The second group of products identified in the pyrolysis gas were produced by the vaporization
and/or (partial) degradation of residual olive oil, namely tyrosol, palmitic acid, oleic acid, stearic acid
and squalene (Figure 7). These compounds have been reported as typical constituents of olive oil
[46-48].

The highest contents in palmitic acid, oleic acid and stearic acid were obtained in the pyrolysis gas
from sample 3P-I-T, which was thereby identified as the residue with the highest residual oil content.
The pyrolysis gas from 2P-I-S showed on the contrary the lowest abundance in these compounds and
in squalene. This result was consistent with the very low residual oil content in sample 2P-I-S due to
hexane extraction.

The high content of tyrosol found in the 2P-I-S sample could be surprising. Tyrosol is a phenolic
compound classically found in olive oil where it forms esters with fatty acids. The lower quantity of
acids in 2P-1-S could explain this presence because tyrosol content seems to be anticorrelated to acid
content.
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Figure 7: Tyrosol, palmitic acid, oleic acid, stearic acid and squalene contents in the pyrolysis gas from
the three samples (3P-I-T, 3P-A-F, 2P-I-S).

4. Discussion

4.1 Suitability of olive mill solid residues for gasification

The International Energy Agency (IEA) recently published a detailed report on the pretreatment of
biomass residues in the supply chain for thermal conversion [49]. The report considers both refuse
derived fuels (RDF), which are primarily targeted for combustion, and solid recovered fuels (SRF),
which are more strictly defined sorted waste. A standard for SRF is under development (ISO/TC300).
The report provides the following requirements and specifications for fuels feeding a circulating
fluidized bed gasifier:

- moisture content < 35% w/w;

- LHV in the order of 10-20 MJ/kg ;

- ash content < 25% w/w;

- sulfur < 1% w/w, chlorine < 2% w/w, mercury < 1.5 mg/kg;

- ash melting point 2 960 °C.

It also reports that SRFs with a VM content in the range of 76-86% were already successfully used in
gasification in several case studies.

The typical humidity of solid olive mill waste is usually higher than recommended, ranging between
40-45% w/w for three-phase processes and 55-70% w/w for two-phase olive mill waste [3]. A drying
step would therefore be necessary. In most Mediterranean countries, sun drying can be a low-cost
effective option. Humidity is particularly crucial in the pretreatments of aggregation which are
needed before gasification. Al-Widyan and Al-Jalil [50] showed that the durability of olive cake
briquettes increased from about 10 to 100% with increasing initial moisture content from 20 to 35%
(wet basis).

Table 1 showed that the samples considered in this study matched with the requirements. The ash
content, sulfur and chlorine contents met the requirements. Mercury content, not shown in Table 1,
was below the quantification limit of 0.1 mg/kgom and also met the requirements. The LHV, between
18 and 21 MJ/kg, was in the high range of the requirements. The ash melting point was not
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measured in this study. It is known to increase with Si, Ti and Al contents and to decrease when the
contents in Fe, Ca, Mg, K and Na increase [30].

Finally, VM contents were also in the favorable range for 3P-I-T and 3P-A-F samples or slightly below
for 2P-1-S sample with 73.5% (Table 1).

As for biochemical composition, several authors reported that thermochemical decomposition of
biomass with a higher content in cellulose and hemicelluloses was faster and produced a larger
fraction of gaseous products than that of biomass with a higher lignin content, which leads to a larger
fraction of solid products [51;52]. Moreover, cellulose and hemicelluloses were reported to produce
more CO and CH4 and less H, and CO; than lignin, i.e. biomass with more lignin produces more
hydrogen than others [53].

According to Collard and Blin [44], the high content of benzene rings in lignin explains the high char
yield. Therefore, the use of biomass with high lignin content is recommended for the production of
char for energy or other industrial or agronomic applications. The samples studied here were found
to have a moderate lignin content of 13-16% w/w (Table 1) as compared to other lignocellulosic
biomasses [25].

As indicated above, olive mill solid residues must be agglomerated by pelletization or briquetting
before fueling a gasifier in order to increase their bulk density. The residual oil content may however
reduce the quality of the pellet and the densification process [54]. According to Kalyan and Morey
[55], oil content should not exceed 6.5% to allow the effective formation of pellets. The typical
content in residual olive oil in olive mill solid residues is considered to range between 5 and 8%
depending on the extraction technology [56]. Yaman et al. [57] reported that the addition of olive
residues had detrimental effects on the mechanical strength of biomass briquettes. Possible
solutions to match the requirements are blending the olive pomace with other oil-free biomasses, or
to extract residual oil with a volatile solvent such as hexane which can be easily recovered by
distillation.

4.2 Post-treatment of syngas and energy recovery

The downstream technology selected for syngas treatment may have an incidence on the type and
nature of biomass to feed the gasifier. Gas specifications are different for the various gas applications
and the composition of syngas is very dependent on the type of gasification process, gasification
agent and other parameters such as temperature.

Based on the general composition and the typical applications, two main types of gasification gas can
be distinguished, i.e. "biosyngas", produced by high temperature gasification (above 1200 °C) or
catalytic gasification, and "product gas", produced by low temperature gasification (below 1000 °C)
[58].

The major application of product gas will be the direct use for the generation of power (and heat).
This can be either in stand-alone combined heat and power (CHP) plants or by co-firing of the
product gas in large-scale power plants. The second major application of product gas is the
production of synthetic natural gas (SNG). SNG is a gas with similar properties as natural gas but
produced by methanation (either catalytic methanation or biomethanation, i.e. involving the action
of micro-organisms) [58;59].

Utilization of biosyngas include power generation, transportation fuels (Fischer-Tropsch synthesis,
production of methanol), chemical synthesis (ammonia for fertilizer production, hydroformylation of
olefins (i.e. production of aldehydes), production of hydrogen to be used in refineries, SNG
production) [58].
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A promising alternative for the production of biofuels and valuable chemicals from syngas is
microbial syngas fermentation. This technology has significant advantages over the metal catalytic
pathway (Fischer-Tropsch synthesis for instance) [60;61].

Both gases need additional gas cleaning and conditioning to afford a gas with the correct
composition and specifications for the final application.

4.3 Resource availability and potential energy production

Relevant updated data and information regarding the production and availability of olive mill solid
residues over the world are relatively scarce. In a report published in 2008 [62], the estimated
amount of residues was about 1.5 million tons, including stones and exhausted olive pomace. In a
more recent study, the world olive oil production was estimated at 2.95 million tons [63]. Most olive
oil (98%) was produced in the Mediterranean region. About 73% of the production was coming from
the European Union (EU), mostly Spain, Italy and Greece which accounted for about 97% of EU olive
oil production [63;64]. Considering an average production of 0.63 kg DM of solid residues per kg of
olive oil (ca. 0.51 kg for a two-phase extraction process and ca. 0.75 kg for a three-phase one) [1], a
production of around 1.8 million tons of solid residues can be estimated.

A preliminary pilot-scale gasification test was performed using a downdraft co-current fixed-bed
gasifier (unpublished results). The reactor was operated with a feed of 12.5 kg/h of 2P-I-S olive mill
residue dried to a moisture content around 12% (i.e 11.0 kg/h of dry biomass). Since the LHV of the
2P-1-S sample was 18.3 MJ/kgowm, the feed of 11.0 kg DM/h corresponded to an input of ca. 200 MJ/h
or 55.9 kW. The pilot delivered 43.8 kW in the form of syngas, corresponding to an energy yield of
43.8/55.9 =0.78.

Based on these orders of magnitude, the overall production of 1.8 million tons of olive mill solid
residues estimated above would represent, in a simplified preliminary approach, an overall annual
energy potential of 1.8 10° x 18.3 GJ, i.e. ca. 32.9 10° GJ or ca. 9,150 GWh. This annual potential
resources would be equivalent to around 7.87 10° of TOE (tons of oil equivalent).

5. Conclusions

The results obtained from the analyses of three olive mill solid residues of different origins
underlined their complex nature and composition and the influence of several factors such as the
type of process used for olive oil extraction, the local conditions of operation, but also probably the
olive fruit varieties, cultivation conditions, and climate. Total mass losses in the range of 91-95% w/w
of dry matter were recorded from TG analyses in air, indicating that the residues were mainly
organic, with relatively low inorganic content, although higher than classically observed in wood. The
high organic content was a favorable parameter in the perspective of using these residues as fuels for
gasification. Overall mass losses measured in N, were lower than in air however, in the range of 80-
84% w/w of dry matter. TG-DSC analyses along with fiber analyses showed the presence of several
types of organic constituents, including cellulose, hemicelluloses and lignin.

TG-DSC and FTIR revealed some differences of composition, which were mainly attributed to the
influence of the process used for olive oil extraction.

Py-GC/MS results allowed to identify the nature of some of the organic constituents in the pyrolysis
gas, such as phenolic compounds formed by lignin pyrolysis, or oleic acid and derivatives produced
by vaporization or pyrolysis of residual olive oil.
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The sample originating from a two-phase extraction process followed by hexane extraction of
residual oil exhibited the highest analytical differences with the other two samples, thereby revealing
the effect of the olive oil extraction process on the composition of the residues.

Finally, the composition of the residues met the requirements for gasification for most parameters.
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