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HIGHLIGHTS

e CO, and H,O gasification of olive kernel and its torrefied and pyrolyzed chars was examined.

e Chars with less ordered structures, increased C, ash content and higher porosity were obtained.

e Regardless the gasification agent, an increase on gas production was observed with treatment temperature.

o A close relationship between the gasification performance and the physicochemical properties was revealed.
e The optimum behavior in terms of gas production was obtained for chars pyrolyzed at 500 and 800 °C.
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The thermochemical conversion of biomass through its gasification has been widely
explored during the last decades. The generated bio-syngas mixture can be directly used as
fuel in thermal engines and fuel cells or as intermediate building block to produce syn-
thetic liquid fuels and/or value added chemicals at large scales. In the present work, the
effect of Greek olive kernel (OK) thermal treatment (torrefaction at 300 °C vs. slow pyrolysis
at 500 and 800 °C) on the physicochemical characteristics and CO, or H,O gasification
performance of as-produced biochars is examined. Both the pristine OK sample and bio-
chars (OK300, OK500, OK800) were fully characterized by employing a variety of physico-
chemical methods. The results clearly revealed the beneficial effect of thermal
pretreatment on the gasification performance of as-prepared biochars. A close relationship
between the physicochemical properties of fuel samples and gas production was disclosed.
Carbon dioxide gasification leads mainly to CO with minor amounts of H, and CH,,
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Slow pyrolysis
CO; and H,0 gasification

whereas steam gasification results in a mixture containing CO,, CO, H, and CH, with a Hy/
CO ratio varied between 1.3 and 2.3. The optimum gasification performance was obtained

for the slowly pyrolyzed samples (OK500 and OK800), due to their higher carbon and ash

content as well as to their higher porosity and less ordered structure compared to pristine
(OK) and torrefied (OK300) samples.
© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The world primary energy consumption is steadily increasing
with an average rate of 1.6% per year in the last decade.
Although there is currently an obvious trend to shift to re-
newables, the global energy mix is still largely depending
(~85%) on fossil fuels (coal, oil and natural gas), resulting in
increasing carbon emissions. Recently, the European Com-
mission announced the European Green Deal toward a dec-
arbonized energy future to become the world’s first climate-
neutral continent by 2050 with most measures being based
on the deployment of renewable energy sources [1].

Biomass is a cheap and widely-distributed renewable en-
ergy source with a neutral carbon footprint. Bioenergy po-
tential in EU is estimated to contribute with 140 Mtoe to the
Gross Final Energy Consumption (GFEC) in 2020. For the target
year of 2030, bioenergy could reach values between 160 and
180 Mtoe, representing a share around 14—16% of the GFEC [2].
Biomass potential for the EU was estimated by the European
Environment Agency (EEA) for 2020 at 235 Mtoe including 39
Mtoe from forestry, 96 Mtoe from agriculture sector, and 100
Mtoe from waste [3]. In particular, Greece possesses a high
biomass potential (3.5-5 Mtoe), with agricultural residues
(e.g., olive/grapevine prunings, olive kernel) amounting at
approximately 70% [4].

Despite the positive impacts of bioenergy on the way to
combat climate change, biomass has several disadvantages
when employed as fuel feedstock in energy conversion pro-
cesses, involving its: i) lower energy density compared to fossil
fuels, ii) microbiological activity which affects the lifetime of
materials and processes, and iii) its high H,O content,
rendering its transfer along large distances non-financially
viable [5]. To this end, different thermochemical processes
have been proposed, including combustion, pyrolysis or
gasification to effectively convert the energy content of
biomass into power and variousbiomass-based fuels, included
biofuels.

Biomass combustion, in Rankine thermal cycles, could
cogenerate electricity and heat at rather low efficiencies due
to the associated Carnot thermodynamic limitations [6].
Biomass pyrolysis is generally defined as the thermal
decomposition of biomass organic matrix in absence of
oxidizing atmospheres resulting in liquid bio-oil, solid bio-
char, and non-condensable gases [7]. Biomass gasification
takes place at high temperatures (600—1000 °C) and atmo-
spheric pressure by employing several gasifying agents (i.e.,
air or pure oxygen or/and steam or/and CO,), resulting in a gas
mixture containing mainly H,, CO, CO,, CH, and traces of light
hydrocarbons. Bio-syngas from biomass gasification, can then

be utilized either as fuel in Internal Combustion Engines
(ICEs), gas turbines or even in high temperature solid oxide
and molten carbonate fuel cells [8—12] or as raw material for
the production of Fischer-Tropsch synthetic liquid fuels and
value-added chemicals [13—15].

The most important parameters that affect the gasification
process include the morphological and physicochemical
characteristics of biomass (e.g., fixed carbon, moisture and
ash content, particle size, porosity etc.), the type of gasifica-
tion agent used, the operation temperature and the heating
rate. Low moisture content and high ash concentration (>10%)
could lead to higher syngas quality and yields [16]. In general,
the endothermic steam gasification favors hydrogen produc-
tion compared to other gasifying agents [17,18]. When using
CO, as the gasifying agent, biomass gasification almost
exclusively results in CO generation [19]. Although the reac-
tion of CO, with carbon (C + CO, — 2CO, reverse Boudouard
reaction) is highly endothermic and thus highly energy
intensive, the use of CO, as the gasification agent could offer
an effective route for CO, capture and utilization (CCU) in
power plants and steel industry [20]. Moreover, compared to
steam, CO, possesses several advantages as gasification agent
such as zero energy demand for vaporization while it could
also tune the H,/CO ratio in the derived bio-syngas mixtures
making them suitable for different applications [21].

Biomass thermal treatment prior to gasification increases
the overall performance of the gasification process by
improving the fuel quality characteristics of the as-produced
biochars. In particular, biochars have several advantages
compared to the raw biomass, such as the low moisture and
high mass-normalized energy content [7]. Many researchers
have reported the advantages of torrefied and pyrolyzed
biomass compared to untreated ones, comprehensively
summarized in Ref. [22]. The different gasification perfor-
mance between thermally upgraded and pristine biomass can
be mainly attributed to the effect of pyrolysis temperature on
the biochar structure [7,22—28]. Renthe et al. [29] concluded
that torrefaction of Douglas fir sawdust pellet enhanced the
CH, and H, yields in syngas. Bouraoui et al. [30] studied the
influence of physicochemical properties of various
lignocellulosic-based fuels on the CO, gasification perfor-
mance. A close relationship between the textural and struc-
tural properties of biomass fuels and the achieved gasification
rates was revealed. Similar conclusions were derived by Min
et al. [28], who studied the role of pyrolysis temperature and
heating rate on the gasification performance of agricultural
waste chars. Char structure is a key factor that affects gasifi-
cation performance.

Several researchers have also studied the effect of mineral
elements on the char gasification reactivity. These mineral
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elements were either presented inherently in the ash content
of raw biomass or purposely added in the fuel feedstock. It has
been shown that alkali (sodium, potassium) and alkaline earth
(calcium, magnesium) elements are enhancing the overall
gasification reactivity [31,32]. On the contrary, phosphorus
and silicon compounds were found to inhibit the steam gasi-
fication performance of chars prepared from algal and ligno-
cellulosic biomass [33].

In the present work, olive kernel (OK) from the island of
Crete, Greece, was employed as raw biomass source, in order
to explore the impact of pyrolysis protocol (torrefaction at
300 °C vs. slow pyrolysis at 500 °C and 800 °C) on the physi-
cochemical properties and the CO, or H,O gasification effi-
ciency, in terms of syngas production, of as-produced
biochars. Olive kernel is a by-product of olive oil production,
which is an agricultural activity of great importance for the
Mediterranean countries. From data received by the Interna-
tional Olive Oil Organization [34], in the crop year of
2018-2019, Spain, Italy, Greece and Portugal represented ca.
70% of the olive oil production globally. In specific, Greece
represents the third largest olive oil industry worldwide with
an annual production capacity of approximately 400,000 tons
of olive kernel [35].

Due to its low cost, olive kernel has been considered as a
promising biomass fuel mostly utilized for heat production in
conventional burners, while its energy conversion through
gasification and/or pyrolysis thermochemical processes has
only scarcely studied. Most of these works focus on the gasi-
fication of pristine olive kernel using air as oxidant agentin lab
scale fixed bed [36] and pilot-scale fluidized bed gasifiers
[37,38], without, however, considering the impact of different
gasification agents and/or the use of olive kernel chars as
feedstock.

In light of above issues, and taking into account the pecu-
liarities of olive kernel biomass compared to other lignocel-
lulosic residues, due to its aliphatic and aromatic content, a
complementary characterization study involving textural,
structural and surface properties was conducted for both the
pristine and thermally treated samples to gain insight into the
relationship between the bio-syngas production and the
physicochemical properties of investigated fuel samples.
Originally, in the present study, two different gasification
agents (CO, or H,0) were comparatively employed towards
revealing the relationship between the gas production, the
gasification agent and the physicochemical properties of
investigated fuel samples. To the best of our knowledge no
similar study exists in the literature.

Experimental
Fuel feedstock preparation and biochars production

In the present study, Olive Kernel (OK) from Cretan olive tree
cultures was selected as raw fuel. OK was first crushed to a
particle size between 1 and 3 mm, using a jaw crusher and
then, part of this fraction, was milled to 100—200 um using an
agate mortar (Retsch RM200) producing a large amount (ca.
70 wt%) of fines (<100 pm). In the following, the fraction be-
tween 1 and 3 mm was torrefied at 300 °C and slowly pyrolized

at 500 and 800 °C under inert (N,) atmosphere. The heat-
treated samples were then also milled to 100-200 um
following a similar procedure to pristine sample.

In specific, the thermal treatment of pristine OK for
obtaining the different chars was carried out in a refractory
alumina boat loaded with 75 g of OK, which is placed in the
middle of a horizontal refractory steel tube (Inconel®) of
8.5 cm diameter and 68 cm length. The tube was in turn placed
in a horizontal electrical furnace (Carbolite GVA 12/300),
keeping the sample in the stable temperature zone, and
inertized with pure N, for 1 h at a flow of 500 cm®/min. Then
the inert flow was decreased to 250 cm®/min and heated at a
constant heating rate of 20 °C/min to the final treatment
temperature (300, 500, and 800 °C), which was kept for 1 h.

The yield of the solid fraction was estimated directly by
weighing the solid residue remaining after heat treatment.
The liquid fraction (oil) was condensed into two serpentines
(2 m length) arranged in series and ended in a bulb where the
condensates were collected. The set was immersed in an ice
bath. After the experiment, the yield of the liquid fraction was
determined by the difference between the weight of the set
filled with the condensates and the weight of the empty set.
The gas fraction was indirectly determined by the difference
between the initial weight of the sample and the weights of
the solid and liquid fractions.

All physicochemical characterizations and gasification
tests were performed using samples with fines of 100—200 pm.
The pristine olive kernel sample is designated as OK. The
same nomenclature along with a number corresponding to
the treatment temperature is used for the heat-treated sam-
ples, i.e. OK300, OK500, and OK800.

Fuel samples characterization

The elemental analysis of feedstock samples was determined
in LECO CHNS-932 (C, H, N, S) and LECO VTF-9000 (O) ana-
lyzers. Proximate analysis, in terms of volatile matter, mois-
ture and ash contents, was performed in a LECO TGA-601
analyzer. Mineral matter composition was determined by
means of X-ray fluorescence in a Bruker SRS 3000 analyzer.

The porous properties of all samples were defined by ni-
trogen adsorption-desorption isotherms and by the mercury
porosimetry technique, performed at —196 °C, using a Micro-
meritics Tristar 3020 instrument and a Micromeritics Auto-
Pore IV, respectively. Pore volume measurements by nitrogen
adsorption are not precise enough for samples with large
mesopores. For this reason, mercury porosimetry was used as
a complementary technique to determine the volume and size
of mesopores and macropores. All analyses were performed
from atmospheric pressure up to 228 MPa. The surface tension
and contact angle for mercury were fixed at 0.485 N/m and
130°. The volume of mesopores (Vimeso) and macropores
(Vmacro) along with the average pore size diameter (Dp) were
calculated based on Washburn’s intrusion theory. It should be
noted that the lowest detectable limit of the device is 5.5 nm,
so that Vieso refers to a pore size between 5.5 and 50 nm,
whereas Vimacro refers to pores greater than 50 nm.

The High Heating Value (HHV) of the solid raw and heat
treated samples was determined in a Calorimeter C4000
adiabatic from IKA®-Werke, according to the ISO 1928
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standard. The Helium density, dye, of the samples was
measured with a Micromeritics AccuPyc 1330 pycnometer,
using He as the probe gas. The samples were outgassed at
120 °C overnight prior to analysis.

The pH values of biomass fuels at the point of zero charge,
PHpzc, was determined by introducing 250 mg of sample into a
test tube, followed by the addition of a certain volume of
distilled water to modify the mass concentration of the sus-
pension, which should be closed and under continuous stir-
ring. Each day the pH is measured and the pHp,. value is
obtained from the plateau of the pH evolution profile [39].

The morphology of carbonaceous biomass fuels was
examined by scanning electron microscopy (SEM) using a
Quanta FEG 650 microscope, equipped with an Apollo X de-
tector for EDX measurements. Diffractograms were recorded
in a Bruker D8 powder diffractometer. It is equipped with a
monochromatic CuKa X-ray source and an internal standard
of Silicon powder, while the scanning rate used was 0.02° per
2 s, in the range of 5-90°.

The surface functionalities of all fuels were characterized
by Raman and Fourier transform infrared (FTIR) spectroscopy.
The Raman measurements were performed at room temper-
ature using a Nicolet Almega XR Raman spectrometer with a
473 nm blue laser as an excitation source. The beam was
focused on the sample through a confocal microscope
equipped with a 50 x objective. The data were acquired in
400-1900 cm™! range. Fourier transform infrared (FTIR)
spectra were recorded on a Thermo-Electron Nicolet 6700 FT-
IR optical spectrometer with a DTGS KBr detector at a reso-
lution of 4 cm ™.

Finally, the thermal behavior of the different fuel feedstock
was assessed by thermogravimetric analysis in a Q5000 IR (TA
Instruments) thermobalance. The mass loss profile of
15 + 0.1 mg of sample was monitored by increasing the tem-
perature up to 1000 °C with a heating rate of 20 "C/min, under
either pure N, (inert) or pure CO, (reactive) atmosphere with a
total flowrate of 20 cm?®/min. Thus, the mass loss is attributed
to the single effect of temperature in the case of nitrogen flow,
whereas for the experiments performed under pure CO, flow,
its interaction with carbon further contributes to the observed
weight losses.

Gasification tests

The experimental apparatus used in the present work is
schematically illustrated in Fig. 1. The gasification tests of
pristine olive kernel (OK) and as-produced biochars (OK300,
OK500 and OK800) using either pure CO, or 10 vol% H,0/He as
gasifying agents was carried out in a quartz U-shape fixed-bed
reactor (ID = 8 mm) under batch mode of operation and at
atmospheric pressure. In each experiment, the reactor was
loaded with 0.1 g of fuel with particle size of 100—200 pm. After
loading the fuel sample, the reactor was placed in an electrical
furnace and the temperature was gradually increased from
room temperature to 300 °C, with a heating rate of 5 'C/min by
flowing pure He over the sample with a total flowrate of 30 cm?
(STP)/min. Upon reaching steady state at 300 °C, the feed was
instantaneously switched from inert He to the desired gasi-
fying agent mixture (30 cm?® (STP)/min) and the effluents’
flowrate and composition were continuously monitored in the

temperature range of 300—1100 °C, by increasing the temper-
ature with a rate of 2 °C/min.

Each experiment lasted for more than 6 h until the com-
plete gasification of samples, leaving only ash as a residue in
the reactor bed. A gas cylinder with pure CO, (Air Liquide) was
employed to feed carbon dioxide in the lab-scale gasifier. In
the case of steam gasification experiments, water vapors were
fed through heated lines into the reactor by bubbling pure He
(Air Liquide) as diluent through a temperature-controlled
vessel containing twice-distilled water.

The outlet composition was recorded using an on line gas
chromatograph (Shimadzu 14B), with pure He as carrier gas,
equipped with a Thermal Conductivity Detector (TCD), set at
T = 120 °C, and a Flame Ionization Detector (FID) for the
detection of hydrocarbon compounds. Two chromatographic
columns were employed for gas separation: a Porapack QS
(1.83 m long and 0.0032 m diameter) for H, and CO and a
Molecular Sieve 13X (3.05 m long and 0.0032 m diameter) for
CO,, CH, and light hydrocarbons, with both columns set at
T = 80 °C. All gasification experiments were performed twice
and the experimental error was less than 5%.

Results and discussion
Characterization of fuel samples

Biochar production

The production of biochars was carried out following the
procedure described in Section Fuel feedstock preparation and
biochars production. The solid fraction and condensed liquids
were weighed in order to determine the corresponding yields
of as-produced biochars, while the non-condensable gases
were calculated by mass balance difference. The wt.% yield to
solid (S), liquid (L) and gaseous (G) products during olive kernel
thermal treatment at different temperatures is depicted in
Fig. 2. By increasing the treatment temperature, the yield of
the solid product (char) reduced from 59.8 wt% at 300 °C to
29.5 wt% and 25.9 wt% at 500 °C and 800 °C, respectively, while
the yield to gaseous products was slightly increased from
26.8 wt% at 300 °C to 29.4 wt% at 500 °C and 33.8 wt% at 800 °C.
The yield of liquids was maximized at the intermediate tem-
perature of 500 °C (~41 wt%). In general, low treatment tem-
peratures result mainly in solid products (char), while at
higher temperatures gaseous products are favored via pri-
mary and secondary thermal cracking reactions [40].

Chemical analysis

The ultimate and proximate analyses of raw biomass and as-
produced chars are illustrated in Table 1. As the pretreatment
temperature increased to 800 °C, the carbon and fixed carbon
contents increased from 50.2 to 86.5 wt% and from 13.9 to
79.7 wt%, respectively, whereas the H and O contents
decreased from 5.9 to 0.8 wt% and 40.2 to 4.1 wt%, respectively.
This indicates that slow pyrolysis at high temperatures en-
hances the carbonization degree of biochars through the
decomposition of the organic matter in raw material. The
content of volatile matter is substantially decreased with the
increase of pyrolysis temperature, implying that the remain-
ing organic content in biochars is gradually released upon
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Fig. 2 — Solid, liquid and gas yields during olive kernel thermal treatment at 300, 500, and 800 °C, respectively.

Table 1 — Ultimate and proximate analyses and high heating values of the different fuel samples.

Samples Ultimate analysis (wt.%) Proximate analysis (wt.%) Ratios HHV*®
C H N (0} S Moisture Ash  Volatile matter ~pHp,. Fixed carbon H/C 0/C

OK 50.2 59 07 402 0.02 7.4 2.9 75.8 - 13.9 141 0.60 20,020

OK300 634 52 1.0 265 0.10 4.0 3.9 54.3 8.2 37.8 0.98 0.31 25,497

OK500 819 29 08 80 nd® 4.5 6.4 15.0 10.8 74.1 0.42 0.07 30,037

OK800 8.5 08 08 41 0.10 6.4 7.8 6.1 12.2 79.7 0.11 0.04 31,116

® High Heating Value on a dry basis expressed in kJ/kg.
P Not detected.
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thermal treatment [41]. It is worth mentioning that the olive
kernel slowly pyrolyzed chars (OK500 and OK800) were mainly
composed of fixed carbon with a content of 74.1 and 79.7 wt%,
respectively.

Meanwhile the atomic ratio of H/C and O/C is gradually
decreased from pristine OK to OK800 char, a trend which can
be ascribed to the release of aromatic and other carbonaceous
fragments upon thermal treatment of pristine OK [42,43].
Furthermore, the High Heating Value (HHV) substantially in-
creases with heat treatment, which can be mainly attributed
to the increase of carbon content [22]. Finally, an increase in
the pHp,. value at the point of zero charge of the as-produced
biochars was observed upon increasing the treatment tem-
perature, i.e., 8.2, 10.8 and 12.2 for OK300, OK500 and OK800
samples, respectively. The latter is ascribed to the increase of
the ash content upon increasing the pyrolysis temperature,
which is rich in alkali and alkaline earth metals (such as K, Ca,
Na and Mg) giving rise to the basicity of fuel samples [42].

In Table 2, the wt.% content of the different main oxides
contained in the ash of the pristine olive kernel and as-
produced chars is depicted. All samples are mainly
composed of K,0, CaO and Na,O, while substantially lower
amounts of SOs, P,0s, SiO,, MgO, Fe,03; and TiO, were also
observed. Notably, the increase of pyrolysis temperature not
only increased the ash content in the as-produced chars
(Table 1) but also led to an increase in the concentration of
MgO, Ca0, Fe,05 and K,0. It has been reported [40,44] that the
different counterparts of the ash might exhibit a different
impact on the gasification performance, depending on their
promoting or inhibiting role in the overall gasification reaction
network. In general, alkali and alkaline earth metal oxides
along with transition metal oxides, such as K,0, Na,0, CaO,
MgO, and Fe,O5; exert a pronounced catalytic effect on the
gasification performance [35-37]. Moreover, it is worth
mentioning that Cl concentration follows a decreasing trend
with increasing thermal treatment temperature, which is
beneficial for the gasification process since chlorine could
contribute to corrosion effects and toxic emissions [45].

Textural, morphological and structural analysis

The textural characteristics of all samples are depicted in
Table 3. The helium density (dye), representing the actual
density of samples, practically remains the same for the raw
(OK), torrefied (OK300) and mildly pyrolyzed (OK500) samples.

Table 2 — Main inorganic matter content (wt.%) relative to
the total mass of ash, as revealed by the XRF analysis.

Oxide OK OK300 OK500 OK800
Na,0 16.79 14.41 12.53 13.25
MgO 0.64 2.00 224 2.37
Al,03 0.09 0.09 0.06 0.04
Sio, 1.42 1.26 1.49 1.38
P,0s 3.88 4.46 4.30 4.35
Cl 7.27 6.52 3.26 3.71
SO3 4.51 2.74 1.31 1.45
K,0 46.91 52.48 57.92 53.61
CaO 17.58 14.84 16.36 18.46
Fe,03 0.394 0.283 0.430 0.897
TiO, 0.02 0.02 0.04 0.07

An obvious increase is observed upon increasing the treat-
ment temperature to 800 °C (OK800), which could be attributed
to the formation of a more condensed arrangement of the
carbonaceous matter due to crosslinking and/or to the for-
mation of packed planar clusters of aromatic rings [46]. In
general, the removal of volatile matter upon thermal treat-
ment results in the increase of porosity in the chars, as clearly
shown in Table 3, leading to samples with an essentially
macropore structure. As the temperature of thermal treat-
ment increases, the porosity and pore volume (V) gradually
increase. The low BET surface area (Sggr) observed in all fuel
samples might be assigned to phenomena such as fusing,
melting and carbonization that partially block micropores (i.e.
pores <2 nm), which mainly contribute to BET surface area.

The SEM images of the pristine olive kernel and as-
produced chars are shown in Figs. 3 and 4, respectively. SEM
analysis of the pristine OK indicated particles with no specific
morphology and high poly-dispersity with particle sizes
ranging between 10 and 150 pum (Fig. 3). Even though the
samples were sieved into fines of 100—200 um, some smaller
particles can be also detected, possibly due to their strong
attachment to larger particles or their blockage in cavities. On
the other hand, OK chars appeared in the form of truncated,
irregular shapes and their pores are characterized by an open,
oval structure and thick walling (Fig. 4).

All samples show a uniform distribution of the different
counterparts as further verified by EDX analysis (Fig. 5). The
inorganic matter consists mainly of K and Ca compounds, in
consistency with XRF analysis (Table 2). Moreover, the carbon
content is in a good agreement with ultimate and proximate
analysis shown in Table 1.

The X-ray patterns of the investigated samples are shown
in Fig. 6. Two bands are observed at 26 ~23° and 44°, which
correspond to the diffuse graphite (002) and (100) bands,
respectively. In the XRD pattern of the raw OK sample, the
sharp (002) band at 23° implies that the pristine biomass has a
highly ordered structure. Moreover, raw biomass presented a
band at about 15° (peak y of aliphatic chain), ascribed to the
radial spread of the aliphatic chains. Biochar samples illus-
trate broader bands, implying a more disordered structure, as
further verified by Raman analysis (see below) [43,47].

Raman spectroscopy analysis

To further explore the crystallite structure, the Raman spectra
of as-produced chars were acquired (Fig. 7). No distinct peaks
could be observed in the case of raw OK sample and thus its
respective spectrum is omitted from Fig. 7. The normalized
intensity of the D-band (ca. 1350 cm™?), is generally increased
with both the number of amorphous carbon and disordered
structure in graphite or other highly ordered carbonaceous
materials. The G-band (ca. 1600 cm™), is attributed to the
stretching vibration modes of graphite C=C bonds. The in-
tensity of the G-band (Ig) is sharpened as the degree of
graphitization increases [48]. Although, the position of the D
and G peaks remain unchanged upon increasing the pyrolysis
temperature [49], the Ip/I; ratio is notably modified implying a
different degree of carbon organization. In particular, the Ip/Ig
ratio is 0.43, 0.59 and 0.82 for OK300, OK500 and OKS800,
respectively, denoting an increase of the share of disordered
carbon and the breakdown in symmetry atoms with the
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Table 3 — Textural characteristics of olive kernel and as-produced char samples.

Samples dge (g/cm?) Porosity (%) Vp (cm?/g) Vineso (€m>/g) Vinacro (cm®/g) Sper (M%/g)
OK 1.45 11 0.09 0.03 0.06 <3
OK300 1.35 14 0.14 0.04 0.10 <3
OK500 1.42 52 0.70 0.16 0.54 <3
OK800 1.81 56 1.00 0.00 1.00 <3

Fig. 3 — SEM micrographs of pristine olive kernel (OK) sample.

increase of the pretreatment temperature [50]. This behavior
is also confirmed by the ratio of intensities of V and G bands,
with the V band located in the valley between the D and G
peaks, as depicted in Fig. 7. In general, the Iy/Ig ratio is
increased with the decrease in the uniformity of carbonaceous
structure [51]. In the present study, the Iy/Ig ratio equals to
0.25, 0.38 and 0.47 for OK300, OK500 and OK800, respectively,
implying that the graphitization degree of fuel samples de-
creases as the pyrolysis temperature increase [52]. In view of
this fact, it has been reported that higher Ip/I; and Iy/I¢ ratios
could improve the gasification performance [48—51,53].

FTIR spectroscopy analysis

Fig. 8 shows the FTIR spectra of all samples. The band at ca.
3400 cm ™! is ascribed to O—H stretching vibration mode of
hydroxyl functional groups. This band remained almost un-
changed in all samples in agreement with the similar mois-
ture content estimated in proximate analysis (Table 1). The

strength of peak at ca. 2800 cm™" corresponds to symmetric
stretching vibration C—H bonds (mainly including the CH, and
CHs). The negligible intensity of this peak in the thermally
treated samples aligns with the decreased volatile matter
content. The band at 1730 cm™?, which is attributed to C=0
vibrations in carbonyl groups, is indicative of the presence of
acetyl derived groups, aldehyde groups, etc. The absorbance
peak between 1650 and 1450 cm ' is assigned to the stretching
vibration of aromatic rings C=C [28,42]. Hence, as the pyrol-
ysis temperature increases, the absorbance peaks from all
chemical functional groups become weaker.

In specific, in the case of pristine OK and OK300 char, the
characteristic bands of hydroxyl, carboxyl, carbonyl and
methoxyl functional groups are still clearly observed. On the
contrary, the corresponding peaks for OK500 and OKS800
samples are disappearing under thermal cracking. This
observation is in line with the gradual decrease of the O/C and
H/C ratios and the appearance of disordered carbonaceous
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Fig. 4 — SEM micrographs of as-produced biochar samples.

structure upon thermal treatment, as revealed in Table 1 and
Fig. 6, respectively.

Thermogravimetric analysis
A thermogravimetric analysis was carried out in the temper-
ature range of 25—1000 °C under both inert (N,) and reactive
(CO,) atmospheres, in order to gain insight into the reactivity
of feedstock fuels (Fig. 9). Table 4 summarizes the total weight
loss (wt.%) calculated for the different samples and
atmospheres.

All samples present a similar weight loss profile under both
N, and CO, flow up to a specific temperature (ca. 700—800 °C),
where the samples start to interact with CO, via the reverse
Boudouard reaction (Fig. 9). At low temperatures (ca.
100—120 °C) the mass loss detected is attributed to the removal

of contained humidity. At the temperature range of
200—650 °C, there are two steps of weight loss attributed to
primary (ca. 200—400 °C) and secondary (400—650 °C) devola-
tilization processes, which are clearly depicted for the pristine
OK and OK300 char samples and are leveled off for the OK500
and OK800 chars, where the volatile matter content is low
(Table 1). According to literature, primary devolatilization is
attributed to the decomposition of hemi-cellulose and cellu-
lose contained in lignocellulosic biomass samples mostly into
light organic compounds, while the secondary devolatiliza-
tion step is assigned to lignin content degradation [54,55].
Lignin is comprised of numerous aromatic sub-structures of
carbon, which are slowly decomposed during pyrolysis, leav-
ing condensed aromatic groups, as also revealed by the FTIR
spectroscopy measurements (Fig. 8). The weight loss under
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inert atmosphere is in accordance with the volatile matter
content in the samples (Table 1), following the order:
OK > OK300 > OK500 > OK800. Under CO, flow the additional
weight loss at temperatures higher than 700 °C can be ascribed
to the reaction of the remaining carbonaceous matter with

CO, at elevated temperatures, where the reverse Boudouard
reaction is thermodynamically favored [16], following the
order: OK800 = OK500 > OK300 > OK, in complete agreement
with the fixed carbon content of fuel samples (Table 1). The
residual weight of all samples at 1000 °C can be practically
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attributed to the amount of stable and unreactive ash, beingin
agreement with the proximate analysis (Table 1).

CO; and H,0 gasification performance

The gasification of biomass proceeds in two steps: the first
step (at 200—650 °C) includes the evolution and decomposition

Table 4 — Total weight loss (wt.%) of different feedstock
fuels in TGA experiments.

TGA atmosphere Weight loss (wt.%)
OK OK300 OK500 OK800

N, 72.5 46.1 25.6 18.2
CO, 98.6 97.3 95.0 94.0

of volatile matter and tar, and the second step involves the
gasification of char at 650—1000 °C [56]. For the sake of results
interpretation, the main reactions (R) taking place during
biomass gasification are summarized below [5,57,58]:

Pyrolysis: C,H,O, — Tar + CO, + CO + H, +CH, + H,O  (R1)
Tar cracking: Tar — CO, + CO + H, +CH, + light HCs (R2)

Tar dry cracking reaction: Tar + CO, — CO + H, +CH,4 + light
HCs (R3)

Tar steam cracking reaction: Tar + n;H,O — n,CO, + nsH,(R4)

Carbon/Char partial oxidation: C + 4 O, — CO, AH = —111 kJ/
mol (R5)

Carbon/Char oxidation: C + O, — CO,, AH = —393 kJ/mol (R6)
CO oxidation: CO + % O, — CO,, AH = —283 kJ/mol (R7)
H, oxidation: H, + % O, — H,0, AH = —242 kJ/mol (R8)
Water Gas Shift: CO + H,O < CO, + H,, AH = —41 kJ/mol (R9)
Methanation: C + 2H, — CHy, AH = —75 kJ/mol (R10)

Reverse Boudouard: C + CO, — 2CO, AH = +172 kJ/mol (R11)

Primary Steam Gasification: C + H,0 — CO + Hy, AH = +131 K]/
mol (R12)

Secondary H,0 Gasification: C + 2H,0 — CO; + 2H,,

AH = 490 kJ/mol (R13)
Steam Methane reforming: CH, + H,O — CO + 3H,,
AH = +206 kJ/mol (R14)

Fig. 10 depicts the effluent concentration (vol%) of CO, (a),
CO (b), H; (c) and CH,4 (d) as a function of temperature, during
the CO, gasification of olive kernel and as-produced chars.

The maximum consumption of CO, is obtained at ca. 750 °C
(Fig. 10a), in consistency with the TGA results (Fig. 9), where
the gasification reactions are thermodynamically favored
[19,20]. Carbon monoxide, CO, was the primary product
(Fig. 10b), starting to appear at ca. 600 °C, following an opposite
trend to CO, consumption profile. The increase of CO con-
centration with temperature has been well documented in
literature during the CO,-aided gasification of various types of
biomass [59—-65]. Apart from CO, minor quantities of H,
(Fig. 11c) and CHy4 (Fig. 11d) were also observed at lower tem-
peratures, associated to the decomposition of released vola-
tiles and homogeneous gas-phase reactions. This is in
accordance with the onset temperature of reactions (R1), (R2),
(R3) and (R4) [60,63,66].

Moreover, it is known that CO, reacts with tars, enhancing
their cracking into hydrogen and light gaseous hydrocarbons
[67—70]. Concerning hydrogen production, the first peak can
be attributed to the pyrolysis step during gasification, while
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the second peak is related to gas-phase reactions, such as the
endothermic (R12), (R13) and (R14) reactions [67]. The negli-
gible amounts of methane and hydrogen observed in the case
of OK800 sample is in line with its limited content in volatile
matter.

The corresponding results upon the employment of 10 vol
% H,0/He mixture as the gasification agent, are shown in
Fig. 11. In this particular case, the gasification of biomass fuels
is taking place at higher temperatures as compared to pure
CO.. In specific, the gasification reaction for the OK, OK300 and
OK500 samples is terminated at 750, 850 and 900 °C, respec-
tively, while OK800 runs out at 950 °C. The produced gas
mixture consists mainly of H, and CO, followed by CO, and
minor quantities of CHy. The onset temperature for hydrogen
production was ca. 500 °C for all samples. At higher temper-
atures the endothermic reactions R12, R13 and R14 are
strongly favored and thus the formation of H, increases [17].
This is in agreement with several studies on biomass gasifi-
cation, employing different feedstock such as legume straw,
pine sawdust and pine bark [71-74]. Moreover, secondary
cracking and reforming reactions of heavy hydrocarbons/tars
can also contribute to hydrogen production at lower temper-
atures (up to 600 °C) [75].

Carbon monoxide, CO, concentration increases with tem-
perature due both to R11 and R12 reactions [76]. High amounts
of CO, are generated at low temperatures due to the oxidation
(R6 and R7) and water gas shift (R9) reactions, which are highly
exothermic. However, upon increasing the temperature, the

CO, content in the effluent gas mixture starts to decrease at
the expense of endothermic reactions prevailing in the high
temperature region, such as the reverse Boudouard (R11) and
reverse Water Gas Shift (R9) reactions [77,78]. Noticeably, both
CO, and CO exhibit a significant production at 300 °C. Ac-
cording to Butterman and Castaldi [21], thermal cracking re-
actions at low temperatures result in the decomposition of
biomass lattice, leading to oxygen release by the oxygenated
functional groups and minerals, followed by char oxidation
toward CO and CO, (R5 and R6 reactions).

Regarding CH, production, a double peak at the same
temperature range is observed mostly in the case of OK, OK300
and OK500 samples. The first peak at lower temperatures (ca.
300—-500 °C) is attributed to the pyrolysis and tar thermal
cracking processes, while the second peak (above 500 °C) is
ascribed to the gas phase methanation reactions (such as R10)
[22]. The thermally treated sample at 800 °C exhibits only the
second peak (above 500 °C), confirming the downward trend of
the volatile matter content with the increase of the pre-
treatment temperature (Table 1).

The total amount (mmol/g) of generated CO,, CO, H, and
CH, during the aforementioned gasification processes was
calculated from the integrated area of the respective curves in
Figs. 10 and 11, and the results are summarized in Table 5.

As mentioned above, during CO, gasification, CO was the
main product. Torrefaction at 300 °C exerts a moderate impact
on CO yield, resulting in an increase of CO amount from
51.3 mmol/g (OK) to 70.3 mmol/g (OK300). However, slow
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pyrolysis at 500 °C (OK500) results in a notable increase of CO
amount (123.6 mmol/g), which, however, is not significantly
altered (137 mmol/g) upon further increasing the pyrolysis
temperature to 800 °C. The corresponding methane and
hydrogen production were two orders of magnitude lower
than the respective CO values and remained almost unaf-
fected regardless of the pretreatment conditions.

When H,0 was employed as gasifying agent, the amount of
the main constituents of the produced gas mixture (H,, CO,
CO,) is increased, as in the case of CO, gasification

Table 5 — Production of gaseous products during CO, and
H,O0 gasification.

CO, Gasification

CO production H, production CH, production
(mmol/g) (mmol/g) (mmol/g)
OK 51.3 0.7 0.4
OK300 70.3 1.3 0.7
OK500 123.6 2.4 0.2
OK800 137.0 0.8 0.0
H,0 Gasification
CO, CcO H, CH,4 Hy/
production production production production CO
(mmol/g) (mmol/g) (mmol/g) (mmol/g)
OK 12.8 9.0 20.8 0.5 23
OK300 14.8 24.1 36.3 11 1.5
OK500 20.0 44.0 58.3 0.7 1.3
OK800 20.0 55.0 62.7 0.3 1.2

experiments  (Table 5), following the order of

OK800 > OK500 > OK300 > OK. Regarding the H,/CO molar
ratio (Table 5), it varies between 1.2 and 2.3, implying its
suitability not only for Fisher-Tropsh synthesis and methanol
production but also for oxo-synthesis processes [13,14,37].
On the basis of the present findings, it could be argued that
the thermal pretreatment of pristine biomass (OK) notably
modifies the solid state properties of as-produced chars with
great implications on the gasification performance. In partic-
ular, the increase of pretreatment temperature leads to chars
with: i) improved textural properties (higher porosity), ii) less
ordered structure and higher fixed carbon content, iii) lower
volatile matter content, iv) higher content in ash elements
that could act as gasification catalysts (e.g. CaO, MgO, KO,
Na,0, and Fe,05), and v) lower H/C and O/C ratios. Interest-
ingly, the fixed carbon content, ash content, porosity as well
as the Ip/lg ratio follow in general the same trend as the
syngas production, regardless of the gasification agent used
(CO5 or H,0), i.e., OK800 > OK500 > OK300 > OK, implying their
vital role in gasification performance. The opposite trend is
observed for the volatile matter and the H/C and O/C atomic
ratios. The latter is clearly demonstrated in Fig. 12a and b,
where the impact of the above mentioned parameters on the
syngas production (determined as the total amount of pro-
duced COy, Hy, CH, - Table 5) under both carbon dioxide and
steam gasification conditions is depicted.
The beneficial effect of the above mentioned parameters is
in accordance to the literature [22,27,43,47,75,79—-81]. For
instance, Wang et al. [79] studied the impact of pyrolysis
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temperature on the properties of woody biomass, focusing on
the gasification reactivity under CO, atmosphere. They found
that biocarbon produced at 800 °C had higher reactivity
compared to that produced at 650 °C, due to its lower content
on volatiles and higher fixed carbon content. Franco et al. [82]
and Duman et al. [27], highlighted the role of metal oxides
included in the ash as catalysts for the primary and secondary
reactions taking place during the gasification process. The
increase in indigenous mineral matters in char led to a
markedly increased gasification reactivity as compared with
that of the raw one. In a similar manner, Guo et al. [5]]
revealed the beneficial role of alkali and alkaline earth metals
in the gasification performance of chars derived from wood,
grape marc and macroalgae. Moreover, the Ip/Ig ratio is a
crucial factor to evaluate gasification reactivity of biomass
chars. In general, carbonaceous matter with high Ip/Ig ratio
becomes more reactive and results in higher gasification
performance [48—51,53].

Conclusion

The impact of pyrolytic pretreatment temperature (300, 500,
800 °C) on the physicochemical properties and the gasification
performance of biochars derived from Greek olive kernel

biomass, was investigated in the present work. The results
clearly revealed that regardless the gasification agent (CO, or
H,0) used, an increase on the amount of gaseous products
(mainly CO, CO,, H, and CH,) is observed upon increasing the
pretreatment  temperature, following  the order:
OK800 > OK500 > OK300 > OK. The observed trend in gasifi-
cation performance is closely correlated with the increase in
carbon and fixed carbon content, ash content and Ip/Ig ratio
and the corresponding decrease of H/C and O/C ratios and
volatile matter content, upon the increase of pretreatment
temperature. Moreover, the gasification agent employed
notably affects the composition of the generated bio-syngas.
In the case of CO, gasification, the main gas produced is CO
with negligible amounts of H, and CH,4. On the other hand,
steam gasification leads to a mixture rich in H,, CO and CO,
with a H,/CO ratio varying between 1.2 and 2.3. Although the
optimum gasification performance in terms of gas production
were obtained for the OK500 and OK800 chars, further techno-
economic analysis, taking into consideration the solid yields
and energy requirements during the char production, is
required to assess the overall gasification process and to
conclude about the best fuel feedstock. Work is in progress
towards this direction.
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