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Abstract

Olive stones obtained as a by-product from olive oil extraction in combina-
tion with the favourable climate in Mediterranean countries are value-added
feedstocks for the energy sector due to low moisture content (< 20wt. %),
suitable calorific value (> 18.7MJ kg™! on as received) and high bulk den-
sity (about 750kg m~3). The torrefaction process at Arigna Fuels with high
energy efficiency of (above 90 %) improves biomass properties for conversion
to a high-value fuel for the use in solid fuel stoves. This study reports the ef-
fect of moisture content, organic composition, inorganic matter, particle size,
heat treatment temperature and residence time on product yields, O/COq

reactivity, calorific value, composition and thermal conductivity value of tor-
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refied olive stones. Results showed that both lignocellulosic content and
ash composition equally influenced the reactivity of torrefied material. For
the first time, time-of-flight secondary ion mass spectrometry (ToF-SIMS)
showed that the structure of torrefied material from small olive stone parti-
cles contains more cellulose than lignin compared to large grains. Importantly
from a technological standpoint, the lower heating values of torrefied olive
stones (21.8 MJ kg™!) [1] from a small scale reactor were within the range of
values for torrefied woodchip briquettes containing high starch binder con-
tent which was an increase of &~ 15% when compared to the raw feedstock.
The results showed that olive stones of particle size less than 2 mm produced
during torrefaction at 270°C for 30 min are the most suitable material and
conditions for briquetting due to high solid yield, lower reactivity and low
thermal conductivity values. These conditions are recommended for the pilot
plant operation using olive stones from the Mediterranean region.

Keywords: torrefaction, slow pyrolysis, olive stones, thermal conductivity,

ToF-SIMS

1. Introduction

Increasing human population, global warming, and excessive fossil en-
ergy consumption call for the development of sustainable technologies for
energy conversion. Bioenergy can be obtained from forestry residues, agri-
culture wastes, energy crops, manures, and municipal wastes |2, 3]. Regional
differences in biomass availability translate into differences in energy prac-
tice [4, 5]. The vast and growing amount of agricultural and food waste

has become a major concern throughout the world; within the EU, approxi-
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mately 700 million tonnes of agricultural wastes are generated annually [6, 7.
The Mediterranean area has significant bioenergy potential from agricultural
residues, especially from olive oil production [8, 9]. Olive tree cultivation gen-
erates a large amount of biomass from olive tree pruning, which is needed to
remove old branches and increase crop productivity [10, 11]. Olive tree prun-
ing biomass, olive leaves and extracted olive pomace have the potential to be
used in a biorefinery to produce a range of chemicals through their conversion
into fermentable sugars and other valuable molecules [12, 13]. However, only
a small amount of olive tree pruning is used as a raw material in power plants
due to the feedstock’s low density leading to high transportation and stor-
age costs [14, 15]|. Prior to olive oil extraction, stones are removed from the
olive fruit, washed to provide skin and pith for animal feed and later dried in
large piles, as shown in the supplemental material (Figure S-6) [16, 17]. After
destoning of olive fruits, the olive pulp is processed using three phase extrac-
tion leading to moisture content in olive stones of less than 50 % [18, 19]. The
three phase process generates olive stones that are rich in lignin and cellulose
compared to the olive cake from the two phase process that has a moisture
content greater than 55 % [20]. Since the three phase process generates olive
stones with a small amount of oil ranging from 4.5 to 9%, olive stones are
preferred for conversion to high-density briquettes [21]. A combination of de-
stoning, washing and drying, use of removed skin and pith for food purposes,
and torrefaction of olive stones and further briquetting might be a potential
solution to solid waste problems in this sector worldwide.

Torrefaction is a mild pyrolysis process that converts biomass into a

higher carbon material with increased energy density and decreased oxygen
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content. Torrefaction contributes concurrently to dehydration, deoxygena-
tion, partial degassing, and structural changes through breaking hemicel-
lulose, lignin and cellulose chains at elevated temperatures. This leads to
increased calorific value that improves biomass physiochemical properties
during co-firing with coal [22, 23]. One way to improve torrefied biomass
handling and combustion properties is by densification into briquettes. Bri-
quettes made from torrefied biomass have many advantages over torrefied
feedstocks including reduction of dust, improved handling properties and
higher bulk density (up to 66 % greater)[24]. This decreases the cost of
shipment and storage [25]. Properties of the original feedstock such as mois-
ture content, heating value, thermal conductivity, ash content, and particle
size, affect the quality and yields of torrefied material. As torrefaction in-
volves adding heat to the feedstock, the bulk thermal conductivity of the
material needs to be verified to optimise the process. The effect of mois-
ture and particle size on the bulk thermal conductivity of feedstock is of
importance as olive stones from different regions have different moisture con-
tents. Thermal conductivity of a bulk material can typically be determined
by either transient or steady state methods|26], with apparatus generally
calibrated using a bulk material with known thermal conductivity such as
sand or gravel. Torrefaction temperatures from 250 to 300°C are used to pre-
vent excessive mass losses from volatile components. The catalytic effect of
alkali metal ions is pronounced at temperatures greater than 300°C [27]. Pre-
vious studies reported that nearly all the inorganic components remained in
the torrefied material without further catalytic effect from alkali metals that

could increase the reactivity of torrefied biomass|28]. Hemicellulose starts
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degrading between 200 and 380°C, with xylan being the most thermally un-
stable polymer, followed by glucomannan, as reported by Werner et al. [29].
Thermal degradation of lignin starts approximately at 200°C and finishes at
750°C [30], and the range of thermal devolatilization of cellulose is between
230 and 400°C[31]. As a result, temperature and residence time are the key
parameters that have an influence on the degree of torrefaction [32]. In order
to achieve a higher yield of torrefied biomass, the particle size of the original
feedstock and residence time in a torrefaction unit are the key factors to un-
derstand. Both organic content and ash composition are known to affect the
yields and physicochemical properties of products from torrefaction [27, 33].
The amount of hemicellulose in original feedstock was suggested to have a
greater impact on all gas yields during 200-300°C torrefaction and COy re-
activity of torrefied spruce than the fractions of cellulose and lignin [34, 35].
The ash content of wood and herbaceous biomass remain largely unchanged
during torrefaction [36, 37]. The most significant changes were observed in
the distribution of calcium, magnesium, and manganese, with some change
in water soluble potassium [38, 39]. These changes were related to the de-
struction of carboxylic acid groups and decrease in the concentration of both
chloride and sulphur [33|. Small changes in the ash composition during tor-
refaction have less affect on the Oy or CO, reactivity of torrefied biomass
during the thermogravimetric analysis than the differences in lignocellulosic
composition of feedstocks [40, 41]. In addition, the increase in torrefaction
time from 15 to 120 min leads to a decrease in volatiles and increase in ash
content at temperatures greater than 270°C [42]. The size of feedstock parti-
cle has a strong effect on the product yield [43, 44]. Larger biomass particles
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exhibit a higher conduction resistance and thus a lower heat flux, leading to
greater solid char yields during torrefaction [45, 46]. Operating parameters
(280°C, for 30 min) have been suggested as the optimum conditions for the
torrefaction of olive stones, however, little is known about the influence of
residence time and temperature on the yields and composition of torrefied
olive stones [1, 47]. Most studies related to biomass pyrolysis have been fo-
cused on changes occurring in the bulk of the material [48-50|. However, the
modification of the surface layer of torrefied biomass can significantly affect
the product yields and thus, further use in combustion and gasification pro-
cesses [51]. The composition of bulk material is typically characterized using
Fourier transform infrared spectroscopy (FTIR), whereas time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS) is used for the characterization
of surface properties of single biomass particles. FTIR determines composi-
tion by identifying specific functional groups in the chemical structure [50].
ToF-SIMS is used for identification of biomass surface composition through
the bombardment of the sample by short pulses of primary ions interacting
with the investigated surface [52, 53]. ToF-SIMS has been used to investi-
gate a wide array of solid materials, such as polymers, biological samples,
metals, catalysts and archeological objects |52, 54-58]. During ToF-SIMS
analysis, chemical bonds are broken with secondary ions initially emitted
from the sample and directed to the mass analyzer [59]. In this way molec-
ular level information about the uppermost layer of the analyzed feedstock
is obtained with high sensitivity [57]. Limitations of the ToF-SIMS analysis
method are mainly related to matrix effects, fragmentation and recombina-

tion reactions [60].
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The purpose of the present study was to investigate the potential of
torrefaction as a conversion technology for the production of bio-fuel with
improved properties from olive stones. Laboratory-scale torrefaction experi-
ments were carried out to optimise the Arigna Fuel pilot-scale process. Ini-
tial investigations were focused on the potential of gas and char yields from
torrefaction of olive stones. In this study, the impact of heat treatment tem-
perature, residence time and particle size on the yields and composition of
torrefied olive stones were investigated. This was a starting point for the
optimization and redesign of the Arigna Fuel pilot plant into a highly energy
efficient and cost effective torrefaction process. The specific objectives of
this study were to: (1) relate the product yields from torrefaction with the
composition of solid char and gas, (2) understand the influence of heat treat-
ment temperature, particle size and residence time on the physicochemical
properties of product yields and (3) develop structure-property relationships

governing the CO4 reactivity of torrefied olive stones.

2. Materials and methods

Olive stones from Tunisia, separated from the degreased spent olives
extraction using the three phase method were used in this study. The mois-
ture content of olive stones directly after the extraction was about 40-50 %.
However, the moisture content was reduced to less than 20 % due to the high
summer temperature and long transportation and storage time leading to
the natural evaporation of water [61].

Olive stones from Tunisia were chosen as a feedstock based on their

high bulk density and abundance. Particle size, bulk density and skeletal
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density of original olive stones were 0.8 to 5mm, 0.6g cm ™ and 1.5g cm ™3
respectively. Olive stones with moisture content of less than 20 % were milled
in a laboratory-scale pulverizing mill LM1-P (LABTECHNICS, Australia)
and sieved to 0.18-0.425, 0.425-1 and 2-3 mm particle size fractions at Arigna
Fuel. Char samples were produced in a laboratory-scale reactor, which is
described below, in the temperature range from 200 to 300°C for 30, 60 and
120 min. The properties of non-treated olive stones and torrefied biomass
samples were evaluated using a ToF-SIMS, FTIR, thermogravimetric and
thermal conductivity apparatus. All of this equipment is described in the

following sections.

2.1. Reactor

Torrefaction experiments were performed using a quartz tube reactor,
coupled with a condenser cooler and a twin-neck receiving flask where the
torrefaction liquids were collected, as shown in Figurel and described by

Agar et al. [62].
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Figure 1: Schematic view of the pyrolyzer at University of Limerick.

The reactor was placed in a horizontal furnace (Carbolite CTF 12/65/550)
fitted with a thermal controller (Eurothermal 2416). One end of the reactor
tube was open and sealable with a removable rubber stopper. The other
end of the cylinder tapered to a ground glass fitting to match a reducer
fitting. A 90° bend then followed, leading to the condenser section whose
outer jacket was cooled via circulation of a refrigerated liquid maintained at
a temperature of -5°C. A twin neck round-bottom flask was connected be-
low the condenser to hold torrefaction liquids. A rubber tube was connected
to the other neck of the flask above the liquid level. The other end of this
tube was open to atmosphere and fitted with a plastic connector, suitable for
attaching gas sampling bags. Milled olive stones were loaded into a cylindri-

cal stainless steel 0.1 mm mesh basket with a length of about 250 mm. The
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relative distribution of torrefaction products was determined by the princi-
ple of conservation of mass—the combined mass of torrefaction products is
equal to that of the initial sample feedstock. The primary assumption is
that no liquids exit the apparatus in the vapour phase; all condensable prod-
ucts a represent. Before each torrefaction run, the reactor, the connected
glassware, the empty sample basket and the rubber stopper were weighted
to within + 0.01g. A sample of feedstock was poured into the basket, and
the basket was weighted again. 50 g of milled olive stones were used in each
experiment. Circulation of the refrigerated liquid through the condenser was
commenced. The furnace was switched on. After approximately 50 min, the
reactor reached a steady state and was ready for use (temperature of 200,
250, 270 and 300°C). The sample basket was inserted into the open end of the
reactor in one smooth motion and the stopper inserted. After 30, 45, 60 and
120 min, the heating was switched off and the char /torrefied olive stones were
cooled to room temperature while still in the reactor. The sample basket and
torrefied olive stones were removed from the reactor and weighed. The mass
of torrefied olive stones was calculated as the difference between the empty
and loaded basket after torrefaction. There were 5 replicate tests carried out
for each process conditions. The mass of torrefaction liquid was calculated as
the difference in mass of the apparatus (reactor and all components, e.g. the
glassware containing condensed and liquid torrefaction products) before and
after the series of torrefaction tests. Mass fraction of gas was calculated as
the difference between 100 % and the mass of solid char and liquid product.

Gas sampling was done using Tedlar® 0.51 bags with a polypropylene

valve (Restek, Ireland). The bags were clamped to the reactor exit tube

10



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

during each torrefaction run. Samples were analysed using a micro gas chro-
matograph INFICON 3000 (Agilent Technologies, Ireland). The micro gas
chromatograph was calibrated using a mixture of Hy, CHy, Ny, CO, COs,
CsoH,, CoHy, CoHg, and HyS. The Os content was calibrated using air.

2.2. Characterization of torrefaction products

Karl Fischer titration. Karl Fischer titration was carried out using a KF1000
volumetric titrator (Hach, Germany). Tar samples were first dissolved in
anhydrous methanol and then injected into the titration cell. All titrations
were carried out at room temperature and the experiments had an error of

+ 0.5 % water content.

Time-of-Flight Secondary Ion Mass Spectrometry. ToF-SIMS measurements
were performed using a TOF-SIMS IV instrument (ION-TOF GmbH, Ger-
many) equipped with a 25kV pulsed Biz"™ primary ion gun in the static
mode. The samples were pelletized prior to analysis and attached to the
sample holder using double-sided tape. For each sample, at least three spec-
tra were collected from different locations. The analyzed area corresponded
to a square of size 100 pm x 100 um. A pulsed electron flood gun was used

for charge compensation.

FTIR Spectroscopy. The solid residue was analyzed using a Cary 630 FTIR
spectrometer (Agilent, USA). All absorption spectra were obtained in the
4000-600 cm ™! range by 100scans at 4cm™! resolution. For background,

200 scans were acquired. All samples were measured in triplicate.
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Thermogravimetric analysis. The torrefied olive stone samples were firstly
crushed to a fine powder in a mortar with a ceramic pestle. Thermal decom-
position of torrefied biomass samples was determined using an atmospheric
pressure thermogravimetric instrument (Mettler Toledo, USA). The reactiv-
ity of solid char in 20 % volume fraction CO; (20 cm?® min~t of CO, and
80cm?® min~! of Ny measured at 20°C and 101.3kPa) was determined by
loading 5 mg of sample in an Al,O3 crucible. The torrefied olive stone sam-
ples were firstly heated up to 110°C and kept for 30 min isothermally for
drying. The dried samples were subsequently heated to 1100°C at a constant
heating rate of 10°C min~!. All measurements were conducted in duplicate

to establish reproducibility.

Thermal conductivity measurements. A steady state conduction apparatus,
as shown in the supplemental material (Figure S-1), was designed to measure
the bulk thermal conductivity of the biomass material. The biomass sam-
ple was contained within a ceramic flue liner of inner diameter 200 mm and
height 200 mm. This was surrounded by insulating earthwool with a thermal
conductivity of 0.044 W m~'K~! to reduce heat losses to the environment.
This setup was placed on top of an induction heater with a 200-mm diameter
induction disc on top of the heated surface. Platinum resistance tempera-
ture sensors (Pico Technologies, UK) were located at specific distances from
the induction heater and used to measure the temperature gradient in the
sample. The PT100 sensors were connected to a data logger which was then
connected to a laptop used in conjunction with software available from the
supplier. An aluminium frame was placed over the apparatus to which an

extractor fan was attached, to remove any volatile gaseous emissions from

12
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the sample under test and to help maintain a constant temperature by induc-
ing forced convection cooling of the metal disc placed on top of the sample
container. For each test run, the apparatus was filled with the sample mate-
rial and the induction heater was set to an appropriate power setting. The
temperature readings from the PT100 sensors were displayed using the soft-
ware on the laptop connected to the data logger. By examining the time
profiles for the measured centreline temperature distribution, it was possible
to determine when steady state conditions were reached. Once steady state
conditions were identified, the PT100 sensors were moved outwards from the
sample centerline to the inner wall of the flue liner. The steady state tem-
perature distributions at both the centreline and outer edge of the sample
were used as inputs to an in-house two-dimensional steady state finite vol-
ume solver created in MATLAB. This model iteratively compared predicted
and experimental centreline temperature distributions for a range of thermal
conductivity values. The bulk thermal conductivity of the sample was then
identified as the value that yielded the minimum error margin between the
modelled and measured temperature distribution. Two test runs were carried
out for each material and the average of these two runs gave the bulk thermal

conductivity for the sample.

3. Results

3.1. Original feedstock characterization

Compositional analysis of olive stones after 6 months of storage at Arigna
Fuel pilot plant and further milling and sieving is shown in Table1l. As

expected, olive stones consist primarily of carbon and oxygen, with a HHV

13



256

257

258

259

260

similar to other biomass types[63]. The ash content of olive stones was
greater than that of olive pulp. However, olive pulp contained more calcium
than olive stones|[1, 64]. Tablel showed that the HHV and ash content
decreased with the increasing particle size, whereas the ultimate analysis did

not show large differences between the olive stones of different particle size.

Table 1: Proximate, ultimate and ash compositional analysis using olive stones

milled to 0.18-0.425, 0.425-1 and 2-3 mm.

0.18-0.425mm  0.425-1 mm 2-3 mm

Properties

Proximate analysis / DIN EN 14775
Moisture, (wt. % ar) 15.5 9.8 11.2
Ash at 550°C/815°C, (wt. % db) 0.8 0.6 0.4
Volatiles, (wt. % db) 76 78 75.5
HHV, (MJ kg~! ar) / ISO 1928 20.3 19.7 19.5
LHV, (MJ kg~! ar) / ISO 1928 18.7 18.2 18.0

Ultimate analysis, (wt. %, dry basis) / DIN EN 14775

C 44.9 46.8 47.2
H 5.8 6.2 6.1
N 0.2 0.3 0.1
O 48.3 46.1 46.2
S 0.03 0.03 0.02
Cl 0.01 0.02 0.02
Ash compositional analysis in feedstock, (mg kg™!, dry basis) / DIN EN 15290, [65]
Al 40 20 40
Ca 2400 2600 1900
Fe 500 200 40
K 2500 2400 3200
Mg 250 100 80
Na 60 40 70
P 100 60 50
Si 1100 600 350
Ti 3 3 2

14
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Regarding mineral matter composition, content of silica, calcium, iron,
phosphorus and magnesium in the ash increased with the decreasing particle

size of olive stones.

3.2. Ash compositional analysis

The ash content in the 0.18-0.425 mm particle size fraction increased
with torrefaction temperature, whereas the larger particle size fractions did
not show any significant change in ash content in the temperature range 200
to 300°C (see Table S-4), confirming previous results [36, 66, 67].

The effect of torrefaction temperature, residence time and particle size
on the content of ash forming elements is presented in Figure2. Torrefied
olive stones showed a high concentration of potassium, calcium and sili-
con along with smaller amounts of sulfur, chlorine, phosphorus, aluminum,
iron, sodium, and magnesium. The relative concentration of calcium in the
0.18-0.425 mm particles increased in samples torrefied at temperatures above
250°C compared to original feedstock and olive stones torrefied at lower tem-
peratures, as shown in the supplemental material (Table S-1). In addition,
the calcium content in olive stones of particle size greater than 2 mm torrefied
at 270°C for 30, 60 and 120 min changed only slightly. In literature, there
are contradicting conclusions about the effect of alkali metals on yields of
solid product from torrefaction. Saleh et al. [68]| reported that an increasing
alkali metal content decreased solid product yield at 270 and 300°C (6 dif-
ferent biomasses), whereas Gonzéalez Martinez et al. [27] reported that alkali
metals did not show any influence on the extent of solid degradation during

torrefaction for 16 various biomasses.
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Figure 2: Ash compositional analysis of torrefied olive stone particles sieved to 0.18-
0.425, 0.425-1 and 2-3 mm size fractions at 200, 250, 270 and 300°C reacted for 30,
60 and 120 min.
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The results from the current study show that yields of the solid char
at the torrefaction temperatures of 270 and 300°C were strongly influenced
by the presence of calcium in the original feedstock and less by potassium
(Figure 3). The increased amount of CaCQOj in olive stones could lead to the
destruction of the crystalline cellulose structure in olive stones, leading to
the decrease in solid char yield during torrefaction [1, 69-71].

The concentration of silicon and iron remained the highest in the smallest
fraction of the olive stones and it increased with torrefaction temperature.
The concentration of calcium was mainly affected by process temperature
and it increased with temperature. The differences between the particle
size fractions with respect to silicon, potassium and calcium especially at
higher temperatures were large, indicating the influence of particle size on

the content of ash forming elements after torrefaction.

3.3. Product yields

Product yields from torrefaction of olive stones are shown in Figure 3,
and are divided into solids, liquids, and the major gases of CHy, CO, COy
and H,. In all cases, the solid yield dominated the liquid and gas fractions
and mass balance closure was > 95 %, except for torrefaction at 300°C and
270°C after 120 min pyrolysis of treatment. The char yield decreased with
increasing temperature and residence time |72, 73|. Char yields of all olive
stones fractions did not show significant differences in product yields in the
temperature range from 200 to 270°C, indicating that the degree of torrefac-

tion below 270°C is relatively small.
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Figure 3: Product yields from torrefaction of (a) olive stone particles sieved to 0.18-
0.425, 0.425-1 and 2-3mm size fractions at 200, 250, 270 and 300°C reacted for
30 min and (b) at 270°C reacted for 30, 60 and 120 min.



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

Bates and Ghoniem showed that the composition of willow from tor-
refaction at temperatures less than 200°C is similar to that of the original
feedstock, whereas higher temperatures led to an increase in the mass fraction
of carbon and decreases in those of oxygen and hydrogen [74]. Torrefaction at
300°C showed a significant decrease in solid yield and an increase in gas, tar
and water content for all particle size fractions. The difference in product
yields from torrefaction of 0.18-0.425 and 0.425-1 mm particle fractions at
300°C was negligible, whereas torrefaction of 2-3 mm olive stones led to a de-
crease in solid yield from 70 to 45 % compared to other particle size fractions.
This is due to the small temperature gradient inside particles of smaller than
I mm during torrefaction, confirming the previous results of Peng et al. [75].
Particles larger than 2mm give rise to an inter-particle vapor-char interac-
tion, leading to an increase in tar fractions at 300°C as reported previously
from torrefaction of wood |76, 77|. Prolongation of torrefaction time from
30 to 60min did not influence product yields during pyrolysis at 270°C,
whereas the residence time of 120 min led to a decrease in solid yield from 80
to 45 % and an increase in water, tar and gas yields, as shown in Figure 3(b).
This highlights the relative importance of a long torrefaction time of 120 min
and high heat treatment temperature of 300°C on the product yields. The
torrefaction gas composition remains relatively unchanged at temperatures
below 270°C, whereas more Hy, CHy and CO gases were formed at increased

of residence time and heat treatment temperature, as shown in Figure 4.
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Figure 4: Gas yields from torrefaction of (a) olive stone particles sieved to 0.18-
0.425, 0.425-1 and 2-3mm size fractions at 200, 250, 270 and 300°C reacted for
30 min and (b) at 270°C reacted for 30, 60 and 120 min.
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The yield of gas at temperatures from 200 to 270°C and residence time
of 30min was 0.4-1.7wt. %, it increased up to about 9.3wt. %, at 270°C
during torrefaction for 120 min and up to about 8.4 wt. % at 300°C reacted
for 30 min, as shown in the supplemental material (Table S-3). The gas
composition corresponds well with the decomposition of the chemical con-
stituents of olive stones during torrefaction. Previous studies have shown
that hemicellulose decomposition resulted in higher CO, yield, cellulose gen-
erated higher CO yield, and lignin gave higher Hy and CHy yield [78]. At
200°C only negligible amounts of COy were released from all samples, as
shown in Figure4(a), and hemicellulose only started to decompose (see Ta-
ble2). At 250°C the amount of CO, released increased to 3-6 wt. %. More-
over, very small amounts of Hy and CO were released as well, and cellulose
only started to decompose while hemicellulose decomposition continued. At
270°C mainly H, was released at 2-5 wt. %, and lignin only started to de-
compose (Table2 and Figure S-2). When the residence time was extended
to 120 min even at 270°C in addition to Hy, CO and CH4 were also released.
At 300°C CO was the main gaseous product, together with some Hy, CO,
and CH,. The calorific value of the torrefaction gas increased from 0.25 to
3.2MJ Nm~2 when the residence time and heat treatment temperature were
set to 120 min and 300°C, as shown in the supplemental material (Figure S-
5). Heat treatment temperatures higher than 270°C and torrefaction times
greater than 30 min are the optimum conditions for the torrefaction of olive
stones at laboratory and pilot plant scale, confirming previous results in the

literature [1, 47].
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3.4. Higher heating value

A comparison of higher heating values (HHV) determined for raw and
torrefied olive stone samples showed that the HHV increased during torrefac-
tion, as presented in Table 2. Torrefaction of olive stones at temperatures be-
low 300°C led to only a slight increase in HHV | in contrast to results obtained
for willow or miscanthus [79]. Torrefaction of 2-3mm particles at 270°C for
120 min led to the greatest HHV compared to torrefaction of olive stones at
other operating conditions. This indicates that olive stones are more difficult

to process due to their intrinsic properties (hardness/density).

Table 2: High heating values of 0.18-0.425, 0.425-1 and 2-3 mm torrefied olive stones
from pyrolysis at 200, 250, 270 and 300°C with the residence time of 30 min and
at 270°C with residence times of 45, 60 and 120 min (MJ kg™1).

0.18-0.425 mm 0.425-1 mm 2-3 mm

Condition

HHV LHV HHV LHV HHV LHV
raw 20.3 18.7 19.7 18.2 19.5 18.0
200°C, 30 min 21.4 20.2 20.5 19.3 20.3 19.1
250°C, 30 min 21.9 20.8 21.2 19.9 20.7 19.6
270°C, 30 min 22.5 21.3 21.6 20.5 21.4 20.2
300°C, 30 min 23.0 21.9 22.5 21.4 22.1 21.0
270°C, 45 min 21.7 20.6
270°C, 60 min 22.3 21.2
270°C, 120 min 22.6 21.5

The higher heating values of torrefied olive stones were in the range of
20.3 to 23.0 MJ kg~! which are similar to those of peat (21.2MJ kg™!) and
sub-bituminous coal (24 MJ kg™!) used for heat and power generation [80, 81].

The higher heating value of olive stones torrefied in a laboratory scale reactor
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was similar to those of briquettes generated at Arigna Fuels using torrefied
olive stones and coal and 19% starch binder or briquettes prepared with
coal using double the amount of binder and containing torrefied woodchips
(22.9MJ kg ') [1]. The results show that the amount of binder had only
a slight effect on the calorific value of torrefied olive stone briquettes. The
calorific value of torrefied feedstocks could be increased by the design of
a laboratory scale reactor that permits the permanent mixing of particles
during torrefaction due to the improvement of the heat transfer inside the

olive stone particles, as suggested by Medic [63, 82].

3.5. FTIR

FTIR analysis was conducted to investigate the changes in the main
functional groups in a carbonaceous matrix of torrefied olive stones. The
FTIR spectra with multiple bands of untreated and torrefied olive stones are
shown in Figures5-6 and the assignment of major bands is reported in the
supplemental material (Table S-2)[83-90]. Differences between the original
feedstock and torrefied olive stones mainly appeared in the spectral range
1020 to 1850cm™!. Torrefaction of olive stones resulted in a disappearance
of the band at 1654 cm™! originating from the stretching vibrations of C=0
in conjugated p-substituted aryl ketones [83]. Moreover, an increase in the
torrefaction temperature from 200 to 300°C led to the formation of band at

1270 cm ™! that was assigned to the stretching of C=0 group [83, 84.
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Figure 5: Experimental IR spectra of (a) 0.18-0.425 mm torrefied olive stones; (b) 0.425-
1mm torrefied olive stones produced at 200, 250, 270 and 300°C reacted for 30 min.
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This is likely due to the decomposition of hemicellulose at temperatures
> 220°C and conversion of cellulose into hexose and oligosaccharides at tem-
peratures above 230°C[91, 92|. A similar trend was noted for the increase
in torrefaction time leading to the formation of C=0O groups in the carbona-
ceous matrix of olive stones. Moreover, the C-O peak disappeared with the
increased torrefaction time indicating the formation of mostly polyaromatic
structures [93|. Interestingly, the intensity of the NH bending increased with
longer torrefaction times indicating the increased ability of biochars to ad-
sorb NH;*-N and NO3-N[94, 95]. FTIR analysis showed that the chemical

composition of different particle size fractions during torrefaction is similar.

3.6. ToF-SIMS

Torrefied olive stones were studied using the ToF-SIMS technique in
order to determine surface compositional changes during thermal treatment.
Figures 7(a), 7(c) and 7(e) show differences in the intensity of selected low
mass negative ions (CoHO~, CHO;, CoHy0O5 and CoH305; m/z = 41, 45,
58 and 59, respectively). These ions come from the principal components of
olive stones and changes of intensity allow for comparison of total O, H and C
content on the surface of torrefied samples. However, due to their relatively
simple structure and possibility of fragmentation of complex molecules during
the experiments they cannot be univocally assigned to specific molecules |59,
96]. The results demonstrate that regardless of particle size, the largest
decrease in the intensity of the aforementioned secondary ions is observed for
the materials subjected to torrefaction above 250°C, whereas the changes in

the intensity noted up to this temperature were not significant.
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An increase in the temperature from 270 to 300°C did not influence the
strength of the ToF-SIMS signals. This suggests that the most intense re-
moval of H and O from the surface of torrefied olive stones, evidenced by
the drop of the values of C,H,O /C intensity ratios takes place between
250°C and 270°C. A further increase in torrefaction temperature does not
impact the relation between the amounts of H, O and C in the upper layer of
the investigated samples. However, successive decomposition of the biomass
components in the bulk may be observed at higher temperature, as men-
tioned earlier. Figure8 shows a comparison of the influence of time on the
olive stone compositional changes during pyrolysis. It seems that 270°C pro-
cess conditions for 60 min led to the decrease in the intensity of low mass
negative ions. This suggests that the upper layers of the torrefied material
become richer in carbon with the extension of reaction time. The intensities
of complex secondary ions assigned to the presence of cellulose and lignin
were compared [59, 60, 97, 98]. In spite of the problems related to the non-
conductive character and fibrous structure of the analyzed material literature
reports [99-101] and our previous studies [96] demonstrated that ToF-SIMS
analysis allows for the estimation of specific lignocellulosic components con-
tent on the surface of biomass samples subjected to thermal treatment. In
the present investigations we focused on the estimation of change in the con-
tribution of cellulose and lignin that occurred during torrefaction. In order to
do that the intensity ratios between ions originating from lignin (numerator)
and ion coming from cellulose (denominator) were calculated.

Figures 7(b), 7(d) and 7(f) show that heating of olive stones up to 250°C

for 30 min did not change the surface contribution of cellulose and lignin
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observed for torrefied olive stones. The ratios of cellulose combined with
hemicellulose and lignin (C+H/L = 1.48, 1.38, 1.41) in torrefied 2-3mm
olive stones remained only slightly changed up to 270°C based on the chem-
ical analysis, as shown in Table3. A further increase in the heat treatment
temperature resulted in the increase in surface content of lignin, which was
the highest for the samples treated at 300°C (taking into account materials
with average and the largest particle size). In addition, the most significant
changes in the chemical composition (C+H/L = 0.63 and 0.75) were ob-
served in the torrefied material from 300°C for 30 min and 270°C for 60 min,
as shown in Table3. This is in line with literature descriptions reporting
that cellulose is more prone to thermal decomposition than lignin [78|, as is
also presented in the results of our previous investigations [96]. The excep-
tion is the sample with the smallest grain size (0.18-0.425 mm). In this case
the analyzed ion intensity ratios initially increased (with the maximum at
270°C), but then decreased reaching the minimum at 300°C, as shown in
Figure 7(b). Small olive stone particles exhibit a lower conduction resistance
and thus a greater heat flux than large particles. Therefore, heavy molecular
compounds on the surface of small olive stones are more effectively converted

to small molecular products, confirming the results of Deng et al. [102].
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456 Further measurements demonstrated that an increase in torrefaction
ss7 time resulted in the growth in lignin/cellulose ratio, as shown in Figure 8.
ass This growth was observed for material reacted over 60 min, which confirms
aso more efficient decomposition of cellulose. The observed increase in lignin /cellulose
a0 intensity ratio was accompanied by a decrease in the O and H surface con-
a1 tent, indicating that the decomposition products containing these elements

w2 are removed from the upper layer of the studied sample during torrefaction.

w63 3.7. Elemental analysis

464 Figure9 shows a van Krevelen plot of original feedstock and torrefied
a5 olive stone samples. Increasing the reaction time to 120 min led to the de-

asss crease in H/C ratio, consistent with decomposition of cellulose and hemi-

30



a7 cellulose and formation of polyaromatic char structure, confirming previ-
ass ous results [103, 104]. In addition, a van Krevelen plot of torrefied material
w60 demonstrates that the oxygen and hydrogen content mostly decreased with
a0 the increased heat treatment temperature and longer residence times, corre-
ann sponding to the ToF-SIMS results. Figure9 indicated the elemental compo-
a2 sition of torrefied olive stones was mostly modified under the highest heat
a3 treatment of 300°C for 30 min and at 270°C with residence times from 45 to
aza 120 min leading to the formation of solid residue of similar chemical struc-
a5 ture. Moreover, the elemental composition of olive stones from torrefaction
ae  at temperatures below 270°C shows that the chemical structure is similar to

a7z that of the original feedstock.
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Figure 9: Van Krevelen diagram of olive stone particles sieved to 0.18-0.425, 0.425-1 and
2-3 mm size fractions and reacted at 200, 250, 270 and 300°C during 30, 60 and 120 min.
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3.8. Bulk thermal conductivity

The characterisation of the bulk thermal conductivity of original olives
stones and torrefied material was carried out using the test apparatus con-
structed in-house described above. Gravel, rice grains, granulated sugar and
plain flour were used to calibrate the bulk thermal conductivity apparatus.
These calibration materials were chosen due to their similar granular struc-
ture and particle size to the biomass being tested [105]. Olive stones with
varying countries of origin, moisture content, and particle size were used to
understand the effect of feedstock on the thermal properties of biomass and
torrefied material. The torrefied olive stones were generated at 280°C at the
Arigna Fuels torrefaction plant, as described previously [1|. Figure 10 shows
that the thermal conductivity values vary from 0.15 to 0.33 W m~*K~!, con-
firming results in the literature [106-108].
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Figure 10: Bulk thermal conductivity values of gravel, rice grains, olive stone particles
from Tunisia and Spain sieved to 0.15-0.425, 0.425-1 and 2-3mm size fractions, which
contain 0, 13.5 and 18 % moisture and olive stones torrefied at 280°C at Arigna Fuel pilot
plant compared with the literature data [106, 107, 109].

In order to analyse trends in thermal conductivity relating to the mois-
ture content of the biomass, the Spanish olive stones with 18 % moisture
content and Tunisian olive stones with 13.5% moisture content were both
dried out using an oven. The results showed that an increase in the moisture
content of olive stones correlates with an increase in bulk thermal conductiv-
ity. An increase in the moisture content of olive stones correlates well with
an increase in thermal conductivity. The results also showed that increasing
particle size gives a decrease in thermal conductivity due to increased vol-

ume of air gaps between olive stone particles. With increasing particle size,
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the fraction of air in the sample volume is increased due to larger pockets
between particles. The conductivity of air is approximately 0.025 W m— K1
at room temperature, which is significantly lower than the conductivity of
biomass particles [110]. Thus, by increasing the particle size, the amount
of air in the sample is increased, decreasing the bulk thermal conductivity.
Moreover, this study showed that thermal conductivity values of dried olive
stones from Tunisia and Spain were similar, indicating a similar cross-grain
structure in both biomass samples. Figure 10 shows that the previously re-
ported thermal conductivity values of a range of biomass fuels such as wood,
straw and wood pellets can range from 0.15 to 0.28 W m~'K~! using steady
state methods [107]. Another study [108] showed that the bulk thermal con-
ductivity of various types of barley with a range of moisture contents obtained
thermal conductivity values in a range from 0.193 to 0.288 W m~'K~! using
the transient line heat source method [107].

Comparison of present experimental results with the literature results
shows that despite the difference in thermal conductivity test methods, sim-
ilar ranges of conductivity values are observed [108]. Torrefied olive stones
are also shown to have a 55% greater bulk thermal conductivity than raw
olive stones. The thermal conductivity value of torrefied pinewood (0.33 W
m K™ from the literature was slightly greater than that of torrefied olive
stones (0.3W m™'K™1), probably due to the lower bulk density of torrefied
pinewood (0.45g cm™?)[107]. In addition, the thermal conductivity of tor-
refied olive stones was below the explosive limits of solid fuels i.e. PTFE (<
0.38 W m~'K~!) [111]. This shows that the torrefaction process at tempera-

tures below 300°C does not contain any risks related to material self-heating,
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thermal runaway and fire ignition at large-scale plant. In general, it is ex-
pected that the difference in thermal conductivity values of both torrefied
biomass samples are small due to the similar cross-grain fiber orientation in

non-treated olive residues and wood [109].

3.9. Thermogravimetric analysis

Figure 11 shows differential weight loss curves (DTG) in 20 % volume
fraction Oy and 20 % volume fraction CO, gasification for 0.18-0.425 and 2-
3mm torrefied olive stone fractions. The DTG curves of 0.425-1 mm torrefied
olive stones are shown in the supplemental material (Figure S-1). Depending
on the sample, the DTG curves show both either a single broad peak or a
double peak in the temperature range 200 to 600°C which is referred to the
pyrolysis process. Both peaks indicate a heterogeneous char mixture with
respect to reactivity [103, 112]. Oxidation of torrefied olive stones took place
in the temperature range 400 to 550°C with a peak at a temperature of
approximately 510°C and CO, gasification in the temperature range 700 to
1010°C with a peak temperature of approximately 950°C. An initial mass loss
from olive stones torrefied at 200 and 250°C occurred at 200°C with a peak
temperature of 260°C. The chemical composition of 2-3 mm olive stones is
shown in Table 3. Data presented in Figure 11(c) indicates that the first peak
of large torrefied olive stones processed at 300°C and 30 min residence time
has diminished during oxidation. Thus, a single broad peak corresponding to
oxidation and CO, gasification experiments has been formed. Table 3 shows
that the gradual changes in the chemical composition of olive stones mainly
occurred during torrefaction at 300°C with the reduction in hemicellulose

and cellulose content from 25.6 to 4.6 % and from 25.4 to 10.8 % respectively.
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Table 3: Calculated content (in g) of Cellulose (C), Hemicellulose (H), Lignin acid-
soluble (LA), Lignin acid-insoluble (LAI) and Extractives (E) for 100 g of 2-3 mm
original and torrefied olive stones. HPLC and wet chemical analysis according to

NREL technical reports[113-115] and Thammasouk et al. [116],

Condition Yield C H LA LAI E
raw 100 25.4 25.6 28.9 1.6 3
200°C, 30 min 87.8 20.7 23.2 27.8 1.7 2.6
250°C, 30 min 85.1 19.1 21.2 27.7 1.5 3.5
270°C, 30 min 82.3 19.9 19.9 26.7 1.4 4.2
300°C, 30 min 46.5 10.8 4.6 24.2 0.2 3.7
270°C, 60 min 78.5 19.4 7.9 35.9 0.5 9.6

Thus, the first peak of torrefied biomass from treatment below 270°C
during oxidation and CO, gasification is attributed to the decomposition of
hemicellulose. The second peak denotes the breakdown of cellulose because
the changes in composition of torrefied olive stones are minor at temperatures
of 270°C or below. The torrefaction temperature had a strong influence on
lignin leading to a content decrease from 30.5 to 24.4 % when it was increased
to 300°C. Interestingly, the major change in Oy and CO, reactivity was
mainly found for the olive stones which were torrefied at 300°C with a peak
temperature at 310°C during pyrolysis stage and with a peak temperature
of 500°C during oxidation. During CO4 gasification, the DTG peak of olive
stones from torrefaction at 300°C was only one single broad peak and the

gasification peak had peak temperatures ranging from 950 to 970°C.
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Figure 11: DTG curves of torrefied olive stones of size 0.18-0.425 and 2-3 mm prepared

at 200, 250, 270 and 300°C with 30 min residence time and at 270°C with 30, 45, 60 and

120 min residence time and further reacted in 20 % volume fraction O, + 80 % volume

fraction Ny or 20 % volume fraction CO5y + 80 % volume fraction N».
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The residence time of torrefied olive stones had a negligible influence on
the CO, reactivity leading to the peak temperature shift from 940 to 975°C
when the residence time was increased from 30 to 120 min. Kinetic analysis
in the supplemental material (Table S-5 and S-6) showed that the torrefied
olive stones obtained from pyrolysis at 270°C, residence 30 min have the same

02 and CO, reactivity as the torrefied samples from pyrolysis at longer times.

4. Discussion

The results of this work demonstrated that the use of solid agriwaste has
the potential to produce high-quality briquettes for the energy sector with a
pilot plant efficiency greater than 90 %. The use of olive stones from a three
phase extraction process generates feedstocks with the moisture content less
than 50 %. However, the favourable climate in Tunisia decreases the moisture
content of olive stones to less than 20 % due to natural evaporation. This is
of a great benefit to the torrefaction process at Arigna Fuels decreasing the
requirement for pre-drying. Compared to the lower calorific value of torrefied
feedstock with about 19 % of starch binder in each individual coal-biomass
briquette [1], the calorific values of torrefied olive stone fractions did not vary
significantly with the feed particle size.

Differences in lignocellulosic composition and ash content, heat treat-
ment temperature and residence time exerted a significant influence on the
intrinsic reactivity and composition of torrefied material. Olive stones of
particle size less than 0.425 mm exhibited more cellulose than lignin on the
surface in comparison to the material consisted of larger grains. In addition,

olive stones of particle size less than 0.425 mm torrefied at 300°C for 30 min
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contain much less hemicellulose but more cellulose than raw biomass. High
cellulose-containing biomass elevates the burning temperature and longevity
of briquettes in a woodstove [117, 118]. Thus, the cellulose lean (7.9 wt. %)
and lignin rich (36.3 wt. %) olive stones after torrefaction at 270°C for 60 min
can oxidize faster in a woodstove due to the more highly carbonized structure
with the less alkali metals than olive stones from torrefaction at low temper-
atures and residence times. In addition, the present work demonstrated that
the Oy/COs reactivity of torrefied material was affected equally by both
the organic and inorganic components of olive stones. On the one hand, the
shrinking of one of the DTG peaks during pyrolysis stage of thermogravimet-
ric analysis indicated decomposition of hemicellulose and repolymerization of
lignin and remaining residue of cellulose, leading to the decrease in reactivity
with the increasing heat treatment temperature and longer residence time.
On the other hand, the calcium content in small particles (0.18-0.425 mm)
was at least 50 % greater than in large particles at torrefaction temperatures
from 270 to 300°C, whereas the CO, reactivity of small torrefied olive stones
was at least double that of the 2-3mm torrefied material. The difference
in ash composition among the different particle size fractions was related
to the milling of the original olive stones. Small particles arising from the
breakage of brittle tissues of inorganic rich large particles showed high ash
content [119]. Thus, high amount of alkali metals in olive stone particles of
smaller size could promote faster devolatilization rates and suppress tar for-
mation, leading to higher solid product yields and higher CO, /O reactivity
of torrefied material than low-ash containing feedstocks [120].

In general, the product yields from torrefaction of olive stones indicated
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that temperatures above 270°C lead to a significant decrease in solid product
yield compared the treatment at low temperatures, especially for olive stones
of particle size greater than 0.425 mm. Operation of a torrefaction plant will
require temperatures in the range 270 to 300°C and particle size below 2 mm
to obtain the maximum solid product yield and thermal conductivity values
below 0.38 W m*K~!. A recent study reported that feedstock composition
has an effect on liquid product formation during oxidation and gasification
of briquettes from torrefied biomass [121]. Extended torrefaction times may
also significantly decrease the yields of solid char and increase the formation
of undesired liquid products which will negatively affect the energy balance
on a large scale[36, 122, 123|. Therefore, the pretreatment of olive stones
under the suggested conditions might be more suitable for the production of
biomass briquettes than torrefaction of olive stones of size larger than 2 mm
at temperatures less than 270°C and residence time longer than 30 min to

achieve energy efficiency of at least 65 %.

5. Conclusion

The main finding of this study was that at pilot scale operation olive
stones of size less than 2mm from torrefaction at 270°C for 30 min are the
most suitable material for briquetting with coal due to the high solid char
yield, low reactivity and more favourable thermal conductivity values. Ther-
mogravimetric analysis showed that both the inorganic matter and ligno-
cellulosic composition of the original olive stones had an equal effect on
the intrinsic reactivity of torrefied material. Size reduction of olive stones

led to the higher ash content in small particles and thus, the concentration
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of calcium was also greater than in large olive stones. ToF-SIMS results
showed that olive stones of size less than 0.425 mm contained more cellulose
than lignin on the particle surface in comparison to the material consisted
of larger grains. Torrefaction of olive stones shows great promise for pro-
ducing torrefied biomass briquettes with calorific values comparable to peat
and thermal conductivity values below explosive limits of solid fuels. The
findings of this study emphasize the potential use of torrefied olive stones in

the energy sector, with concomitant reduction in CO, emissions.
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Temperature and residence time strongly affect CO, reactivities of torrefied material

Small olive stones contain more cellulose and lignin than large particles

Large particle size and high moisture content in biomass decrease the thermal conductivity
Calorific values of torrefied olive stones were below the values of peat and coal
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