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Abstract: A large portion of food loss and waste (FSL) is comprised of seeds and stones. Exotic fruits
such as mangoes, lychees and avocados, in which the seeds account for a significant part of the weight
and volume of the entire product, are most affected by this problem. The seeds contain a large quantity
of polyphenols and essential nutrients, which makes them a good material for extraction. However,
conventional extraction techniques are considered time-consuming, and therefore significantly limit
their use on an industrial scale. An alternative method of managing the seeds may be their energy
utilization. In this study, torrefaction was proposed as a method for the valorization of exotic fruit
seeds (mango, lychee, avocado). Thus, the influence of torrefaction temperature (200-300 °C) on the
physical-chemical properties of substrates was investigated. The obtained results revealed that, in
relation to the unprocessed raw materials, the torreficates are characterized by improved hydrophobic
properties (all materials are classified as extremely hydrophobic), higher heating value (at 300 °C
the values increased from 17,789 to 24,842 k]~l<g_1 for mango, from 18,582 to 26,513 k]-kg_1 for
avocado, and from 18,584 to 25,241 1(]-1<g*1 for lychee), higher fixed carbon content (which changed
from 7.87-15.38% to 20.74-32.47%), and significant mass loss, by 50-60%. However, as a side effect
of thermal treatment, an increase in ash content (approx. 2-3 times but still less than in coal) was
observed. Therefore, the torreficates may be competitive with coal. The possibility of using residues
from the food processing sector as a substrate for energy purposes is important from the point of
view of environment protection and is a part of the functioning of the circular economy.

Keywords: waste biomass valorization; exotic fruit seeds; torrefaction; energy; biomass residues

1. Introduction

Food loss and waste (FSL) is considered to be one of the most important threats related
to food safety, the economy and environmental protection issues [1,2]. According to FAO
estimates, about 30% of the food produced for human consumption is lost or wasted
somewhere along the supply chain [3]. This phenomenon, in principle, occurs at all stages
of the logistics chain—agriculture (harvest operation and subsequent sorting and grading),
post-harvest (handling, transportation and storage immediately after harvest and before
processing), processing, distribution and consumption. The annual value of this large
amount of food lost and wasted during these operations may exceed USD 1 trillion [3,4].

However, depending on the commodity and morphological components, the amount
and type of FSL can vary significantly. The unused and unconsumed part of a fruit, a
vegetable or other food stuff may consist of various components, such as peels, leaves, roots,
tubers, skin, pulps and pomace [5,6]. A large portion of FSL is also comprised of seeds
and stones, which, in many vegetables and fruits, are not consumed and constitute unnec-
essary material from the consumer’s point of view. This problem, in particular, concerns
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tropical/exotic fruits, in which seeds and stones account for a significant part of the mass
and volume; these fruits include mango, lychee, papaya, avocado and rambutan [5-11].
Globally, the total production of the main tropical fruits in 2017 was estimated at 93.7 mil-
lion tonnes, of which 58% was mango and avocado [12]. This high level of production,
combined with a high share of seeds in the final product, means that interesting methods
are being sought that allow to fully use the potential of waste biomass, while eliminating
the problems associated with seed management.

Due to the fact that numerous studies have shown that exotic/tropical fruit seeds con-
tain numerous quantities of phytochemicals and essential nutrients, extraction is currently
the primary method of their disposal and processing [13]. For example, chemical character-
istics of avocado seeds reflect a large number of polyphenols (i.e., catechins, procyanidins
and other tannins), flavonoids, triterpenes and unsaturated fatty acids [14-16]. However,
current conventional extraction techniques (i.e., maceration), are time-consuming, which
significantly limits the use of this process on an industrial scale [14]. Thus, the use of exotic
fruit seeds as raw materials to obtain extracts with desired and valuable bioactive ingredi-
ents is problematic. Fidelis et al. [14] indicated that, in order to improve this process and
thus contribute to the commercialization of extracts that can be used in the pharmaceutical
and food sectors, a number of additional studies are required to optimize the conditions
and techniques of extraction.

An alternative to the management of waste biomass, compared to the extraction
process, may be the energetic use or thermal valorization of exotic/tropical fruit seeds. From
a practical point of view, the energy use of wasted and lost food has many advantages. First,
increasing the degree of electricity /heat production from such substrates may significantly
mitigate competition for soil resources. These operations would reduce the increasing
pressure on natural resources and ecosystems [17-19]. Furthermore, recent studies show
that, despite the introduction of restrictive rules of forest management, in addition to
stringent timber-harvesting requirements, the production of biofuels can significantly cause
deforestation of large areas of land [20]. This problem particularly affects developing
countries. Hence, the use of waste substrates in the process of generating energy, such as
tropical/exotic fruit seeds, would not adversely affect soil competition where human and
animal edible food is grown [21]. This process would use the synergy resulting from the
potential use of valuable organic matter contained in the seeds of exotic fruit, while at the
same time solving the problems related to the management of this type of organic waste.
This would also be in line with the idea of the operation of the circular economy.

However, fresh and unprocessed biomass is usually distinguished by a high moisture
content, which lowers its higher heating value (the average calorific value of raw biomass is
50% of that of bituminous coal). Additional barriers are the low bulk density and low energy
density, which are about 2-7% of the value of coal [22]. It should also be emphasized that
biomass tends to excessively absorb moisture, which makes it vulnerable to microbiological
degradation [22].

The above barriers mean that, in order to adapt the material for energy use and stabilize
the physical-chemical properties of fresh, unprocessed biomass (including exotic fruit
seeds), alternative methods of waste biomass valorization should be applied. One of the
potential options for improving the properties of exotic/tropical fruit seeds is torrefaction,
which is a thermochemical process carried out at temperatures ranging from 200 to 350 °C
in an inert atmosphere. The heating rate during the torrefaction process should not exceed
50 °C-min~! [23], and the necessary processing time in typical reactors is 0.5-2 h. After
completion of the torrefaction process, the obtained products are characterized by an
increase in fixed carbon content, higher heating value, better grindability, and reduced
moisture content, hygroscopicity and heterogeneity [24-27].

Many studies are available in the literature that take into account the impact of tor-
refaction on the physical-chemical properties of waste biomass from the agri-food industry,
but still little information is dedicated to the seeds of exotic fruit. These data are important
with regard to further application possibilities of the concept’s implementation, consisting
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of increasing electricity production from exotic fruit seeds, in addition to modeling and
optimization of the torrefaction process.

However, the current state of knowledge regarding the torrefaction of exotic fruit
seeds is not sufficient. In fact, there are positions in the literature that propose torrefaction
as a method of valorization of this type of biomass, but they do not cover a wide range
of physical-chemical characteristics, focusing mainly on the possibility of their energy
utilization. Dominguez et al. [28] performed pyrolysis of avocado seeds in the range of
150-900 °C. In the case of torrefaction at 300 °C, these authors obtained material with prop-
erties similar to those of carbon (0.66 fixed carbon/volatile matter, HHV of 23.3 M]'kg_l).
Similar results for this type of fruit were also obtained by Sanchez et al. [29] by conduct-
ing the torrefaction process at 304 °C (36.7% FC, HHV of 24.3 M]~kg’1). In the case of
mango seeds, Ganeshan et al. [30] found that their conventional pyrolysis performed in the
temperature range of 300-500 °C allowed the acquisition of products with added value.
Santanna et al. [31] torrefied urban waste from Brazil, which consisted of a mixture of
six different wood species (including mango and avocado), resulting in a valuable high-
calorific product, but did not focus fully on single substrates. In turn, Lin and Zheng [32]
found that the addition of mango seeds to optoelectronic sludge in various proportions
increases the quality of biofuel obtained by torrefaction. In another work [33], the same au-
thors performed torrefaction of mango seed and passion fruit shell, The obtained biochars
were characterized by higher heating values of 19.2-28.6 MJ-kg~!. Moreover, the biochar
samples showed an increased fuel ratio index (FR = 0.02-0.17) and a high energy return
on investment (EROI) index (13.3-35.9). However, in order to be able to use torrefaction
in the future as a method of valorization of waste seeds of exotic fruit, it is necessary to
perform additional studies, including the analysis other physical properties, such as bulk
density, specific density porosity and hydrophobicity propensities, which are also very
important in terms of storage, transport and energy utilization of biomass. In particular,
the hydrophobic properties of exotic fruit seeds are crucial for the whole supply chain,
because they have a significant impact on the long-term quality of torreficates. This data is
still missing, creating a space for novel and more detailed study of these materials.

Taking into account the above arguments, this study aimed to investigate the impact
of the torrefaction temperature on: (i) the change in proximate analysis of raw and torrefied
exotic fruit seeds; (ii) the change in physical properties of raw and torrefied exotic fruit
seeds; and (iii) the change in hydrophobic properties of raw and torrefied exotic fruits seeds.

2. Materials and Methods
2.1. Materials

In the experiment, the waste biomass from exotic fruits were used. Three types of
organic residues were evaluated: mango seeds, avocado seeds and lychee seeds.

2.2. Samples Preparation and Torrefaction Procedure

The collected waste biomass was dried for 24 h in a KBC-65 W drying chamber
(WAMED, Warszawa, Poland) at the temperature of 105 °C, in accordance with the PN-EN
ISO 18134-2:2017-03 standard. The dried material was ground with a LMN 400 knife mill
(TESTCHEM, Pszéw, Poland) with a sieve diameter of 1 mm. Then, 50 g samples of the
material were prepared using an RADWAG AS 220.R2 (RADWAG, Radom, Poland) scale.

The torrefaction process was carried out in an SNOL 8.2/1100 (SNOL, Utena, Lithua-
nia) mutffle furnace. The torrefaction time was 60 min. The torrefaction was carried out at
the temperatures of 200, 220, 240, 260, 280, and 300 °C in 5 replications. Carbon dioxide
from a gas cylinder was introduced into the furnace to ensure an inert atmosphere during
the process (90 mL-min~1).

2.3. Proximate Analysis

In order to determine the properties of torrefied exotic fruit seeds, proximate analysis
was carried out. All experiments were performed according to ISO standards (Table 1). The
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following parameters were evaluated: ash content (AC), volatile matter content (VMC),
higher heating value (HHV) and fixed carbon content (FCC). The measurements were
repeated three times.

Table 1. Standards for performed tests of proximate analysis.

Performed Test Standard
Ash content (AC) PN-EN ISO 18122:2016-01
Volatile matter content (VMC) PN-EN ISO 18123:2016-01
Higher heating value (HHV) PN-EN ISO 18125:2017-07
Fixed carbon content (FCC) ASTM D-3172-73

2.4. Physical Analysis

Additionally, the following physical features of exotic fruit biomass were evaluated
before and after the torrefaction process: the mass loss, bulk density, specific density and
porosity. Each test was repeated three times.

The mass loss was calculated on the basis of the difference in mass of the sample
before and after torrefaction of a given type of biomass, according to the formula:
nm

M= 400% 1
o 100% 1)

M =

where: M;—mass loss during torrefaction process (%); m1—mass of the sample before
torrefaction process (g); mpy—mass of the sample after torrefaction process (g).
The bulk density was determined using a 25 cm? vessel. After filling with a given type
of waste biomass, the bulk density was calculated according to the formula:
My
Pn = 2
where: p,—bulk density (kg-m~3); m;,—mass of the biomass in vessel (g); V—volume of
the vessel (cm?).

The specific density was determined using a gas pycnometer, supplied with argon
from a cylinder. The dried material was placed in a vessel of known volume and weighed
on a laboratory balance. The porosity was calculated according to PN-EN 1936:2010 using
the following formula:

Ps
= — 2 ]-100% 3
< Pb) )

where: e—porosity of the material in the dry analytical state (%); p,—bulk density of the
material in the dry analytical state (kg-m~3); and ps—specific density of material in the dry
analytical state (kg-m3).

2.5. Hydrophobicity Analysis

Hydrophobic properties of torreficates and primary materials were determined by
measuring water drop penetration time (WDPT) [34]. The material was spread evenly on
glass to create a layer. Next, a few drops of demineralized water were placed (using a
pipette) on the material. Using a stopwatch, the time taken for a drop of water to soak into
the material was measured. The hydrophobic properties were determined on the basis of
the water droplet penetration time according to the classification shown in Table 2.
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Table 2. Classification criterion of hydrophobic properties [35,36].

Time of the Penetration of a Drop of Water Hydrophobic Properties
below 5s Hydrophilic
from 5 to 60 s Slightly hydrophobic
from 60 to 600 s Strongly hydrophobic
from 600 to 3600 s Severely hydrophobic
above 3600 s Extremely hydrophobic

2.6. Fourier Transform InfraRed (FTIR) Analysis

The FTIR analyses were performed using the Thermo Scientific Nicolet iZ10 FT-
IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Each spectrum of the
torreficates was the average of 32 scans in the 400-4000 cm~! wavenumber range at the
4 cm~! spectral resolution. Spectrums are presented using OMNIC ™ Specta Software
(Thermo Fisher Scientific, Waltham, MA, USA).

2.7. Statistical Analysis

A statistical analysis (at p-value < 0.05) involving a one-way analysis of variance
(ANOVA) was carried out. The test was focused on the elaboration of statistical significance
of the influence of the torrefaction temperature on the physical-chemical properties of the
exotic fruit seeds under analysis. The differences between the levels of factor were deter-
mined by a post hoc test, using a Fisher LSD test. The statistical analysis was developed
using the software STATISTICA (StatSoft—DELL Software, Round Rock, TX, USA).

3. Results and Discussion
3.1. Results of the Proximate Analysis

In the dry state (drying at 105 °C for 24 h), the ash content of the substrates was
as follows: for mango seeds—2.96% (£0.26%), for avocado seeds—4.36% (£0.17%) and
for lychee seeds—5.12% (£0.30%). After the torrefaction process, these values increased
significantly. Finally, after thermal treatment at 300 °C, the highest ash content was recorded
for lychee seeds—10.81% (£0.18%), and the lowest for mango seeds—7.80% (£0.29%). The
ash content for avocado seeds was 9.90% (40.24%). It should also be noted that the
ash content increased with increasing temperature of the torrefaction process (Figure 1).
Lin and Zheng [33] also obtained a significant increase of ash content in mango seeds
after torrefaction.

12

=@-=Lychee «==@=Avocado Mango
10

Ash Content, %

-

105 200 220 240 260 280 300

Torretaction Temperature, °C

Figure 1. Ash content vs. torrefaction temperature of exotic fruit seeds.
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Ultimately, as a result of torrefaction, the ash content in all types of exotic fruit seeds
more than doubled. This behavior is related to the release of volatile substances during
thermal decomposition. Due to the effect of significant mass loss, the percentage of non-
combustible parts (ash) in the total material increases. This phenomenon is commonly
observed during research on the process of biomass torrefaction [37-39]. From a technical
point of view, it is desirable that the ash content is as low as possible, as the high proportion
of this element in the raw materials subjected to thermochemical transformations is associ-
ated with several significant technical barriers. These thermochemical transformations are
associated with the formation of slag, deterioration of the quality of products, corrosion,
and additional financial expenses related to the need to process the raw material [40].
Nonetheless, a small part of the ash contained in the biomass can have a positive effect
on the pyrolysis process. This is due to the fact that this element can provide catalytic
activity for the ameliorated transformation of biomass into valuable products [41]. The
values of ash content in torreficates obtained in the experiment (made of exotic fruit seeds)
are similar to the ash content in thermochemically untreated wood /agricultural biomass
fuels in the form of pellets (ash content in the range of a few tenths of a percent up to
a few percent) [42]. This proves the possibility of using torrefied exotic fruit seeds as
energy fuel. It is good to note that the ash content in coal may reach even 35% [43], which
additionally emphasizes the competitiveness of the proposed solution. The value of ash
content in torreficates is, however, slightly higher than that for industrial charcoal, for
which the value of the parameter usually ranges from 0.4 to 4% [44]. The added value is
that biomass ash can be used for fertilization purposes, which eliminates the problem of
furnace waste management, as is the case with coal combustion. The appropriate dose
of biomass ash may have a favorable result on the chemical properties of the soil, thus
contributing to increasing plant yields [45]. For this reason, ash additives to biochar can
serve as an interesting alternative to traditional mineral fertilizers [45,46].

Figure 2 shows the content of volatile matter (combustible part of the fuel) of exotic
fruit seeds depending on the torrefaction temperature. This parameter is an important
issue in the context of the energetic use of the material. It is responsible for the ignition and
combustion stability in the furnace of the boiler.

100
«==@==Lychee ==@=Avocado Mango

8

Volatile Matter Content, %

105 200 220 240 260 280 300

Torrefaction Temperature, °C

Figure 2. Volatile matter content vs. torrefaction temperature of exotic fruit seeds.

The conducted analysis showed that, as a result of increasing the temperature of
the torrefaction process, the content of volatile matter decreases. In the case of mango
seeds, the content of volatile matter decreased from 89.17% = 0.76% for dried material to
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71.45% =+ 2.01% for torrefied material at 300 °C. Similar relationships were obtained for
other types of biomass. For avocado seeds, the volatile matter content decreased from
86.50% =+ 1.00% to 69.36% =+ 2.27%, and for lychee seeds, the volatile matter content
decreased from 79.50% + 1.32% to 56.71% =+ 2.79%. After torrefaction (300 °C), Lin and
Zheng [33] also reported a decrease in VMC by almost 20 percentage points.

The kinetics of the process of lowering the content of volatile matter in the biomass,
depending on the torrefaction temperature, is consistent with the data observed in the
literature. By examining the effect of torrefaction on the physical and chemical parameters
of biomass (wood chips and oil palm fronds), Homdoung et al. [47] obtained the content of
volatile matter at the level of 70.31-73.09% in the raw material and 41.9-43.5% after torrefac-
tion in a similar temperature range. Similar values were also obtained by Akhtar et al. [48]
when investigating the impact of torrefaction on the properties of waste biomass from the
agricultural industry (cotton stalks, corn cobs, and sunflower). It is worth noting that the
torrefied seeds of exotic fruit are still characterized by twice as much volatile matter as that
in bituminous coal and five times as much as that in charcoal [49].

Figure 3 shows the fixed carbon content in exotic fruit seeds depending on the tor-
refaction temperature. This parameter reflects the solid combustible parts in the material.
As expected, along with the increase of the torrefaction temperature, an increase in the
content of fixed carbon [50] was observed. The highest content of fixed carbon in the raw
material was found in lychee seeds—15.38% = 1.32%, and the lowest for mango seeds—
7.87% £ 0.76%. It should be noted, however, that this material is characterized by high
differentiation, because in the work [33] the authors obtained FCC at the level of 2.2%
(dried raw material), and after torrefaction (300 °C)—4.7%. Avocado seeds had a fixed
carbon content of 9.14% =+ 1.00%. As a result of torrefaction (300 °C), the values of this
parameter improved to 32.47% =+ 2.79% for lychee and 20.74% =+ 2.01% for mango and
20.74% =+ 2.27% for avocado. Generally, a higher fixed carbon content in the biomass is
desirable due to the potentially greater heat yields that can be generated by utilizing the
material [51]. The values of bound carbon obtained in the experiment coincide with other
types of biomass (including straw, carthamus chips, cardoon chips, olive and wine prun-
ing, residues from the maintenance/cleaning of rivers), analyzed by various authors [52].
Nonetheless, the value of this parameter is much lower (even after torrefaction) than that
of coal, in which it oscillates around 60% [53], and industrial charcoal, in which it oscillates
around 65-85% [44].

35 =@-=Lychee ==@=Avocado Mango
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Fixed Carbon Content, %

105 200 220 240 260 280 300

Torrefaction Temperature, °C

Figure 3. Fixed carbon content vs. torrefaction temperature of exotic fruit seeds.

The higher heating value (HHV) is a parameter relating to the heat released from fuel
combustion with primary water and produced in a condensed state [54-56]. It is consid-
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ered to be one of the key properties of fuels, and explains the fuel’s energy content and
determines its efficient use (renewable or non-renewable) [55]. The higher heating value of
dried lychee, mango and avocado seeds ranged from 17,789 to 18,584 kJ-kg~! (Figure 4),
which is a result similar to that of other types of biomass, such as corncob, corn stover, and
sunflower shell (17.0-18.0 MJ-kg 1), but slightly lower than that of others, such as beech
wood, hazelnut shell, wood bark, olive husk, and walnut shell (19.2-21.6 M]okg_l) [55].
Along with increasing the torrefaction temperature, an increase in the higher calorific
value of the substrates was noted. As a result of torrefaction in 300 °C, avocado seeds
(26,513 kJ-kg~! 4+ 53.75 kJ-kg~!) had the highest HHV, and mango seeds had the low-
est (24,842 k]-kg~! + 55.86 k]J-kg~!). The obtained values are slightly lower than those
presented in the work [33], where the authors obtained HHV at 20-29 M]~kg’l in the
temperature range of 210-300 °C by torrefaction of mango seeds. Lychee seeds had a higher
heating value of 25,241 k]-kg ! + 96.87 k]-kg!. The effect of torrefaction temperature on
higher calorific value was also confirmed in other research studies, where it was found
that torrefaction influences the release of volatile substances, which results in high energy
release; hence, a higher torrefaction reaction will produce greater biomass a higher heating
value [57-59].

27,000
==@==Lychee ==@=Avocado Mango

25,000
23,000

21,000

/

105 200 220 240 260 280 300

Higher Heating Value, k] kg!

Torrefaction Temperature, °C

Figure 4. Higher heating value vs. torrefaction temperature of exotic fruit seeds.

3.2. Results of the Physical Analysis

Due to the fact that the torrefaction process significantly affects the physical parameters
of biomass [60], the mass loss, bulk density, specific density and porosity were evaluated in
relation to the process temperature.

As mentioned earlier, as a result of torrefaction, volatile substances are released during
the thermal decomposition of biomass, which results in a mass loss in relation to the
original material. Figure 5 shows the percentage of mass loss in relation to the mass of
dried material, depending on the temperature of the torrefaction process. It should be
mentioned that the mass yield in all torrefied exotic fruit seeds decreased by more than
50% after the process at a temperature of 300 °C. The mass yield of lychee seeds was
47.36% (£0.80%), mango seeds—37.94% (£1.34%), and avocado seeds—44.06% (£1.08%).
These results are consistent with the research of other authors, where the loss in the mass
of waste fruit as a result of the torrefaction process was also evaluated, and the mass yield
after the torrefaction process was 56% at 300 °C [61]. It is worth noting, however, that the
weight loss may differ significantly depending on the type of biomass; an example is waste
biomass from the forestry industry, where, after torrefaction at 320 °C, the mass loss of oak
acorns, horse chestnuts, and spruce cones was 70.6-84.4% [51].
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Figure 5. Mass loss vs. torrefaction temperature of exotic fruit seeds.

Bulk density is defined as the key biomass quality parameter due to the fact that it is
used to estimate the spatial requirements for handling, storage and transport, in addition
to transport and storage costs [62]. The bulk density of dried exotic fruit seeds varied and
ranged from 292 to 645 kg-m 3, with mango seeds having the lowest value and lychee
seeds the highest (Figure 6). In general, the bulk density of the torreficates was much higher
than that observed for industrial charcoal (180-350 kg-m~3) [44]. In most cases (except for
the minimum decrease at 240 °C for lychee seeds), the torrefaction process at 240 °C had
a positive effect on the value of the bulk density. The highest values of the parameter for
lychee and mango seeds were obtained at 200 °C (676 and 382 kg-m 3, respectively), and
for avocado seeds at 220 °C (666 kg-m’3). Then, a decrease in bulk density was observed
for all types of biomass.

=@-=Lychee == Avocado Mango

Bulk density, kg-m-3
5
o

105 200 220 240 260 280 300

Torrefaction Temperature, °C

Figure 6. Bulk density depending vs. torrefaction temperature of exotic fruit seeds.

Torrefaction also did not notably affect the specific density of the biomass when the
process was performed at temperatures of 200 to 240 °C. As can be seen in Figure 7, for
lychee seeds, the specific density dropped to the level of 1.08 to 1.18 Mg-m 3, whereas for
mango and avocado seeds it increased to a maximum of 1.71 and 1.68 Mg-m 3, respectively
(at 280 °C). This is probably related to the complex processes of decomposition of organic
compounds in the tested materials and the significant expansion of the active surface of
the particles.
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Figure 7. Specific density vs. torrefaction temperature of exotic fruit seeds.

Figure 8 shows the effect of the torrefaction temperature on the porosity of the ana-
lyzed materials. The porosity of the materials used in the experiment ranged from 72.79%
(££0.23%) to 84.86% (£0.18%) for mangoes, 53.59% (£0.52%) to 66.70% (£0.61%) for avoca-
dos, and 54.29% (£0.48%) to 71.05% (£0.20%) for lychees. In general, the level of porosity
in the materials was different at different torrefaction temperatures, but a growing trend is
noticeable, which results from the fact that the torrefaction process significantly increases
the porosity of the biomass due to the degradation of its components [39].

90%
=@-=Lychee «=@=Avocado Mango
85%
80%
75%
70%

65%

Porosity, %

60%
55%
50%
105 200 220 240 260 280 300
Torrefaction Temperature, °C

Figure 8. Porosity vs. torrefaction temperature of exotic fruit seeds.

3.3. Results of the Hydrophobicity Analysis

The ability of biomass to absorb moisture is an important parameter from the point
of view of harvesting, handling, transport and storage of biomass [63]. Dried exotic fruit
seeds were characterized by various hydrophobic properties. The most resistant to the
absorption of water drops was found to be the dried mango seeds, the character of which
was determined to be highly hydrophobic (WDPT =330 s £ 19 s). Dried lychee seeds were
found to be slightly hydrophobic (WDPT =43 s &+ 3 s) and avocado seeds to be hydrophilic
(WDPT =4.4s + 0.5 ). As can be observed in Figure 9, with increasing torrefaction
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temperature, the penetration time of water droplets was greater. Exotic fruit pits obtained
an extremely hydrophobic status (WDPT > 3600 s, according to Table 2) at relatively low
temperatures. Mango seeds achieved extremely hydrophobic status after torrefaction at
220 °C, lychee seeds at 240 °C, and avocado seeds ay 260 °C.

20,000
’ —#=Lychee =—a—Avocado Mange
18,000 : Py

16,000
14,000
12,000
10,000
8000
6000
4000
2000
0

WDPT (Hvdrophobicity test), s

105 200 220 240 260 280 300

Torrefaction Temperature, °C

Figure 9. Hydrophobicity vs. torrefaction temperature of exotic fruit seeds.

Previous research works also confirmed that, due to torrefaction, the biomass gains hy-
drophobic properties [64]. In most cases, along with increasing the torrefaction temperature,
the hydrophobic properties of biomass improve [65,66]; however, there are also research
works in which this rule does not apply [67]. This is mainly because, during the torrefaction
process, a common deodorization reaction takes place, and the carbon dioxide is formed
on the decarboxylation of unstable carboxyl groups in the hemicellulose structure [68].
Hence, a relationship was found between the presence of hydroxyl groups and the thermal
treatment of the substrate [69]. By increasing the torrefaction temperatures, more O-H
bonds are dissolved and dehydrated, making the material more hydrophobic [70,71].

This dependence can be observed in Figures 10-12, where the intensification of the
particular absorption peaks of the -OH groups was 3400-3200 cm~!. In general, it can be
seen that the torrefaction process caused a reduction of hydroxyl groups in the material
resulting from the reduction of cellulose and hemicellulose contained in the substrates.
As the temperature increases, the absorbance of the sample decreases, indicating the
breakdown of the structures of hydroxyl groups, which play a key role in the process
of binding water in the material [65]. The greatest dependencies are observed between
extreme temperatures of 200 and 300 °C. However, between individual temperatures there
is also a noticeable difference in the level of absorbance; thus, it can be concluded that a
higher temperature of the torrefaction process improves the hydrophobic properties.

Detailed results of all analysis are shown in the Supplementary Materials
(Tables S1-59).

3.4. Main Results of Statistical Analysis

Table 3 shows the results of the one-way ANOVA for the dependent variable, torrefac-
tion temperature (TT). The performed analysis showed that the torrefaction temperature
significantly influenced each of the eight analyzed traits in all considered exotic fruit seeds.
For each case, the p-value was 0.00. Detailed results of the analysis of variance and Fisher’s
LSD post hoc test, which show the statistical differences between the torrefaction tem-
peratures in mango, lychee and avocado seeds, are included in Supplementary Materials
(Tables S10-534).
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Figure 10. FTIR spectra of the avocado seeds.
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Figure 12. FTIR spectra of the mango seeds.
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Table 3. Results of analysis of variance (one-way ANOVA) for the dependent variable (TT).

Effect AC VMC FCC HHV BD ML P H

Lychee I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

T 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

p Mango I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TT 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Avocado TT 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

AC—ash content, VMC—volatile matter content, FCC—fixed carbon content, HHV—higher heating value,
BD—bulk density, ML—mass loss, P—porosity, H—hydrophobicity, p—profitability value, I—intercept, TT—
torrefaction temperature.

4. Conclusions

The energy utilization of wasted and lost food is an interesting alternative to the
management of waste biomass. This is because the raw materials used do not constitute
direct competition for soil resources and can help fight climate change by improving the
state of the environment through ecological balance and developing a circular bioeconomy.
However, due to the unfavorable physical and chemical properties of waste biomass from
the food sector, methods of biomass valorization must be used in order to improve and
enable their utilization in conventional coal-fed power plants.

In this research, torrefaction, as a method of valorizing biomass residues (avocado,
mango and lychee seeds), was applied. The results showed that torrefaction significantly
improves the physical-chemical properties of materials. Exotic fruit seed torreficates are
characterized by increased resistance to water absorption, higher heating value and higher
carbon content, which allows them to be classified as an attractive alternative fuel to
wooden biomass or coal. It is also worth mentioning that, compared to coal, the potential
use of exotic fruit seeds as an alternative fuel can have significant economic benefits.
Although pre-heat treatment is required for their valorization, the added value lies in the
efficient use of bio-waste, lack of extraction costs (unlike in the case of fossil fuels) and
waste management, and a lower environmental burden.

However, the selection of the torrefaction temperature should be strictly determined
by an analysis of the fuel properties, to properly optimize the biomass valorization process,
which will also translate into financial results related to the reduction in energy inputs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15020612/s1, Table S1. Ash content depending on the torrefaction
temperature of exotic fruit seeds; Table S2. Volatile matter content depending on the torrefaction
temperature of exotic fruit seeds; Table S3. Fixed carbon content depending on the torrefaction
temperature of exotic fruit seeds; Table S4. Higher heating value depending on the torrefaction
temperature of exotic fruit seeds; Table S5. Mass loss depending on the torrefaction temperature of
exotic fruit seeds; Table S6. Bulk density depending on the torrefaction temperature of exotic fruit
seeds; Table S7. Specific density depending on the torrefaction temperature of exotic fruit seeds;
Table S8. Porosity depending on the torrefaction temperature of exotic fruit seeds; Table S9. WDPT
(Hydrophobicity test) depending on the torrefaction temperature of exotic fruit seeds. Table S10.
Result of the Fisher LSD test for the content of lychee ash at a variable torrefaction temperature;
Table S11. Result of the Fisher LSD test for the content of mango ash at a variable torrefaction
temperature; Table S12. Result of the Fisher LSD test for the content of avocado ash at a variable
torrefaction temperature; Table S13. Result of the Fisher LSD test for the content of lychee volatile
matter at a variable torrefaction temperature; Table S14. Result of the Fisher LSD test for the
content of mango volatile matter at a variable torrefaction temperature; Table S15. Result of the
Fisher LSD test for the content of avocado volatile matter at a variable torrefaction temperature;
Table S16. Result of the Fisher LSD test for the content of mango fixed carbon at a variable torrefaction
temperature; Table S17. Result of the Fisher LSD test for the content of avocado fixed carbon at a
variable torrefaction temperature; Table S18. Result of the Fisher LSD test for the content of lychee
fixed carbon at a variable torrefaction temperature; Table S19. Result of the Fisher LSD test for the
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content of lychee HHV at a variable torrefaction temperature; Table S20. Result of the Fisher LSD test
for the content of mango HHYV at a variable torrefaction temperature; Table S21. Result of the Fisher
LSD test for the content of avocado HHV at a variable torrefaction temperature; Table S22. Result of
the Fisher LSD test for the mass loss of lychee at a variable torrefaction temperature; Table S23. Result
of the Fisher LSD test for the mass loss of mango at a variable torrefaction temperature; Table S24.
Result of the Fisher LSD test for the mass loss of avocado at a variable torrefaction temperature;
Table S25. Result of the Fisher LSD test for the bulk density of lychee at a variable torrefaction
temperature; Table S26. Result of the Fisher LSD test for the bulk density of mango at a variable
torrefaction temperature; Table S27. Result of the Fisher LSD test for the bulk density of avocado at a
variable torrefaction temperature; Table S28. Result of the Fisher LSD test for the porosity of lychee
at a variable torrefaction temperature; Table S29. Result of the Fisher LSD test for the porosity of
mango at a variable torrefaction temperature; Table S30. Result of the Fisher LSD test for the porosity
of avocado at a variable torrefaction temperature; Table S31. Result of the Fisher LSD test for the
hydrophobicity of lychee at a variable torrefaction temperature; Table S32. Result of the Fisher LSD
test for the hydrophobicity of mango at a variable torrefaction temperature; Table S33. Result of the
Fisher LSD test for the hydrophobicity of avocado at a variable torrefaction temperature; Table S34.
Results of analysis of variance (one-way ANOVA) for the dependent variable (TT).
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