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Abstract

A detailed investigation of the physicochemical properties and thermal characteristics of argan fruit residues (AFRs) was
carried out to identify their potential application as biofuels. This experimental study covered the four main by-products of
argan fruit: argan pulp (AP), argan nut shell (ANS), argan oilcake (AOC) and argan deoiled cake (ADC). Physicochemical
analysis was performed to characterize biomass-based materials. Thermogravimetric techniques (TG, DTG and DTA) were
applied to assess structural decomposition, biomass reactivity and combustion parameters. Lastly, thermal conductivity and
diffusivity between 25 and 100 °C were measured using the transient plane source technique (TPS). The study shows that
heating values were in the range of 17-22.5 MJ kg~!, which is comparable to those of wood pellets and lignite coal. The
maximum ash content was found in AP and the minimum in ANS. The residual oil of AOC was found to affect the drying
process and calorific value. Thermal analysis showed that ANS has the highest ignition temperature and thermal conductivity
values and therefore appears to be the most reactive material. Our data show that ANS has a good potential to produce heat
through direct combustion. A pretreatment appears to be necessary to improve the characteristics of AP and AOC in order
to make them suitable biofuels in the near future.
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Introduction

The use of alternative renewable energy sources has attracted
considerable attention due to the risk of future energy inse-
curity and the environmental and sociopolitical issues linked
with the use of fossil fuels. Due to their abundance world-
wide, lignocellulosic biomasses (non-food materials) are
considered as an important renewable alternative energy
source. They offer the possibility to reduce the dependency
on fossil fuels and contribute to reasonable economic and
environment-friendly benefits [1]. It is expected that biomass
energy research will lead to new local, regional, national and
maybe international public—private partnerships for develop-
ment [2].

Argan (Argania spinosa), a tree endemic to southwest
Morocco, covers about 800,000 ha, representing more than
20 million trees. It is mainly cultivated for its oil and con-
sidered as an important socioeconomic resource for local
populations [3]. The fruit comprises an external pulp and an
extremely hard nut with two to three almonds from which
a premium oil is pressed. Statistically, 38 kg of dried fruits
gives 2.5 kg of almonds which are required to produce
almost one liter of argan oil. Annual argan oil production is
estimated at between 2500 and 4000 tons and generates large
quantities of argan fruit residues (AFRs) [4].

To date, studies on AFRs have mainly focused on chemi-
cal characterization [5, 6] and mechanical properties (the
case of ANS) [7]. Compared to other agricultural by-prod-
ucts, few studies have been carried out on the physicochemi-
cal characteristics and thermal analysis of AFRs for use as
biofuels [8, 9]. In order to achieve the efficient conversion
of AFRs, there is therefore a need to further understand their
properties with a view to predicting their behavior. This can
contribute to the proper design of several thermochemical
conversion systems.

A detailed investigation of the physicochemical proper-
ties [10—15] and thermal analysis [16-20] of lignocellulosic
biomass is of vital importance in biomass conversion pro-
cesses. Using the transient plane source technique (TPS),
Sjostrom and Blomgqvist [18] demonstrated the possibility
of directly measuring the thermal properties of wood pel-
lets at elevated temperatures. Zhu et al. [19] measured the
thermal conductivity of cut tobacco by the TPS method in
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different conditions. Lonnermark et al. [20] investigated the
thermal properties and self-heating propensity of different
types of pellets. They demonstrated that the TPS technique
was able to directly measure the thermal properties of bulk
pellet material.

The main objective of the present study was to carry
out for the first time an analytical characterization of argan
biomasses in order to estimate their usefulness as energy
source. In the first instance, physicochemical analyses were
carried out. Thermal behavior was assessed by means of
thermoanalytical techniques (TG, DTG and DTA). Lastly,
thermal properties were evaluated, and the effect of elevated
temperature was checked. A correlation between physico-
chemical properties, thermal conductivity and thermogravi-
metric combustion parameters was verified.

Materials and methods
Feedstock material

The AFRs used throughout this work were obtained from the
Sousse-Massa region in Morocco. Photographs were taken
for each residue as illustrated in Fig. 1. The studied bio-
masses were already naturally sun-dried in order to reduce
moisture content. The argan nut shell (ANS) was separated
from the rest of the almond. A conventional Soxhlet extrac-
tion apparatus was used to remove the residual oil from
argan oilcake (AOC) using n-hexane as solvent. The sample
thus produced will be named argan deoiled cake (ADC).
Finally, the four biomass materials were ground in order to
obtain homogenous samples.

Physical analysis

Before thermal analysis, the samples were analyzed to
determine the main physical properties that affect thermal
conversion. Proximate analysis was carried out using a Shi-
madzu DTG-60 analyzer according to the ASTM standard
procedures D3173, D3174 and D3175 for moisture (M), ash
and volatile matter (VM), respectively [21]. Fixed carbon
(FC) content was obtained by difference from 100%. True
density was assessed by the water immersion method while
bulk density was assessed by measuring the mass of known
volume of each biomass according to the CEN TS15103
method.

Chemical analysis

The ultimate analysis corresponding to the elemental com-
position of AFRs was performed using a FLASH 2000
CHNS/O analyzer (Thermo Scientific). The CHO index was
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Fig. 1 Initial samples of AFRs obtained from a rural area in southwest Morocco

calculated as proposed by Mann et al. [22] to characterize
the carbon oxidation potential according to the following
formula:

2 % [O] — [H]

CHO index = ] D

where [O], [H] and [C] are the atomic amount of hydro-
gen, oxygen and carbon in a molecule, respectively.

The exact higher heating value (HHV) of AFRs on raw
basis was measured using a PARR 1261 calorimetric bomb.
The HHV on dry basis (HHV ), the theoretical HHV based
on the elemental composition and the net heating value
(NHV) were also calculated [23].

Thermal analysis

Thermogravimetric analysis of AFRs was conducted to
assess the structural decomposition behavior. TG and DTA
experiments were performed in dynamic conditions using a
Shimadzu DTG-60 analyzer at a heating rate of 10 °C min™!
from room temperature to 600 °C. Air and nitrogen gases
with a constant flow of 20 mL min~! were used to maintain
the oxidative and the inert atmospheres, respectively.

The biomass reactivity (R) was defined as the decompo-
sition rate of structural components during thermochemi-
cal conversion. This parameter was calculated based on
the method proposed in previous investigations [9, 16, 24]
by determining the maximum mass loss (DTG,,,,) and the
corresponding temperature (Tyrg max) Using the following
equation:

DTG
R =100 % Z ” max” (2)

DTG max

Combustion parameters such as ignition and burnout
temperature (7; and 7}, respectively) and corresponding
times (¢; and #,) as well as the maximum rate of mass loss

and corresponding time (r,,,, and f,,., respectively) were

determined graphically from TG-DTG curves. T; was deter-
mined according to the method defined by Li et al. [25]
while T, was defined when the DTG profile attained a 1%
min~! combustion rate. The average mass loss rate (r,) was
also determined. Finally, the ignition and combustion indices
(D and S, respectively) were calculated according to the fol-
lowing formulae [25, 26]:

Pmax ¥ Ta

D = max ,S =
foax * G T? = T, )

Thermal properties of AFRs were measured using a hot
disk thermal constant analyzer. The method is standardized
(ISO22007-2) for measuring thermal conductivity (1) and
diffusivity (a) for all materials [27]. The measurement prin-
ciple consists in imposing a uniform heat flux by placing a
probe (sensor) between two samples, injecting a constant
electric power and measuring the temperature variation in
the samples [28]. The probe serves as a heat source and a
temperature sensor (Fig. 2a, b). In this study, direct measure-
ments of thermal conductivity and diffusivity of AFRs were
made by introducing the sensor inside a cylindrical container
filled with the studied biomass. Tests were carried out when
the sensor was located both horizontally and vertically in the
container to investigate the existence of sensor orientation
effects (Fig. 2¢, d). The samples were slightly compressed at
the top of the container in order to achieve better adherence
between the thermal sensor and the tested material.

The first part of the experiments was devoted to meas-
uring the thermal conductivity of AFRs at room tempera-
ture by using the gray sensor (Fig. 2a). Low granulometry
(<£0.5 mm) was chosen in order to access a correlation
between thermal properties and thermal decomposition
parameters. The second part of the experiments involved
measuring the thermal properties between 25 and 100 °C
using the red sensor (Fig. 2b). For this reason, a forced air
oven was used to control and maintain the samples at the
required temperature while their thermal properties were
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(b)

(d)

Fig.2 Measuring methodology of thermal properties: (a) gray sensor, (b) red sensor, (¢) and (d) vertical and horizontal locations of the TPS

sensor, respectively

recorded. For all measurements at elevated temperatures,
the sample was left at least 3 h in the oven to re-establish
equilibrium. The assumption of measurement homogeneity
and isotropy is satisfied since the sensor used is much larger
than the individual crushed particles [18]. Repetition tests
were conducted at least six times, and the mean values are
reported.

Results and discussion
Physical analysis

Proximate analysis along with density analyses was carried
out to characterize the studied materials. The results are

Table 1 Physicochemical composition of AFRs

shown in Table 1. For comparison purposes, other biomass
(olive residues (OR), almond shell (AS) and olive wood
(OW)) and coal samples (anthracite and lignite coal) have
also been included [13, 29]. The results revealed that the
moisture content of AFRs was in the range of 4.5-9.5%.
These values are comparable with those of other bio-
mass commonly used for biofuel applications (moisture
content < 10%).

Biomass has a higher volatile matter (VM) than coal. This
is an attractive feature for ignition performance and reactiv-
ity. The VM contents of AFRs ranged between 59 and 75%,
which is comparable with literature results (Table 1). A fixed
carbon/volatile matter (FC/VM) fuel ratio was calculated to
characterize the combustibility of the studied materials. The
fuel ratio of AFRs ranged from 0.21 (for AOC) to 0.41 (for

Samples  Ref. Proximate analysis/%, wet PD* BD*  Ultimate analysis/%, wet basis® HHV" NHV ED
basis®
M VM FC Ash C H N O S
ANS [9] 95 675 215 15 1060 596 5133 632 0.005 42345 nd 18.3 17 10.13
AP This work 85 59 24 8.5 1273 279 5191 7.14 1.05 40.22 n.d 17.1 154 4.3
AOC This work 55 745 155 45 1170 527 5574 8.15 63 29.81 n.d 224 20.5 10.8
ADC This work  10.5 67.5 16 6 - - 5047 7.23 8.34 33.96 n.d 19.3 17.6 -
ow [13] 6.6 743 16.1 3 - - 49 5.4 0.7 44.9 0.03 17%% - -
OR [13] 106 602 228 64 - - 58.4 5.8 1.4 34.2 023 19.7%% - -
AS [13] 72 695 202 3.1 - - 50.3 6.2 1 42.5 0.05 184%Y — -
AC [29] 14 72 7577 157 - - 88.16 3.88 1.27 5.89 0.80 28.6%" — -
LC [29] 194 351 359 95 - - 6233 551 142 30.17 0.57 182%Y — -

M moisture, VM volatile matter, FC fixed carbon, PD particle density (kg m~>), BD bulk density (kg m~>), HHV high heating value (MJ kg™),
NHYV net heating value (MJ kg™!), ED energy density (GJ m™>), n.d not detected

OW olive wood, OR olive residues, AS almond shell, AC anthracite coal, LC lignite coal
*As-received basis, °dry ash-free basis, ‘calculated from elemental analysis, *assay was conducted in quadruplicate, and the mean value is

reported
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AP), i.e., a lower fuel power and a higher material reactiv-
ity than coal, which has an FC/VM ratio of 1.02 and 10.52
for lignite coal (LC) and anthracite coal (AC), respectively.
Therefore, the combustion of AFRs will be dominated by
the gas-phase oxidation of volatiles (flaming mode) [8,
30, 31]. The low fuel ratio of AOC (0.21) makes it easy
to burn which requires prudent shipping and handling in
summer because of its propensity to catch fire. Similarities
between AOC and OW as well as between ANS and AS
were observed.

Ash contents affect the combustion behavior of the fuel.
In the samples analyzed here, the lowest ash content was
found in ANS (1.5%) compared to other biomass (~3%) and
coal (~ 10%). This indicates that using ANS as an alternative
fuel could reduce the costs of ash disposal during combus-
tion. For the AP biomass, with a high ash content, consid-
eration must be given to ensuring successful ash removal.

An important characteristic of biomass materials is their
energy density (ED) which was calculated from the NHV
and bulk density (BD). It is worth noting that the high ED
of ANS makes it an attractive material for energy production
due to its low transportation costs [9].

Chemical analysis

Ultimate analyses were performed to determine the carbon,
hydrogen, nitrogen, sulfur and oxygen content of AFRs.
These key elements define fuel efficiency and are considered
as the significant constituents of lignocellulosic biomass.
The chemical composition results, on ash-free dry basis, of
the studied biomasses are reported in Table 1. AFRs have a
high carbon and hydrogen content compared to OW and AS.
AOC is characterized by a lower oxygen and higher carbon
content, after OR, compared to the other biomasses. The
negligible sulfur content of AFRs favors clean combustion
conditions. With respect to the nitrogen content, ANS has a
practically negligible amount, and therefore, nitrogen oxide
emissions will likely be minimal. The empirical formulae
were C; gHj 390, Cs73Hgs,NO335, Cyo3H; 5, NO, 14 and
C; 06H12.03NO;5 56 for ANS, AP, AOC and ADC, respectively.
They can be used in estimating the products produced by
pyrolysis and combustion. The chemical composition results
can be illustrated by a van Krevelen diagram based on the
atomic ratio (Fig. 3). As can be seen, the coal materials have
lower H/C and O/C atomic ratios than the biomass. Lower
O/C and H/C ratios signify a higher energy content and more
difficult combustion behavior. Thus, biomass is more reac-
tive than coal. The lowest O/C atomic ratio was found in
AOC, which explains its higher heating value. Similarities
between the ANS and AS biomass were observed.

Figure 4 shows the oxidation state of the carbon content
(CHO index) in the studied fuels. The CHO index values of
biomasses ranged from —0.95 to — 0.12, except for OW that

24
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Fig.4 CHO index of AFRs compared to other fuels (Data adapted
from Refs. [13, 29])

has an index of + 0.05 which denotes a much higher oxygen
content and lower amount of hydrogen. The CHO index val-
ues of coal samples are relatively close (—0.33 and —0.43
for LC and AC, respectively). From this study, AOC appears
to be the most reduced molecule while ANS is the most
oxidized one.

The HHV of AFRs on as-received basis was estimated
using a Parr oxygen bomb calorimeter. The results ranged
from 17.1 to 22.37 MJ kg~! (Fig. 5). These values are in the
same order of magnitude as the results obtained for olive
wood, olive residues and almond shell (Table 1). Compari-
son with the literature data shows that the AFRs have a typi-
cal energy content. HHV's were also estimated by taking ulti-
mate analysis data into account. The theoretical HHVs were
consistent with the experimental values with an estimated
average relative error of 4%.
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Fig.5 Calorific value of AFRs

The residual oil in biomass affects their physicochemi-
cal characteristics and combustion products. To determine
the oil content, a solid/liquid extraction was set up using
a Soxhlet extractor. The tests were conducted in triplicate,
and the mean value of oil content in the sun-dried AOC
was found to be 18%. This high quantity appears to be
due to the manual method of oil extraction. Residual oil
of argan cake was found to influence both the drying pro-
cess and the energy content. Figure 6 compares the drying
process at stable temperature of 80 °C in argan cake before
and after oil extraction. It can be seen that ADC evacuates
a much higher moisture content (5.3%) than AOC (4.4%)
which means that ADC soaks up more moisture. This can
be seen also from the results of moisture content in proxi-
mate analysis (Table 1). Residual oil within AOC prevents
the water from rising to the surface of the material and thus
influences moisture evacuation. This behavior was also
reported by Koukouch et al. [32] in their study of the dry-
ing of olive pomace waste. Both the surplus of moisture
and the loss of residual oil content contribute to decreasing
the energy content. The results in Fig. 5 show that AOC
has a high HHV value (23.7 MJ kg™!). A total extraction
of residual argan oil from the cake entails a decrease in the
HHYV value (21.54 MJ kg~!) which can be explained by the
high heating value of argan oil (39.3 MJ kg~!) [33]. Despite
this decrease, the measured value remains high enough for
energy purposes.

Thermal analysis
Thermal characteristics under pyrolysis conditions

The TG and the corresponding DTG and DTA curves of
AFRs are shown individually in Fig. 7a—c. Our findings
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Fig.6 Drying of AOC and ADC at stable temperature of 80 °C

reveal that the pyrolysis of AFRs presents two domains
(Fig. 7a, b). The first mass loss (20-133 °C) is associated
with the release of moisture. Seemingly, the higher DTG
of ANS (2.5% min~") was due to both the high water content
and the low temperature of moisture release. The pyrolytic
stages (second mass loss) for ANS, AP, AOC and ADC
started at approximately 231, 132, 166 and 165 °C and fin-
ished at around 415, 363, 464 and 434 °C, respectively. Dur-
ing this stage, the decomposition of hemicellulose and cellu-
lose is assumed to have taken place. For ANS, AP and AOC,
two separate peaks were identified on the DTG curves. The
first peak, which represents the thermal decomposition of the
hemicelluloses, is located at the anticipated temperatures of
287, 205 and 325 °C for ANS, AP and AOC, respectively.
The second peak incorporates the thermal degradation of
cellulose and the residual part of lignin and is observed at
the temperature of 361, 282 and 381 °C for the same biomass
sequence. The decomposition of cellulose from the AP and
the initial decomposition of AOC appear as a pronounced
shoulder which means, in the case of AP, a lower cellulose
content [34] and for AOC the initiation of hemicellulose
degradation. The thermal decomposition of ADC displayed
one homogenous region with a maximum DTG peak located
at 318 °C. At the end, the remaining mass was 22.6, 32.4,
20 and 22.1% for ANS, AP, AOC and ADC, respectively.
DTA curves of AFRs during pyrolysis reveal that endo-
thermic reactions dominate over exothermic reactions in the
studied temperature range (Fig. 7c). The first peaks due to
dehydration occurred between the temperatures of 25 °C and
100 °C with a maximum of 59, 48 and 44 °C for ANS, AP
and ADC, respectively. The AOC did not show this peak
because of the low moisture content. Above 100 °C, all
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the AFRs show different endothermic peaks (illustrated by
arrows in Fig. 7c) indicating the degradation of hemicellu-
lose, cellulose and a small portion of lignin. Thus, pyrolysis
of AFRs was dominated by the decomposition of cellulose
components and volatilization.

The reactivity values of AFRs were found to decrease in
the order of ANS (3.95) < AP (3.43) < AOC (3.09) < ADC
(1.06% min~! °C~!). ANS appears to be the most reactive
material compared to the other AFRs.

Thermal characteristics under atmospheric air conditions
Figure 7d-e shows the TG-DTG curves of AFRs under

oxidative atmosphere. It was observed that after moisture
removal the mass loss occurs in two main steps: The first one

400 500
Temperature/°C

200 300 400 500 60
Temperature/°C

corresponds to the release of volatile matter leading to the
formation of char, and the second one relates to the oxidation
reactions. The remainder, at the end of combustion, called
residual ash, was about 1.5, 8.5, 4.5 and 6% for ANS, AP,
AOC and ADC, respectively. Thermal decomposition behav-
iors are usually explained by the lignocellulosic composi-
tion of biomass residues, where hemicellulose cellulose and
lignin are the main components. From the extensive litera-
ture on the thermal behavior of biomasses, it was observed
that the decomposition of hemicellulose, cellulose and lignin
is completed in the temperature ranges 210-325, 310-400
and 160-900 °C, respectively [35, 36]. The drying process
of AFRs ranges from ambient temperature to 120 °C. ANS
and ADC show the highest mass loss rate peaks during
this stage. The fast pyrolysis step took place between 148
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and 388 °C (Table 2). This step was characterized by two
decomposition processes for ANS, AP and AOC. The first,
occurring between 150 and 300 °C, was related to the ther-
mal depolymerization of hemicellulose. The second one,
observed between 250 and 388 °C, was attributed to the
thermal degradation of cellulose [30, 35]. The pyrolysis of
ADC shows a single homogenous peak between 175 and
378 °C, indicating the thermal degradation of hemicellu-
lose and cellulose, but also partially that of lignin. After the
pyrolysis of AFRs, a significant fraction of char remained.
This fraction was oxidized in the second stage, where the
lignin was mostly decomposed. As evidenced in Fig. 7d,
e, this stage takes place between 380 and 590 °C and has
a single peak, apart from AP which exhibits a more com-
plex process. Char oxidation from AOC and ADC requires
a high temperature to proceed. These two materials exhib-
ited a steady zone between 360 and 510 °C which results in
shifting the reaction peak to the high temperature zone. The
temperature ranges of char oxidation were 508-595 °C and
507-581 °C for AOC and ADC, respectively. This behavior
can be explained from the results of the elementary analy-
sis. The AOC and ADC molecules have a low CHO index
(reduced oxygen molecules). Therefore, the last stage of
thermal degradation will begin later at high temperatures.

In terms of biomass reactivity, the ANS appeared to be
the most reactive material while ADC was the least reactive.
This can be explained by the fact that the hemicellulose and
cellulose components of ANS are high compared to its lignin
content [37].

Table 2 Characteristics of oxidative thermogravimetric analysis

Combustion parameters can be employed to evaluate
the relative combustion properties of AFRs. As shown in
Table 3, AP has the lowest ignition temperature (7;) while
ANS has the highest. AOC has a relatively higher burnout
temperature (7},), indicating its poorer combustibility than
that of the other materials studied. Moreover, ANS dis-
played a better ignition performance and high combustion
reactivity.

The DTA curves obtained during combustion indicate
various endothermic and exothermic reactions (Fig. 7f).
Endothermic peaks between 20 and 120 °C correspond to
the evacuation of water. The first exothermic peak occurred
between 190 and 407 °C. In this temperature interval, ther-
mal degradation is largely due to the pyrolysis of hemicellu-
lose, cellulose and partly that of lignin. The second exother-
mic peak ranged between 480 and 570 °C and is attributed
to the oxidation stage of AFRs. This peak shows an intense
signal compared to the first one. These results are consistent
with those revealed by the DTG curves in Fig. 7e. It is worth
mentioning that the DTA curves of AOC and ADC exhibit
the same behavior as the DTG curves concerning the steady
zone before the oxidation of char.

Thermal properties

Thermal conductivity (4) and thermal diffusivity (a) are of
vital importance in understanding the thermochemical con-
version processes of biomass fuels and their stability during
storage [18, 38, 39]. The measured 1 of AFRs at ambient
conditions is shown in Fig. 8a. As is evident from this figure,

Samples  Devolatilization zone Char combustion zone R
TR/°C DTG,,,/% min~! Toea/°C DTG yeree/%  TR/PC DTG, /% min~! Toea/°C DTG yerape/ %
min~! min~!
ANS [9]  207-301 7.38 287 6.77 387-531 5.54 481 4.92 6.63
301-387 9.23 317
AP 149-253 6.18 201 1.55 386-529 3.04 490 2.75 5.52
253-375 3.1 290 529-575 4.13 549
AOC 151-268 4.84 235 4.22 508-595 7.6 562 1.30 4.76
268-361 4.15 308
ADC 175-378 5.43 306 3.85 507-581 3.26 547 3.12 2.36
R biomass reactivity (% min~! C™")
Table 3 Combustion parameters S 1 T/°C T /°C T./°C t /min f./mi 1% min~! /% min~! ¢ /min D %107
of AFRS ample ; nax b ./min  fy/min r,/% min~" 7, /% min ‘max/ TN
ANS [9] 253 317 525 235 48 2.8 9.2 29.2 0.0134 7.60
AP 175 201 583 15.5 558 0.8 6.2 29.2 0.0128 2.78
AOC 187 562 595 16.5 568 1.6 7.6 514 0.009 5.73
ADC 228 306 581 21 557 1.8 54 28.3 0.0091 3.18
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there is no significant difference between measurements
performed with the horizontal or vertical orientation of
the probe. The slight variation observed is likely due to the
effect of heterogeneities which cannot be utterly neglected if
the probe location is changed. Room temperature conductiv-
ity was 0.153, 0.134 and 0.113 W m~! K~! for ANS, AOC
and AP, respectively. A good repeatability of the experi-
ments was demonstrated by means of standard deviation
(x0.002 W m~! K1), The measured thermal conductivity
of ANS was found to be consistent with that measured by
Tatane et al. [40]. As the temperature increases, A values
increase up to 60 °C for ANS, and 80 °C for AP and AOC.
Afterwards, A values show a decreasing trend (Fig. 8.b).
Concerning thermal diffusivity («) data, the AP is in the
interval of 0.106 to 0.130 mm? s~!. The AOC decreases from
0.127 and stabilizes at~0.114 mm* s™' from 40 to 100 °C.
For ANS, a decreasing trend from 0.183 to 0.117 mm? s~!
was observed (Fig. 8c). This means that with increasing
temperature the transmitted energy rate and the surface
heating effect of ANS become lower. The initial increase
in conductivity with temperature is a familiar behavior for
biomass insulating material [18, 19, 38, 41]. The different
trend above 80 °C (for ANS) and 100 °C (for AP and AOC)
was most likely due to vaporization. Water is more con-
ductive (0.613 W m~! K~! at 300 K) and has a higher heat
capacity than biomass [42]. Vaporization therefore reduces
the A values of the studied samples since the configuration
properties and density within the materials are modified.
The results of thermal properties behavior as a function of
elevated temperature were found to be consistent with those
of wood pallets studied by Sjostrom and Blomqvist [18].

The thermal degradation behavior of biomass is com-
monly clarified by the effect of density and thermal con-
ductivity which possess the highest sensitivity among the
other physical properties. During the combustion of wood
waste furniture, Khalfi et al. [43] found that biomass samples
having a lower conductive heat transfer and bulk density
(BD) ignite faster than those with a high A and BD and may
exhibit a lower rate of combustion. This behavior was also
reported by El May et al. [16] in their study of the combus-
tion behavior of date palm residues. Moreover, Mansaray
and Ghaly [17] found that biomass fuels with a higher per-
centage of ash in their composition have a lower initial deg-
radation temperature.

Figure 9a—c reports the most pertinent results of the ther-
mophysical characterization. Figure 9a shows that AP with
lower A and BD values ignites faster (7;=175 °C) than AOC
(T;=187 °C) and ANS (7;=253 °C). The ANS characterized
by high 4 and BD values shows a high rate of combustion
(DTG,,,,=9.23% min~") compared to AOC and AP (7.6
and 6.18% min~!, respectively) as illustrated in Fig. 9b.
This can be explained by the fact that during the heating of
AP, a specific temperature gradient is produced, leading to

(a)

L 016 |

0.18

B3 ANS
B AoC

m‘
o o
oo
I

o
e
o

0.08

Thermal conductivity,

Vertical orientation (1) Horizontal orientation (|/)

b

(b) 0.20 =

0.19 f * AOC
A

0.18 |
017 |
0.16 | 5 X
015 f X . 3
0.14 |
013 } & ‘
012 } [ SR

011 }

Thermal conductivity/W m~1 K-1

010 L 1 1 1 1
0 20 40 60 80 100 120
Temperature/°C

(c¢) o020 %~ ANS
0.19 | +-AOC

)} —-A-AP
018 |

017 } ‘ )|'(

0.16 [

0.15 |
014 |

013 | i i

0.12 f

Thermal diffusivity/mm?2 s

e

011 F S

[
L o 13

0.10 . . .
0 20 40 60 80 100 120

Temperature/°C

Fig.8 Thermal properties of AFRs: (a) thermal conductivity at
25 °C, (b) and (c) thermal conductivity and diffusivity at elevated
temperature, respectively (measurement was made in the horizontal
position)

heat transfer restrictions within the biomass material. The
heat flux is not transmitted efficiently through AP and accu-
mulates on the open surface. At that point, the temperature
increases swiftly which leads to a very short ignition time.
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Fig.9 Analysis of the most pertinent properties: (a) 1 and BD against
T;, (b) 2 and BD against maximum combustion rate, (¢) combustion
index and ash content against T;

The opposite occurs for ANS associated with a higher con-
ductive heat transfer. Looking more closely at the results
in Fig. 9c, it is noteworthy that ANS, which has the lowest
ash content (1.5%), has a higher ignition temperature and
combustibility than AOC and AP.

@ Springer

The experimental results obtained from thermogravimet-
ric analysis (TG and DTG) and thermal properties (by TPS
technique) were consistent and found to be in agreement
with the theoretical and experimental explanations given by
Mansaray and Ghaly and Khalfi et al. [17, 43].

Summary and conclusions

This study has reported the physicochemical and thermal
analysis of a new raw biomass, available in southwest
Morocco for future biofuel production. Thermal analysis
indicates that argan nut shell (ANS) is the most reactive
material during pyrolysis compared to the other materials.
Under oxidative conditions, three distinct phases can be dis-
tinguished in the thermal behavior of AFRs: drying, devola-
tilization and char oxidation. Again, ANS appears to be the
most reactive material. Our results from thermogravimetric
analysis and thermal properties analysis are consistent. We
found that biomass with a lower thermal conductivity has
a higher ignition temperature and may exhibit a lower rate
of combustion. This behavior is also coherent with the lit-
erature results.

In conclusion, AP may cause problems of clogging in
biomass combustion systems because of its high moisture
and ash content and complex thermal degradation. AOC,
with a higher oil and nitrogen content, will tend to produce
high pollutant emissions during combustion. These features
require the handling and pretreatment of AOC and AP bio-
mass before direct thermochemical conversion. Otherwise,
anaerobic digestion or fermentation could be an efficient way
to valorize AOC and AP residues. Dried ANS, which has
interesting values of HHV, FC/VM ratio, energy density, fuel
reactivity and a negligible amount of nitrogen and ash con-
tent, appears to be the best alternative fuel for direct thermal
conversion in combustion systems.
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