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Thermal behaviour of the different parts of almond shells as waste
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Abstract

The main aim of this study is to investigate the thermal behaviour of the different parts of almond shells produced in an
almond industry as a waste biomass. For this purpose, several experiments have been conducted under laboratory conditions.
After removing the mature almonds, the waste raw materials subject of this study were treated with distilled water (10 min)
and separated in several parts. Taking into account their physical characteristics, they were: (a) complete shells: exocarp,
mesocarp and endocarp without grinding (Sample C); (b) ground samples of complete shells, sieved under 0.2 mm (Sample
M); (c) hard layers of the endocarp (Sample E); (d) internal layers of the endocarp (Sample I); and (¢) mature drupes (Sample
P) or skin, being constituted by the flexible part of green colour (fresh form) or yellow (after drying). The thermal behaviour
of all these sample materials has been investigated using a laboratory furnace, with determination of ash contents and mass
loss by progressive heating (120 min of holding time). Elemental and DTA-TG/DTG analyses of selected sample materials
have been carried out. Although a complete study can be very complex, a first approach has been performed in this inves-
tigation. Results on thermal decomposition of this biomass waste have been presented to emphasize the main differences
between sample materials of almond shells. These results have demonstrated the influence of several parameters, such as the
particle size, and previous treatments in the thermal behaviour of the different parts of the almond shells, as showed in this
investigation. Structural analysis of almond shells allowed to determine lignin, cellulose and hemicellulose. From the lignin
content, it has been predicted the higher heating value (18.24 MJkg™') of this waste as by-product of industrial interest. Other
linear correlations to calculate this parameter have been applied with similar results in all these samples.
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Introduction increase in the next years [1-8]. However, some authors

dis-tinguish between natural biomass and products derived

The use of biomass to generate energy increased substan-
tially in the European Community, becoming the highest
growth renewable energy, which is expected to grow and

from natural materials [7, 8]. It is estimated that between
2014 and 2023 the number of biogas plants from various
biomass wastes will increase by about 650 to more than
1450, with a total electrical capacity from 900 MW in
2014 to around 1750 MW by 2023 [9]. On the other hand,
the investigation of thermal decomposition of biomass
using thermal tech-niques is of wide interest. For instance,
sewage sludge using TG/DTA [10] and thermal methods
(TG-DSC) to investigate the biomass ashes from wood
pellet with different thermal histories [11]. Magdziarz
et al. [12] studied the properties of ash generated during
sewage sludge combustion by a mul-tifaceted analysis
using a variety of analytical techniques. Morales et al. [6]
performed a thermal study using elemental analysis and
TG-DTA of residues from greenhouse crops plant
biomass. Shah et al. [13] studied the biomass resi-due
characterization of four different types of walnut shells
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for their potential application as biofuels using TG-DTA at
three different heating rates.

Recently, Reis et al. [14] have investigated by TG-DTG
the combustion properties of potential Amazon biomass
waste for use as fuel. These authors considered biomass as “a
favourite renewable energy resource for the future because it
offers advantages such as transformation into fuels of high
volatility and reactivity”. Interestingly, the co-pyrolysis of
macroalgae and lignocellulosic biomass has been studied
by Uzoejinwa et al. [15], showing the synergistic effect of
co-pyrolysis parameters on yields. This study would provide
valuable information for developing an effective strategy in
terms of both recycling and organic waste management. It
can be noted that Li et al. [16] reported a TG-DTG and FTIR
study on the effect of alkali and alkaline earth metals on co-
pyrolysis characteristics of municipal solid waste (MSW)
and biomass briquettes. The biomass briquettes, compressed
from biomass waste, can be used as suitable auxiliary fuel
for MSW because of its lower pollution and lower dust levels
with reproducibility compared with fossil fuels. Cruz et al.
[17] studied by thermal analysis (TG-DTG) and FTIR the
physical-chemical characterization and thermal behaviour of
cassava hasvest wastes (hulks, stalks, leaves) for application
in thermochemical processes. According to these authors,
all the results presented demonstrated the importance of this
research and its application to science. A comprehensive
review of biomass energy resources, environment and sus-
tainable development has been performed by Omer [18].
This author discussed present and future use of biomass as
an industrial feedstock for production of chemicals, fuels
and other materials. It is important to remark in this section
a review reported by Tripathi et al. [19] on biomass waste
utilization in low-carbon products, with implications. These
authors focused on a “low-carbon route” for their valori-
zation, reviewing the global availability of biomass wastes
and their potential for use a feedstock for the manufacture
of high-volume construction materials. Furthermore, Lee
et al. [20] published an in-depth overview, with up-to-date
information related to bioenergy production from biomass
residues and waste, on the recent conversion technologies
for transforming biomass residues and waste to bioelectric-
ity and biofuels.

Several classification systems of biomass have been pro-
posed [4, 21-23]. For instance, Ni et al. [23] divided bio-
mass resources into four general categories: (i) energy crops;
(i) agricultural residues and waste; (iii) forestry waste and
residues; and (iv) industrial and municipal wastes. Based on
origin [4], there are primary, secondary and tertiary wastes
and energy crops. Based on properties [4], there are wood
and wood fuels, agricultural biomass, aquatic biomass, ani-
mal and human wastes, contaminated biomass and industrial
biomass, energy crops and biomass mixtures. According to
Vargas-Moreno et al. [4], there are two types of process that

produce energy from biomass: thermochemical and bio-
chemical/biological. The first one includes direct combus-
tion, pyrolysis, gasification and liquefaction. Combustion
or oxidizing the biomass with excess air is the most widely
used method. The hot gases produced can be used to gener-
ate vapour in heat exchangers and, hence, the production
of electricity. As pointed out by Ni et al. [23] and other
authors [18-20], biomass can be gasified at high tempera-
tures (above 1000 K). The biomass particles undergo par-
tial oxidation resulting in gas and charcoal production. The
charcoal is reduced to H,, CO, CO, and CH, with light and
heavy hydrocarbons and char. Converting biomass into gase-
ous and aqueous fuels, electricity and hydrogen is possibly a
more efficient way of biomass utilization [15].

On the other hand, the almond industry generates large
quantities of waste products as biomass source that need to
be recycled or processed [24—26]. Thus, it can be mentioned
that world production of almonds was 3.21 million tonnes in
2016, with the USA as the larger producer with 1.8 million
tonnes. The Spanish production, in second place, accounts
for 202.339 tonnes with a total of harvested area of 544.518
Ha in 2016 [26]. The production of Almeria Province (SE
Spain) was 44.256 tonnes [26]. Consequently, it is generated
a large amount of waste biomass. The almond shell is com-
posed of cellulose, hemicellulose and lignin, and the ther-
mal decomposition of this waste produced several pyrolytic
compounds, such as carbon, gases and oils [2, 23-25]. It is
of interest for several applications, such as the preparation
of pyrolytic liquid fuels, fuel boilers, fuel gas and active
carbons [23-25].

In an earlier work, Caballero et al. [24] performed a com-
parison of the behaviour of almond shells and their fractions
of “holocellulose” and lignin, in the pyrolysis process. These
authors studied the product yields and reaction kinetics.
Chiou et al. [25] studied the torrefaction kinetics of almond
shells (Prunus dulcis) using ground and sieved samples to
produce particles less than 90 pm in size and shells leached
with deionized water to remove inorganic species. Ni et al.
[23] investigated on biomass gasification for hydrogen pro-
duction. These authors emphasized the use of almond shells
as biomass using a fluidized bed and catalysts of La—Ni—Fe
or perovskite (at 800 and 900 °C, respectively) [27, 28]. The
hydrogen production via supercritical water gasification of
almond shells as catalysts has been investigated by Safari
et al. [29]. Sabbatini et al. [30] used almond shells and rice
husk as fillers of poly(methyl metacrylate) composite mate-
rials. In the same sense, Tasdemir [31] studied the effect of
almond shell powder and olive pit on polypropylene.

Other interesting application of waste almond shells is as
biosorbent. Activated carbons obtained from almond resi-
dues, used for water treatments and purification and sepa-
ration processes (gaseous or aqueous solution systems and
catalysis) are major applications of these materials. Maaloul



et al. [32] extracted and characterized novel biosorbents
from almond shells. Maaloul etal. [33] studied the

dialysis-free extraction and characterization of cellulose
crystals from almond (Prunus dulcis). It is an attractive
application of waste almond shells as low-cost and eco-
friendly sorb-ent material [32-34]. Sometimes, almond
shells have been used in domestic heating systems and
barbecues [35], but some applications with treatment of the
wastes seem of more interest for the preparation of added-
value materials [36—40]. For instance, Moussa et al. [37]
applied almond (Prunus amygdalus) by-products in eco-
friendly dyening of textile fabrics. Chen etal. [38]

discussed the utilization of almond (Prunus dulcis)
residues, with particular detail concerning the utilization
and especially energy uses of these residues, with an
assessment of technology options for biomass pro-
cessing. Allouch et al. [39] studied by DTA-TG-DTG
the thermal behaviour of almond shells, combined with
acorn cups, for production of briquettes from roasted
fine with promotion of renewable energies. This study
showed that the residence time during roasting and the
particle size were the determinant factors of the quality of
the obtained briquettes in contrast with the direct
application of the wastes [35].

Finally, Li etal. [40] performed an investigation of
ana-tomical and chemical characteristics of almond
shells in order to contribute to better utilization of these
wastes as bioresource. These characteristics indicated
that almond shells have the capacity to be used for new
composites and adsorption materials. In fact, the
microscopy morphology of the almond shell wall contains
holes of several diameters. Thus, it makes the materials of
light density with a “poten-tial of absorption” [32-36, 38,
40].

The objective of the present study is to investigate
the thermal behaviour of the different parts (separated
before any treatment) of almond shells produced in an
industry as a waste biomass (almond shells, variety
marcona). From the precedent literature review, there are
several applications of interest using this waste biomass.
For this objective, several experiments have been
conducted under laboratory condi-tions. Furthermore, the
structural analysis of almond shells provided the content
of lignin. From this result, elemental analysis data and ash
content, some predictions of the higher heating value of this
waste, as by-product of industrial inter-est applied as
biomass, have been performed.

Experimental
Materials and sample preparation

The raw material was supplied by the Spanish
company Llanos del Almendro (Almeria Province,
Spain). After removing the mature almonds (Prunus
dulcis, amygda-lus, variety marcona, being this variety
the higher quality

Fig.1 Raw almond shells under study treated in distilled water to be
separated in several parts for this study

Sample C (complete) = Sample M (ground)
Vo \

Sample P (skin)
Sample E (exterior)

Sample | (interior)

Fig.2 Scheme of the several parts considered as subject of study
in the almond shells as sample materials (samples C, M, P, E and I)

at the World level), the wastes were treated with

distilled water rinsed for 10 min in a plastic tray

(Fig. 1), being separated by hand in several parts for this

study taking into account their physical characteristics,

as follows (Fig. 2):

(a) complete shells: exocarp, mesocarp and endocarp
without grinding (Sample C);

(b) complete shells ground and sieved under 0.2 mm,
resulting a sample similar to industrial processing con-
ditions for further applications (Sample M);

(c) hard layers of the external endocarp (Sample E);

(d) more membranous internal layers of the internal endo-
carp (Sample I); and

(e) mature drupes (Sample P), or skin, being constituted
by the flexible part of green colour (fresh form) or yel-
low (after drying). In fact, it is not a part of the almond
shell, being a protection part during maturation of the
almonds.



Figure 3 shows a picture of several selected sample
mate-rials, described above, placed in open ceramic
crucibles and prepared for thermal treatments in air.

Methods
Thermal treatments and thermogravimetric evolution

All these sample materials were dried in air for 24 h and
then treated at 80 °C for 24 h using an oven. The mass

Fig.3 Several selected sample materials of almond shells placed in
the ceramic crucibles prepared by thermal treatments in air: Sample
C, Sample M, Sample I and Sample E

Fig.4 Mass loss (in mass %, 0
loss on ignition, LOI, %) of the

. . 10
sample materials designed C,
M, E, I and P separated from 20
almond shells (see Fig. 2) as 30
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loss, in percentage, after heating was determined using
ASTM D-7348-08 standard procedure. The ash
content was determined according to the UNE-EN
15,403:2011 standard procedure weighing the samples
using a balance precision of 0.0001.

Thermal gravimetric experiments using a laboratory
furnace (Select, model 2000-367) were carried out in
the samples at a heating rate of 20 °C min~" in air (static
heat-ing conditions). The samples were treated at 150 °
C for 48 h using open ceramic crucibles (Fig. 3). After
this treat-ment, they were cooled using a desiccator and
weighed, following a previous procedure to eliminate a
part of vola-tile matter [6]. The next thermal treatment
was using the samples weighed and treated into the
furnace at a heating rate of 6 °C min~! up to 800 °C,
with a holding time of 120 min. The crucibles with
sample were cooled into the furnace and put into a
desiccator at 100 °C and cooled prior to be weighed
with balance precision of 0.0001. Triplicate samples
were used in these experiments. The average values
were obtained with acceptable standard deviations.
The mass variation (in percentage) versus temperature
(°C) curves were obtained for each sample (Fig. 4).

Thermal analysis by TG-DTA

The samples designed C, E, I and P were cut with
scissors in small pieces, gently ground using an agate
mortar and sieved under 0.2 mm to compare the results
with Sample M (ground and sieved under 0.2 mm). A
thermal analyzer SDT Q600 (TA Instrument) was used
for simultaneous thermal analysis (TG-DTA) using ~
20 mg of sample and alumina crucibles in air flow (40
cm® min~!) at heating rate of 6 °C min~! from 25 to
1000 °C.

500 600 700 800 900
Temperature (2C)



Elemental analysis

An equipment LECO TruSpec, CHN Model, with IR detec-
tor for C, S and H and conductivity detector for N, was used
for C, H, N and S elemental analysis. The combustion was
carried out under 950 to 1300 °C and using pure oxygen
atmosphere. Results were obtained by triplicate, and the
average was calculated. Reference materials and blank tests
were used for equipment calibration [6, 9]. The reference
organic compound sulphametazine (certified standard) was
employed to check the precision of this equipment. The oxy-
gen content can be calculated taking into account the sum
(in mass %) of elemental analysis (C, H, N and S) and the
ash content [4, 5, 41, 42].

Structural analysis: determination of lignin, hemicellulose
and cellulose

The contents of lignin, cellulose and hemicellulose in
selected material samples of almond shells have been
determined following the method and protocol proposed
by Van Soest et al. [43] implemented at the University of
Almeria for easy and relative rapid application [4, 5]. From
these averaged results of structural analysis of the almond
shells, the higher heating values (HHV) in MJ kg™! on dry
basis can be estimated according to the linear equation
HHV = 0.0864xL + 16.6922, where L = Lignin content in
mass % on dry basis [1, 5] with no study errors [4].

Results and discussion

Table 1 includes the results of variation of mass loss (in
mass loss %) corresponding to sample materials designed
C, M, E and I at two temperatures (750 and 950 °C). It can
be observed the higher mass loss after heating at 750°C
of the ground sample (Sample M). However, this sample
shows an intermediate value at 950 °C as compared with
the other samples, being sample I the sample with the high-
est value. At 950 °C, all the average values reached ~ 90
mass %. It must be noted that the differences are minimum
between exterior (Sample E) and interior (Sample I) of the

Table 1 Results of mass variation (LOI =“Loss on ignition” or mass
loss after heating at a selected temperature, in mass %) for selected
sample materials (Samples C, M, E and I) of almond shells after ther-
mal treatments at 750 and 950 °C

Sample LOI mass % 750 °C LOI mass % 950 °C
Sample C 77.53+0.52 89.34+0.42
Sample M 80.70+0.41 91.29+0.33
Sample E 80.44 +0.44 93.17+0.22
Sample I 79.68 +£0.56 94.69+0.15

waste almond shells (93.17 mass versus 94.69 mass %,
respectively).

Figure 4 shows the values in mass loss % as increasing
heating temperatures of these sample materials with previ-
ous thermal treatments (air drying for 24 h and 80 °C for
24 h). Variations are observed concerning the thermal evo-
lution as increasing heating temperatures. The differences
in mass loss are recorded in the range 100-400 °C as com-
pared the samples with “shells” and a relatively larger par-
ticle sizes (Samples C, P, E) and ground and sieved (Sample
M), as described in experimental section. From 400 °C and
higher, the trend of the thermal evolution of the mass loss
in all these sample materials is very similar. This variation
can be explained associated with a size effect: Sample M
is a ground and sieved (0.2 mm) sample and, hence, with
a treatment of homogenization, a difference with the rest
of samples. A particular case is sample material designed
as Sample P, which is composed by the skin of the waste
almond shells (Fig. 2), being a protection or support part of
the almond shells.

Table 2 shows the results of ash content (on dry basis) of
Samples C, M, E and I. The higher ash content was observed
in Sample C (10.66 mass %), followed by Sample M (8.71
mass %) with a difference of ~2 mass % between sample
parts exterior and interior. It should be noted that the ash
content (incombustible inorganic remnants of combus-
tion) decreases in the series of sample materials: Sample
C through Sample I, from exterior to interior. According to
previous results [4], ash contents of different plant biomass
vary from less than 1% (in certain wood types) to up to
30-40% (certain greenhouse crop wastes), data in mass %
on dry basis. In the case of residues from greenhouses crops
plants, the ash content was found of 9.60 mass % [6].

Table 3 includes the results of elemental analysis (C, H,
N, S and O) of original samples. These original samples
show high values of carbon (in mass %), with maximum of
46.11% in Sample M and minimum of 41.60% in Sample
P. The rest of samples show values in the range 45.62 to
43.23%. In general, these values are of the same order than
those obtained studying other biomass residues, for instance
the results of elemental analysis of biomass (42—-54 mass %
of dry fuel) as pointed out by Demirbag [2], or the results
reported for greenhouse crops plants [5, 6]. The content of

Table 2 Results of determination of ash content of original selected
sample materials designed Samples C, M, E and I

Sample C Sample M Sample E ~ Sample I
Ash content 10.66+0.32 8.71+0.41 6.83+0.34 5.31+0.23
HHV (MJ/kg) 17.43 17.88 18.32 18.67

Estimation of HHV in MJ Kgusing the equation HHV = 19.914—
0.2324xAsh content, as described in [47]



Table 3 Results of elemental analysis (carbon, hydrogen, nitrogen, sulphur and oxygen, in mass %) of original selected sample materials C, M,

E,Iand P

Sample % Carbon (C) % Hydrogen (H) % Nitrogen (N) % Sulphur (S) % Oxygen (O) HHV (MJ Kg™")
C 45.62+0.10 5.80+0.01 0.07+0.02 37.85 17.27

M 46.11+0.08 5.75+0.02 0.14+0.02 39.29 17.21

E 44.41+0.12 5.60+0.07 0.15+0.03 43.01 16.06

1 43.23+0.34 5.55+0.03 0.33+0.04 47.07 15.14

P 41.60+0.26 5.50+0.12 0.52+0.03 ND

The content of oxygen (%) was estimated by difference taking into account the respective ash contents (in mass %), as included in Table

2. ND =Not Determined

The indication ...

means “below equipment limit detection”. The determination of HHV (in MJ kg™!) was performed using the linear

correlation HHV = 0.314xC + 1.322xH — 0.12xO — 0.12xN + 0.0686S-0.0153xZ being Z the fraction of ashes on dry basis, as proposed in

reference [49]

hydrogen (mass %) is similar in these almond shells sample
materials. It ranges from 5.80 mass % (in Sample C) to 5.50
mass % (in Sample P). The content of nitrogen (in mass
%), very scarce, shows more variability in these samples,
with a maximum value of 0.33% in Sample I and
minimum value of 0.07% in Sample C. From these
results and taking into account the ash contents
(Table 2), it can be estimated the oxygen content of these
sample materials of almond shells (see Table 3). It can
be seen that the maximum value of oxygen (in mass %)
is reached in Sample 1 (47.07%) and the minimum in
Sample C (37.85%), being slightly high (39.29%) in the
ground and sieved sample (Sample M). The values are
similar to those found in previous studies on bio-mass
residues [2-6]. It should be noted that the differences in
oxygen (mass %) between exterior (43.01%) and interior
(47.07%), Sample E and Sample I, respectively, are
relevant as demonstrated these elemental analyses.

Additional thermal experiments with these samples
have been performed using the furnace, and elemental
analy-sis of the resultant products has been determined.
Table 4 summarizes the main results. Sample C was
treated at 800 °C/20 min and 1000 °C/20 min. The
content of carbon and hydrogen diminished with these
treatments and they are slightly different from the
original results (Table 3), with some differences in the
hydrogen contents. Sample

M was treated using the same thermal conditions as above. In
that case, the content of carbon was ~ 80 mass % with a
difference of ~ 34 mass % taking into account the carbon
content of the original (untreated) sample (Table 3). Differ-
ences in hydrogen and nitrogen contents must be also men-
tioned. The differences between Sample E treated at 800 and
1000 °C/20 min are remarkable, as confirmed the results of
carbon content after these thermal treatments and the com-
parison with these values for the original sample. In the case of
Sample I, analogous evolution concerning the elemental
analysis can be observed. Finally, Sample P treated at 800°C for
24 h shows a carbon content of 19.03 mass %, being the original
41.90 mass %, and a lower value of hydrogen con-tent (1.36
mass %) as compared to that value of the original sample (5.50
mass %, Table 3). From these values, it can be evidenced that the
conditions of thermal treatment influence these results, in
particular in the case of hydrogen (in mass %) as deduced from
these elemental analysis results.

All the above results have demonstrated the influence of
several parameters, such as the particle size and previous
treatments, in the thermal behaviour of the different parts of the
almond shells, as studied in this investigation.

The main features of thermal decomposition of these
biomass wastes are presented using dynamic conditions of
heating (DTA-TG-DTG). As can be observed (Figs. 5 and

Table 4 Results of elemental
analysis (Carbon, Hydrogen,
Nitrogen, Sulphur and Oxygen,
in mass %) of selected sample
materials C, M, E, I and P (after
several thermal treatments
temperatures and holding times)
using the laboratory furnace and
subsequent cooling

Samples and treatments % Carbon %Hydrogen % Nitrogen % Sulphur
Sample C 800 °C/20 min 43.57+0.08 1.07+0.04

Sample C 1000 °C/20 min 40.88 +0.09 0.43+0.02 ...

Sample M 800 °C/20 min 77.69+0.06 1.46+0.04 0.33+0.01

Sample M 1000 °C/20 min 81.53+0.08 1.46+0.02 0.17+0.01

Sample E 800 °C/20 min 59.66+0.06 1.17+0.08 ~0.046

Sample E 1000 °C/20 min 81.12+0.08 1.87+0.09 ~0.034

Sample I 800 °C/20 min 35.48+0.09 0.97+0.10 ~0.099

Sample I 1000 °C/20 min 51.90+0.07 1.26+0.09

Sample P 800 °C/24 h 19.03+0.09 1.36+0.08

The indication ... means “below equipment limit detection”
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6), the thermal decomposition of these samples is complex.
It presents several thermal events as observed by
DTA-TG (Fig.5) and TG-DTG (Fig. 6) curves. At a

first stage (0-150°C), there is a slight mass variation with

and broad DTA endothermal effects, which can be associ-
ated with some light volatile matter, mainly water release.
In general, the total mass variation in this temperature range
can be estimated 8—10 mass %. The main thermal events in
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these samples occur in the range 200-500 °C, although in
sample M they finished at~350 °C. It can be an effect of
the lower particle size of this sample (ground and sieved
under 0.2 mm). Furthermore, in this temperature range,
there is a larger mass variation (80-85 mass %) of thermal
decomposition with carbonization, showing slight variations
in the final ash content of these samples. Samples I and P
show lower mass variations, in particular sample P. These
mass variations, as detected by a progressive TG increase
by heating, are associated with complex overlapping DTG
(Fig. 6) curves and several exothermal DTA effects (Fig. 5)
of subsequent thermal devolatilization, decomposition and
degradation processes. The pyrolysis of the organic matter,
cellulose, hemicellulose and lignin (the three components
of the almond shells), takes place. Lignin is the more ther-
mostable component of the almond shell whose decompo-
sition takes place slowly over a greater temperature range
(~400-800 °C) [24, 25, 34, 35]. However, sample M shows
a different thermal behaviour as compared with the rest of
samples (Figs. 5b and 6b), being associated with an effect of
lower particle size, as pointed out above. It can be noted that
this thermal evolution is similar to that studied using other
biomass residues, for instance greenhouse crops plant bio-
mass [6]. Hemicellulose, cellulose and lignin are the main
components of these wastes [5]. It should be noted that vola-
tile material is composed of moisture, light hydrocarbons,
CO, CO,, H, and tars. Biomass usually has a high content
(48-86 mass % on dry basis) of volatile materials [1-4, 7, 8].

In some more detail (Fig. 6), a first stage (first peak in
DTG curves) can be attributed to a water (moisture) release.
It takes place at a temperature below ~ 100 °C. The decom-
position of the main organic compounds of these parts of
the almond shell starts at ~ 175-200 °C. The main mass loss
occurs between 250 and 500 °C attributed to a devolatiliza-
tion/decomposition of hemicellulose and cellulose, being
associated in some sample parts of the studied almond
shells with second and third peaks in the DTG curve, with a
maximum decomposition rate at ~ 300-330 °C. The third
stage (third peak in the DTG curve) could be attributed to
the degradation of cellulose. In this stage, the maximum
decomposition rate occurs at ~ 360 °C or temperatures rela-
tively higher. A possible fourth stage of thermal decom-
position can be observed in the TG-DTG curves of some
samples, although it appears as a broad peak with smaller
intensity, as compared with previous ones. It must corre-
spond to lignin degradation in all these sample parts by pro-
gressive heating. Lignin is one of the major components in
almond shells, being the more thermostable whose decom-
position takes place slowly over a greater temperature range
(~400-800 °C), as pointed out above.

Caballero et al. [24] found that lignin in almond shells
is decomposed across a very wide range of temperatures.
Martin-Lara et al. [35] distinguished four stages of pyrolysis

as increasing heating temperature studying almond shells
(ground to a particle size < 1 mm) in nitrogen atmosphere:
(a) first stage of decomposition: associated with moisture
(water evaporation); (b) second stage: associated with
decomposition of hemicellulose; (c) third stage: associated
with cellulose degradation; and (d) fourth stage: associated
with lignin degradation. Allouch et al. [39] found three main
steps of thermal degradation as studied by DTA: the first one
(endothermic), evaporation of moisture from ambient tem-
perature up to 127 °C; the second one (exothermic), devola-
tilization in the temperature range of 282-398 °C; and the
third one (exothermic) occurring between 397-522 °C, final
oxidation of the coal.

Table 5 shows a summary of the main decomposition
steps of the samples studied in the present investigation
related to DTG curves (Fig. 6), identifying the character-
istic onset, peak and endset temperatures for each consid-
ered sample. Four, five or six decomposition stages can be
deduced, although overlapped effects are the main observed
feature in these DTG diagrams.

In the present investigation, the main thermal features
observed by TG-DTA (Fig. 5), in the material samples,
separated from the waste almond shell, studied in this work
could be summarized as follows:

Table 5 Summary of the main decomposition steps related to DTG
curves identifying the characteristic onset (7,), peak (Tp) or maxi-
mum and endset (7,) temperatures for each considered sample (C, M,
E, I and P). Between parentheses these estimated parameters when
the decomposition steps are very broad or overlapped

Thermal Sample C Sample M Sample E Sample I Sample P
decomposi-

tion param-

eters

T,,°C 32 30 56 33 61
T, °C 161 165 186 156 138
T,°C 125 115 128 116 108
T,°C 246 263 244 204 247
T, °C 352 344 348 348 348
T,°C 287 332 312 278 295
T,,°C 295 366 284 336 386
T, °C 351 486 427 365 448
T,.°C 322 438 325 348 431
T,,°C 360 - 394 367 361
T, °C 446 - 449 468 480
T,.°C 432 - 418 409 446
T,,°C 396 - 366 (536) (555)
T, °C 453 - 472 (566) (640)
T,°C 498 - 436 (558) (590)
T,,°C - - (447) - -

T, °C - - (487) - -
T,°C - - (466) - -

p’




Sample C Previous exothermal DTA effects, with mass
loss, centred at ~ 270 and ~ 310 °C. End of the main thermal
event of mass loss at ~ 700 °C and DTA exothermal effect
centred at~430 °C.

Sample M End of the main thermal event of mass loss at ~
450 °C and a single DTA exothermal effect centred at ~
340 °C.

Sample E End of thermal event of mass loss at~ 600 °C and
two DTA exothermal effects centred at ~420 and 450 °C, with a
previous DTA broad exothermal effects, with mass loss,
centred at~310 and ~320 °C.

Sample I End of thermal event of mass loss at ~ 900—1000 °C
and DTA exothermal broad effect centred at ~ 290 °C, with
additional DTA exothermal broad effect centred at~420
°C.

The differences between exterior (Sample E) and interior
(Sample I) of the almond shells is relevant according these
results.

Sample P. End of thermal event of mass loss at~800 °C and
DTA sharp exothermal effect centred at ~ 420 °C and other
DTA broad exothermal effects, with mass loss, centred at ~ 290
and ~ 440 °C. This sample is the external part of the almond
shells.

However, it is difficult the interpretation of all these ther-mal
events. It can be noted that variations in the contents of
hemicellulose, cellulose and lignin in almond shells produce
some differences in the thermal evolution as observed by
thermal analysis (DTA-TG/DTG-DSC) in air and/or nitrogen
atmosphere [24, 25, 35, 39].

Table 6 shows the results of determination of hemicel-
lulose, cellulose and lignin in a selected sample material of
almond shells waste (Sample M, a sample similar to that
used in industrial processing conditions). The results of this
structural analysis performed for sample M include the values
of four determinations and average values. It should be
remarked that the contents of hemicellulose and

Table 6 Determination of hemicellulose, cellulose and lignin in a
selected sample material of almond shells waste (Sample M). The
results include the values of four determinations and average values. The
prediction of the higher heating values (HHV) is determined on dry basis
of this waste (see Experimental section). SD is the standard deviation

Sample M Hemicel- Cellulose (%) Lignin (%) HHV (MJ kg’l)

lulose

(%)
1 18.58 36.95 14.30 18.24
2 23.49 32.48 13.83 18.23
3 20.75 33.13 14.36 18.24
4 23.13 30.14 16.71 18.25
Average  21.49 33.18 14.80 18.24
SD 2.29 2.82 1.29

lignin obtained in the present investigation have been found
lower as compared with those found by Yildiz [44] study-
ing almond shells (samples of Prunus dulcis). However, the
values reported by Demirbas [2] for almond shells (without
more data) are different: 28.9 (mass %) hemicellulose, 50.7%
cellulose and 20.4% lignin. Caballero et al. [24] reported
different values for almond shells (variety marcona, as in
the present study): 32 (mass %) hemicellulose, 37 (mass %)
cellulose and 27 (mass %) of lignin.

Taking into account the content of lignin as found in the
present work (Table 6), the prediction of the higher heating
values (HHV) in MJ/kg™! on dry basis of these wastes can
be determined [1]. According to Callejon-Ferre et al. [5],
in the analysis of biomass plant remains from greenhouses
of Almeria (SE Spain), the use of biomass requires that its
HHYV be known. However, the equipment necessary for this
experimental determination is of high-cost. For this reason,
mathematical models have been proposed to estimate the
HHYV [1, 5, 42, 44-49]. The use of simple linear equations
is of special interest.

Table 6 shows the results of HHV determined in the pre-
sent study for sample M. The average of HHV values is
representative in this sample of almond shells, being deter-
mined a value of 18.24 MJkg™'. It is higher than the values
reported by Callejon-Ferre [5] in the analysis of biomass
plant remains from Almeria (SE Spain). Martin-Lara et al.
[35] reported a value of HHV = 16.31 kJkg™! for a sample
of almond shell (ground to a particle size < 1 mm), being
determined by a calorimeter. Table 2 includes the estimation
of HHV for each sample taking into account the previous
work of Sheng and Azevedo [47]. These authors based this
estimation on the basis of a previous determination of ash
content. In the present case, the values obtained using this
correlation are close to the average of HHV for sample M
as calculated and presented in Table 6. The differences are
of 0.40 units of HHV, except for sample C, and being closer
for samples M and E. Following the calculations for HHYV, in
Table 3 has been included a new estimation of HHV taking
into account the elemental analysis, presented in Table 3,
and the ash content (Table 2), according to the proposed lin-
ear correlation described in a previous work by Channivala
and Parikh [49]. The values obtained for HHV are close to
the average of this result for sample M (Table 6). The rest
of samples shows similar values, except for sample 1.

Further discussion concerning HHV is of interest. HHV
of a material considered as a fuel mainly depends on its
carbon content. Chen et al. [38], investigating almond resi-
dues, found a value of HHV = 18.2 MJ kg~!. It has been
reported energy content, using the parameter HHV, for
almond residues in the range 16-18 MJ kg~! [50], being
comparable with the energy content values of lignocellulosic
biomass [51]. Friedl et al. [52] compared several heating
values (enthalpy of complete combustion of a fuel with all C



converted to CO, and all H converted to H,0) of several bio-mass
fuels (wood materials, wood waste, sunflower, energy grass
other, hemp, etc.). They found the HHV values in the range 20—
15.97 MJ kg~! with carbon contents in the range 50.5-42.6%.
These values can be compared to those found for the samples
studied in the present work (Table 3), with carbon contents in the
range 46-41%). The present values of HHV estimated for waste
almond shells are inside this range.

Finally, Demirbas [53] reported average structural com-
position of lignocellulosic fuel samples with HHV values in the
range 21.53 kJ g! for olive cake and 17.70 kJ g~! for Tobacco
leaf, with 20.05 kJ g_l for halzenut shell, without data for almond
shells. This author developed linear equa-tions using the lignin
content for the determination of HHV for non-wood, wood and all
fuel samples with good correla-tion coefficients (0.9302-0.9658).
In the present study, using the prediction equation HHV =
0.0877xL + 16.4951 pro-posed by Demirbas [53] being L the
lignin content (14.80% see Table 6), the calculated HHV value is
17.79kJ g~'. This result can be compared with the average
value estimated from other proposed linear equations, as
described above.

After this study, it is considered that all these thermal
results are of interest in further studies concerning almond shells
as waste biomass. A complete kinetic study, using different
kinetic models, and the effect of leaching treatment with water will
be the next steps in this investigation.

Summary and Conclusions

The almond industry generates large quantities of waste
products that need to be recycled or processed. For that rea-son,
studies concerning this subject as biomass source are of wide
interest. It is generated a large amount of almond shells as
waste biomass in the world, being of interest for several
potential applications, such as pyrolytic liquid fuels, fuel gas and
active carbon. For that reason, it is an important goal to conduct
studies to investigate the thermal behav-iour of the different
parts of almond shells produced in an almond industry as a
waste biomass. In the present study, several experiments have
been conducted under laboratory conditions. Although a
complete study can be very com-plex, a first approach has been
performed in this work. After removing the mature almonds, the
waste raw materials were washed with distilled water and
separated in several parts taking into account their physical
characteristics, as follows: (a) complete shells without grinding
(Sample C); (b) ground samples of complete shells, sieved under
0.2 mm (Sample M); (c) hard layers of the endocarp (Sample E);
(d) internal layers of the endocarp (Sample I); and (e) mature
drupes (Sample P) or skin. The thermal behaviour of all these
sam-ple materials has been investigated using a laboratory fur-
nace, with determination of ash contents and weight loss by

progressive heating (120 min of holding time). Elemental
and DTA-TG/DTG analyses of selected sample materials
have been carried out.

Results on thermal decomposition of this biomass waste
have been presented and emphasized the main differences
between sample materials of almond shells. These results
have demonstrated the influence of several parameters, such as
previous treatments in the elemental analysis data, the
particle size and the different parts of the almond shells, as
showed in this investigation. The thermal decomposition of
these samples is complex, with mass variations, as detected by
a progressive TG increase by heating, overlapping DTG
curves and several exothermal DTA effects which must
correspond to thermal decomposition and degradation pro-
cesses of cellulose, hemicellulose and lignin decomposed by
progressive heating. However, it is not easy a complete inter-
pretation of the observed thermal evolution and it requires
further investigation.

The structural analysis of this waste has been performed.
For this purpose, it has been selected a material (Sample M),
ground and sieved (under 0.2 mm), similar to that applied in
industrial processing of almond wastes. The contents of
hemicellulose, cellulose and lignin have been deter-mined.
From these results, using the content of lignin, a first
approximation for the prediction of the higher heating value
(HHV) of this waste as by-product of industrial inter-est has
been performed. The average of HHV obtained in this work
was 18.24 MJkg™!. It was compared with previous results
reported in the analysis of biomass plant remains, being the
highest value of all these biomass samples. Taking into
account the ash contents and the results of elemental
analysis, it has been applied some correlations described in
the previous research to calculate the HHV values for all the
samples. The results obtained are close to the average values of
HHYV obtained in this work using the lignin content. It is a
result of particular interest for a potential application of the
almond shell wastes studied in the present investigation.
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