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Abstract: The annual potential of waste biomass production from food processing in Europe is
16.9 million tonnes. Unfortunately, most of these organic wastes are utilized without the energy
gain, mainly due to the high moisture content and the ability to the fast rotting and decomposition.
One of the options to increase its value in terms of energy applications is to valorize its properties.
Torrefaction process is one of the pre-treatment technology of raw biomass that increases the quality
of the fuel, especially in the context of resistance to moisture absorption. However, little is known
about the influence of torrefaction temperature on the degree of valorization of some specific waste
biomass. The aim of this paper was to analyze the influence of the temperature of the torrefaction on
the hydrophobic properties of waste biomass, such as black currant pomace, apple pomace, orange
peels, walnut shells, and pumpkin seeds. The torrefaction process was carried out at temperatures
of 200 ◦C, 220 ◦C, 240 ◦C, 260 ◦C, 280 ◦C, and 300 ◦C. The hydrophobic properties were analyzed
using the water drop penetration time (WDPT) test. The torrefied waste biomass was compared
with the raw material dried at 105 ◦C. The obtained results revealed that subjecting the biomass
to the torrefaction process improved its hydrophobic properties. Biomass samples changed their
hydrophobic properties from hydrophilic to extremely hydrophobic depending on the temperature of
the process. Apple pomace was the most hydrophilic sample; its water drop penetration was under
60 s. Black currant and apple pomaces reached extremely hydrophobic properties at a temperature of
300 ◦C, only. In the case of orange peels, walnut shells, and pumpkin seeds, already at the temperature
of 220 ◦C, the samples were characterized by severely hydrophobic properties with a penetration
time over 1000 s. At the temperature of 260 ◦C, orange peels, walnut shells, and pumpkin seeds
reached extremely hydrophobic properties. Furthermore, in most cases, the increase of torrefaction
temperature improved the resistance to moisture absorption, which is probably related to the removal
of hydroxyl groups and structural changes occurring during this thermal process.

Keywords: waste biomass; torrefaction; thermal treatment; biomass valorization; hydrophobicity

1. Introduction

Constantly growing demand for electricity and the limitation of fossil fuel resources increases
the importance of new, renewable energy sources (RES). In order to ensure energy security and
environmental protection, many types of research are focused on new and environmentally friendly
fuels [1,2]. In past years, a lot of attention was paid on biomass having a third place in the world in
terms of energy potential [3]. Poland is characterized by high biomass feedstock potential and low
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costs of biomass processing as in Romania, Bulgaria, Ukraine, and the other Baltic States. It is estimated
that the Polish biomass potential by 2030 would amount to 1.5 EJ·y−1, taking fourth place in Europe
(EU) [4]. The data analysis performed by the European Commission (EC) within the European Union
(EU) showed that around 88 million tonnes of food waste are generated annually with associated costs
estimated at 143 billion euros. Food wastes generated during food processing have amounted to 20%
(16.9 million tonnes) [5]. A part of the biomass comes as waste from the agri-food industry like pomace,
peels, and shells. The recovery rate of this waste group is high and amounts very often more than
95% (e.g., 96% from the beverage industry or 84% from the sugar industry). In Poland, only 0.1% of
the agri-food industry waste is stored. If possible, this kind of waste is most often used in biogas or a
composting plant [6]. However, access to the biogas plant is very often limited (too long distance),
and the biomass composting is related to the utilization costs. Biomass can be used in several other
ways, such as combustion or co-combustion. However, direct use of fresh and unprocessed biomass is
difficult in transport and storage, despite its friendly nature [7]. Raw biomass from food processing
is characterized by high moisture content, low bulk density, low heating value, and heterogeneous
structure [8–10]. Additionally, biomass has hydrophilic properties, which makes it sensitive to external
weather conditions [10]. Raw biomass has a tendency to quickly decompose. Moreover, fresh biomass
storage creates favorable conditions for the growth of microorganisms and the rotting of the material [7].
In order to valorize the waste biomass and to eliminate these properties causing problems during
transport and storage, three types of processing of fresh biomass are in use [11]: mechanical treatment,
thermal treatment, and chemical treatment (Figure 1).
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Figure 1. Conversion methods of raw biomass.

However, biomass can be used also in the acquisition of other organic substances like furfurals
and C5 sugars. Catalysis and addition of solid catalysts for biomass conversion is an alternative to
torrefaction for its processing. Nguyen et al. [12] and Matsagar et al. [13] investigated the production of
furfurals from lignocellulosic biomass. Dutta et al. [14] produced carbon nanomaterials from biomass
for flexible energy storage and supply devices.

Torrefaction (also known as low-temperature pyrolysis or high-temperature drying) is one of the
most promising biomass valorization processes [15,16]. The process is carried out in the temperature
range from 200 ◦C to 300 ◦C [17,18], in an oxygen-free (neutral) atmosphere, at atmospheric pressure [19],
and with a residence time reaching 90 min [20]. Lack of oxygen atmosphere inhibits the combustion
process, enabling thermal decomposition of torrefied biomass [21,22]. The basic scheme of biomass
transformation during torrefaction is shown in Figure 2.
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Usually, the torrefied biomass is characterized by much better physical and chemical properties
than raw biomass. Torrefaction process causes degradation of hemicellulose and dehydration of
cellulose and lignin [25], increasing its grindability [16,17]. Studies have shown that the oxygen to
carbon ratio is reduced while the energy value increases [26,27]. The energy concentration takes place
as torrefied biomass has ca. 70% of initial weight and ca. 90% of initial energy content [28]. As a
consequence, part of the initial mass (30%) and energy (10%) is released in the form of process gases [24].
During the torrefaction, the moisture content is significantly reduced in the biomass material; hence,
the moisture content of the torrefied material is only ca. 1–3% [16,29]. Additionally, the torrefied
biomass is deprived of hydroxyl groups responsible for binding and absorption of moisture [30,31].
As a result, the biomass properties change from hygroscopic to hydrophobic [32,33].

One of the main parameters affecting the hydrophobic properties of biomass is the temperature of
the torrefaction process. The temperature is important from an energetic point of view as it influences
both the energy input required to perform the process and the final economic balance (torrefaction
costs). Prins et al. [34] showed that a higher temperature of the torrefaction process required more
energy to maintain the temperature in the furnace chamber. To heat the chamber and maintain
an internal process temperature of 250 ◦C for 30 min and 300 ◦C for 10 min, the furnace required
87 (±0.449 J) kJ and 124 (±0.4) kJ of energy, respectively. This energy demand was determined for
laboratory-scale research, and the mass of the torrefied sample was from 5 g to 10 g.

There are many publications and studies on the influence of the torrefaction process on the change
of the hydrophobicity of the typical biomass material, like woody materials (chips, sawdust) or straw.
Moreover, different methods may be applied for determination of hydrophobic properties of organic
material, namely: the moisture uptake ratio [27,35], equilibrium moisture content assay (EMC) [36],
the contact angle measurement test (CAMT) [37] and water drop penetration time test (WDPT) [38].

Sathpathy et al. [27] determined the change in hydrophobic properties of wheat and barley
straw by moisture uptake ratio (lower moisture uptake ratio signified higher hydrophobic properties).
The research showed that higher temperatures (higher power of heating) of the torrefaction process
improved the hydrophobicity of the material. Wheat straw and barley straw torrefied in the microwave
oven with a power of 200 W, 250 W, and 300 W and 10 min residence time in the reactor achieved the
moisture uptake ratio: for wheat straw 0.83, 0.83, 0.75, and barley straw 0.94, 0.76, 0.70, respectively.
Moreover, the increase of the residence time in the reactor (in constant conditions) caused a further
decrease in moisture uptake ratio.

The hydrophobic properties of another material, applying an equilibrium moisture content assay
(EMC), was investigated by Chen et al. [39]. The raw and torrefied biomass stalk was investigated in
the process temperature of 220 ◦C, 250 ◦C, and 280 ◦C. According to EMC test, the achieved values
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were 10.8%, 7.1%, 5.6%, and 4.3%, respectively. Similar studies performed by Yan et al. [36] and
Acharjee et al. [40] also confirmed that higher torrefaction process temperature affected positively
the hydrophobicity.

The influence of the torrefaction temperature on the hydrophobic properties of biomass material
was confirmed by Alvarez et al. [41] using the CAMT method. CAMT method consisted of measuring
the opening angle between the tangent of the water drop to the ground (a larger angle indicates better
hydrophobic properties). A raw sample was compared to the torrefied eucalyptus wooden samples
at a temperature of 200 ◦C, 225 ◦C, 250 ◦C, 275 ◦C, and 300 ◦C. Samples were characterized by the
contact angle of 93◦ ± 3, 97◦ ± 5, 101◦ ± 3, 106◦ ± 4, 113◦ ± 2, 118◦ ± 3, respectively. Higher torrefaction
temperature caused an increase in contact angle, thereby causing hydrophobicity [41].

The dependence of hydrophobic properties on biomass thermal treatment was investigated by
Baronti et al. [42]. In this research, the WDPT method (with Doerr’s et al. [43] hydrophobic properties
classification) was used to determine the hydrophobicity of raw biomass and biochar. Raw biomass
was characterized by hydrophilic properties, and its water drop penetration time was <5 s, while
biochar was characterized by slightly hydrophobic properties with a penetration time <10 s [42].

However, in the literature, there are not too much data related to the torrefaction process and
hydrophobicity of post-processing agricultural residues coming from food production. The aim of the
study was to determine the influence of the torrefaction temperature on the hydrophobic propensities of
selected organic wastes from the agri-food processing sector using the water drop penetration time test.
The knowledge about the valorization options of these organic materials might help in decision-making
in terms of their further treatment and application in other alternative energy flow chains.

2. Materials and Methods

2.1. Materials Used in the Research

The aim of the work was to assess the effect of temperature of the torrefaction process on the
hydrophobic properties of biomass wastes from food processing.

The subject of the research was different types of biomass wastes from food processing: fruit
pomaces, peels, husks, and seeds. In detail, five types of food biomass waste were investigated
(Figure 3): black currant pomace (a), apple pomace (b), orange peels (c), walnut shells (d), and pumpkin
seeds (e).
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2.2. Samples Preparation and Torrefaction Procedure

All samples of research materials were initially dried before the torrefaction process in the drying
chamber KBC–65 W (WAMED, Warszawa, Poland) for 24 h at the temperature of 105 ◦C. Samples
were dried in order to achieve the same air-dry conditions of the investigated materials (analytical
state). After the drying process, the samples were ground in the mill LMN 400 (TESTCHEM, Pszów,
Poland) (Figure 4a) with a sieve size of 1 mm. Then, the prepared material (sample mass of 50 g) was
put into the electric muffle furnace SNOL 8,2/1100 (SNOL, Utena, Lithuania) (Figure 4b). The mass
of the samples was determined using the scale RADWAG AS 220.R2 (RADWAG, Radom, Poland).
The torrefaction temperature was 200 ◦C, 220 ◦C, 240 ◦C, 260 ◦C, 280 ◦C, and 300 ◦C, accordingly.
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To maintain the inert atmosphere in the reactor chamber, the carbon dioxide from the gas cylinder
was used. The duration time of the torrefaction process was 60 min. The number of replicates for
each sample was n = 5. After the torrefaction process, the torrefied material was cooled down to the
ambient temperature to avoid the combustion process (ca. 24 ◦C) and closed in an airtight plastic
container to prevent the moisture absorption from the air.
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analyzer SARTORIUS MA150; (d) calorimetric bomb IKA C200; (e) a set for WDPT (water drop
penetration time) test.

2.3. Proximate Analysis

In order to characterize the physical properties of the torrefied biomass, the proximate analysis
was performed. The sampling procedure for analysis consisted of randomly taking an appropriate
sample mass for further analyses (in accordance with applied ISO Standards). The proximate analysis
included parameters, such as moisture content (MC), higher heating value (HHV), lower heating
value (LHV), ash content (AC), and volatile matter content (VMC). All parameters were determined in
five repetitions.

The moisture content was determined according to PN-EN ISO 18134-2:2017-03E [44] using
a laboratory moisture analyzer SARTORIUS MA150 (Sartorius, Goettingen, Germany) (Figure 4c).
The higher heating value (HHV) was determined in a calorimetric bomb IKA C200 (IKA, Lucknow,
India) (Figure 4d) in accordance with PN-EN ISO 18125:2017-07 [45]. The lower heating value was
determined using the following formula [46]:

LHV = HHV − (1−MCa) − (r·MCa) (1)

where: LHV—lower heating value (kJ·kg−1); HHV—higher heating value (kJ·kg−1), r—latent heat of
water vaporization (r = 2.44 MJ·kg−1 for 1% moisture content in fuel) (kJ·kg−1), MCa—moisture content
in the fuel in analytical state (%).

Ash content in waste biomass was determined according to PN ISO 1171:2010 [47] using the
muffle furnace SNOL 8.2/1100 (SNOL, Utena, Lithuania). The following formula was used:

AC =
mA −mC
mM −mC

·100% (2)
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where: AC—ash content in waste biomass fuel in the analytical state (%), mA—a mass of the crucible
with ash after heating (g), mC—a mass of the empty crucible (g), mM—a mass of the crucible with the
material before heating (g).

The volatile matter content (VMC) in the waste biomass was determined according to PN-EN ISO
18123:2016-01 [48] and using the following formula:

VMC =
1− (mS −mC)

mM
·100% (3)

where: VMC—volatile matter content in waste biomass in the dry analytical state (%), mS—a mass of
the crucible with fuel sample after heating (g), mC—a mass of the empty crucible (g), mM—a mass of
the crucible with fuel sample before heating (g).

2.4. Hydrophobic Properties Analysis

The hydrophobic properties were determined by the water drop penetration time (WDPT) test [43].
Research material with a weight of 5 g was spread on a laboratory slide glass (Figure 4e). The thickness
of the layer was 2 mm. The test consisted of applying five drops of distilled water (at a temperature of
20 ◦C) on the surface of the investigated material. Next, the penetration time of a drop of the water
through the layer was measured using the stopwatch. The number of WDPT tests for each sample was
n = 5. Based on the value of the drop penetration time, the torrefied material was classified in terms of
its hydrophobic properties (Table 1).

Table 1. Classification criterion of hydrophobic properties [49,50].

Classification Criterion
Time of the Penetration of a Drop of Water Hydrophobic Properties

<5 s Hydrophilic
5–60 s Slightly hydrophobic

60–600 s Strongly hydrophobic
600–3600 s Severely hydrophobic
>3600 s Extremely hydrophobic

Samples with penetration time of distilled water drop over 1 h were covered with the lids to avoid
the influence of the evaporation process. The cover of the samples allowed for testing hydrophobicity
for up to 5 h [43].

The results of the water drop penetration time test and diagrams were developed in statistical
software STATISTICA ((StatSoft—DELL Software), TX, USA). The detailed results, including standard
deviations, are enclosed in Supplementary Table S1.

3. Results and Discussion

The investigated materials were characterized by the moisture content in the range from 3.25% to
5.99% (details are in the Supplementary Table S2).

After the torrefaction process at temperatures from 200 ◦C to 300 ◦C, the changes in colors
of the torrefied materials were observed (Figure 5). The raw material was characterized by a
yellow/orange/bright brown color. However, the color of the material was getting darker (from the
light brown through the dark brown to the black one) as the torrefaction process temperature increased.
Waste biomass from food processing torrefied at 300 ◦C was characterized by black color and looked
like fine coal. The change in the color was observed for all investigated materials. Similar behavior
was observed also by other researchers [51,52].
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Figure 5. Color change of the material depending on the torrefaction process temperature: (a) 105 ◦C
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Analyzing the obtained data of the physical properties of the torrefied food waste biomass, some
similarities to other wastes could be observed. Analyzing the influence of the temperature of the
torrefaction process on the ash content in the tested organic materials, different values of the ash
content were observed depending on the type of waste biomass. The ash content (AC) in the samples
tested ranged from 0.86% to 22.39% (Figure 6). As the temperature of the torrefaction process increased,
the ash content in the materials was higher. The lowest ash content was observed for the walnut shells
(from 0.86% at 105 ◦C to 2.15% at 300 ◦C). Pumpkin seeds were characterized by the highest value of
ash content (from 13.8% at 105 ◦C to 22.39% at 300 ◦C). Pumpkin seeds were also characterized by the
highest increase in AC at the range of temperatures from 200 to 300 ◦C.Energies 2019, 12, x FOR PEER REVIEW 8 of 17 
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The ash content was also related to the temperature of the torrefaction process. The higher
temperature caused a release of a part of volatile matters. Therefore, there was an effect of concentrating
the solid material, resulting in an increase of ash content in the fuel. Other biomass materials like wood
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sawdust and chips, investigated by Świechowski et al. [53], also had a higher ash content at a higher
temperature of the torrefaction process. Their research showed that torrefied pruned biomass (oxytree
wood) at a temperature of 200 ◦C contained below 10% of ash. In turn, the rise of the torrefaction
temperature to 300 ◦C caused the increase in ash content to 15%.

The volatile matter content (VMC) in the tested samples was between 44% and 94% (Figure 7).
As the temperature of the torrefaction process increased, the VMC decreased depending on the type
of food waste biomass. The lowest VMC in the dried materials (105 ◦C) was observed for the black
currant pomace (81.6%) and the walnut shells (81.4%). Whereas, the highest VMC was determined
for the apple pomace (93.8%). At a temperature (torrefaction process) of 300 ◦C, the highest VMC
was noticed for black currant pomace (62.8%). The lowest volatile matter content was observed for
pumpkin seeds (42.97%). Pumpkin seeds were characterized by the largest decrease in VMC. The
difference between 105 ◦C and 300 ◦C in volatile matter content was ca. 42%. The lowest decrease was
observed for black currant pomace (only 19%).Energies 2019, 12, x FOR PEER REVIEW 9 of 17 
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In the case of the volatile matters in torrefied biomass, it could be seen that as the temperature of
the process increased, the VMC decreased. This dependence was also investigated by Matali et al. [54].
Matali et al. investigated two types of biomass: oil palm frond (OPF) and Leucaena Leucocephala
(LL). Volatile matter content in these materials also decreased with the increase of the torrefaction
temperature. Torrefied OPF was characterized by a volatile matter content of 79% at 200 ◦C, 70% at
250 ◦C, and 46% at 300 ◦C. Similar dependence was observed for LL (65% VMC at 200 ◦C and 37%
VMC at 300 ◦C).

Fuels characterized by the lower content of the volatile matters were difficult to ignite. As a result,
the thermally treated wastes needed more energy to be delivered to cause the auto-ignition process.
At the higher temperature of torrefaction, during the thermal processing, more light and flammable
compounds from the fuel were released.

In relation to the influence of temperature of the torrefaction process on the higher heating values
(HHV) of the tested materials, depending on the type of waste material tested, a different increase
in these values was observed (Figure 8). The heating values were higher as the temperature of the
process increased. The lowest heating value was observed for the pumpkin seeds (dried at 105 ◦C), it
amounted to 18,228 kJ·kg−1. After torrefaction at 300 ◦C, the HHV = 28,488 kJ·kg−1. It was the highest
value of HHV across the investigated materials. The lowest value of HHV at 300 ◦C was observed for
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orange peels (23,447 kJ·kg−1). Walnut shells were characterized by the lowest increase in HHV (from
19,604 kJ·kg−1 at 105 ◦C to 24,343 kJ·kg−1 at 300 ◦C).
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Figure 8. The higher heating value of torrefied food waste biomass.

Lower heating values (LHV) depended on the initial moisture content in the food waste
biomass (Figure 9). The lowest LHV was calculated for the pumpkin seeds at a temperature of
105 ◦C (17,110 kJ·kg−1). Black currant pomace was characterized by the highest LHV amounted to
26,902 kJ·kg−1 at 300 ◦C.Energies 2019, 12, x FOR PEER REVIEW 10 of 17 
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Figure 9. The lower heating value of torrefied food waste biomass.

Data analysis of the heating value shows a dependence of HHV on the temperature of the
torrefaction process. During the torrefaction, the mass losses are greater than the amount of energy
accumulated in the volatile compounds released during the thermal conversion. As a consequence,
an (LHV and HHV) included in the mass unit of the torrefied material (biochar) raise [28]. A higher
temperature during the torrefaction process allows higher production of oxygenated volatiles, resulting
in lower char yield and elevated HHV [55]. An increase in heating values of the plants during the
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torrefaction process was investigated and confirmed by Mundike et al. [56], as well. In their studies, the
materials, such as Lantana camara (LC) and Mimosa pigra (MP), were investigated. The torrefaction
at 250 ◦C caused the increase in HHV by +2.1 MJ·kg−1 for LC and +1.49 MJ·kg−1 for MP, compared
to 200 ◦C. The largest increase in HHV was observed between the temperatures 250 and 280 ◦C
(+6.19 MJ·kg−1 for LC and +4.62 MJ·kg−1 for MP).

Based on the water absorption time, the hydrophobic properties of the tested materials were
determined. The torrefied material (pumpkin seeds dried at 105 ◦C), shown in Figure 10a, was
characterized by hydrophilic properties. After a few seconds from the beginning of the test, drops
of water were completely absorbed by the investigated material. In the case of the torrefied material
(pumpkin seeds torrefied at 240 ◦C), the strong/severe hydrophobic properties were established
(Figure 10b). In turn, Figure 10c shows the extremely hydrophobic properties obtained by pumpkin
seeds torrefied at 300 ◦C. The drops of water stuck well on the surface of the material throughout
the test.
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Figure 10. Type of hydrophobic properties of torrefied biomass: (a) hydrophilic (105 ◦C); (b) strongly
hydrophobic (240 ◦C); (c) extremely hydrophobic (300 ◦C).

Analyzing the influence of the temperature of the torrefaction process on the hydrophobic
properties of the tested organic materials, different courses of variation of these properties were
observed depending on the type of waste biomass. Black currant pomace and apple pomace were
characterized by a different course of the variability of their hydrophobic properties compared to other
samples (orange peels, walnut shells, pumpkin seeds).

In the case of black currant pomace, in the temperature range of the torrefaction process from
200 ◦C to 280 ◦C, no significant changes in hydrophobic properties were observed in comparison
to the reference sample (dried at 105 ◦C) (Figure 11a). In this range, the black currant pomace was
characterized by slightly hydrophobic or hydrophilic properties, although the process temperature
increased. These slight variations might be explained by the fact that the difference in the drop
penetration time between the classification of the material as hydrophobic (more than 5 s and less
than 60 s) and hydrophilic (below 5 s) was very small. If the composition of the black currant pomace
itself is considered to be not completely homogeneous (without the external impurities), as it may
contain petioles, leaves, stalks, peels, and seeds, the heterogeneous nature of the material may influence
small differences in the degree of carbonization and thus final results. However, a further increase in
temperature of the process (300 ◦C) already caused a significant change in the hydrophobic properties
of the torrefied black currant pomace. In this temperature, the tested material was characterized by
severely hydrophobic properties, where the water drop penetration time was ca. 2000 s.

In the range of the torrefaction process temperatures from 200 ◦C to 280 ◦C, in the case of apple
pomace, a consistent improvement in hydrophobic properties was observed as the process temperature
increased (Figure 11b). In this range of temperatures, the material changed their hydrophobic properties
from strongly hydrophobic (200 ◦C) to severely hydrophobic (220–280 ◦C). However, as in the case of
black currant pomace, the largest increase and the best hydrophobic property was achieved for the
process temperature of 300 ◦C. Torrefied apple pomace at a temperature of 300 ◦C was characterized
by extremely hydrophobic properties with a water drop penetration time of 9200 s.
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Figure 11. Hydrophobic properties as a function of torrefaction process temperature of (a) torrefied
black currant pomace; (b) torrefied apple pomace.

The torrefaction process had also a positive effect on the hydrophobic properties of orange peels,
walnut shells, and pumpkin seeds. However, in this case, the course of change of hydrophobic
properties differed from fruit pomaces. For the torrefied orange peels, walnut shells, and pumpkin
seeds, the largest increase of hydrophobic properties was observed in the range of temperatures from
200 ◦C to 280 ◦C (Figure 12).
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The torrefied orange peels (Figure 12a) reached the extremely hydrophobic properties at a
temperature of 240 ◦C, and the largest increase of hydrophobic properties was achieved in the range of
temperature from 200 ◦C to 240 ◦C. At a temperature of 240 ◦C, the further increase in the penetration
time of water drop was not as significant. The thermal treatment of the raw material at a temperature
of 300 ◦C did not improve the hydrophobic properties. The time of the water drop penetration was
similar at 280 ◦C and 300 ◦C (between 6000 and 7000 s).

A similar relationship was observed for torrefied walnut shells (Figure 12b). The largest increase
of hydrophobic properties was noted in the range of torrefaction process temperatures from 200 ◦C to
260 ◦C. Extremely hydrophobic properties were already achieved at 220 ◦C (WDPT was 4600 s). Again,
at a temperature of 240 ◦C, the dynamics of the water drop penetration time diminished. Further
increase in the process temperature (to 300 ◦C) did not result in an increase in water drop penetration
time and thereby the hydrophobic properties.

In the case of pumpkin seeds (Figure 12c), in the range of temperature from 200 ◦C to 240 ◦C, the
change of hydrophobic properties was low. The material was characterized by slightly hydrophobic
properties at 105 ◦C (reference sample), strongly hydrophobic at 200 ◦C, and severely hydrophobic at
220 ◦C and 240 ◦C. The largest change in hydrophobic properties of pumpkin seeds was observed from
240 ◦C to 280 ◦C. Torrefied pumpkin seeds were characterized by extremely hydrophobic properties
already at the temperature of 260 ◦C. The temperature increase of the torrefaction process from 280 ◦C
to 300 ◦C did not change its hydrophobic properties.

The performed research confirmed that the temperature of the torrefaction process affected
significantly the hydrophobicity properties of the waste biomass material produced during food
processing. The increase of the temperature from 200 ◦C to 300 ◦C caused the improvement in the
hydrophobic properties of the material. The studies of other researchers have also shown the impact
of the torrefaction temperature on hydrophobic properties [41,57,58]. Sokhansanj et al. [59] noted a
25% decrease in the water uptake of torrefied biomass (wood pellets) (250 ◦C and 300 ◦C) compared
to the untreated reference sample of wood pellets. Significant improvement in hydrophobicity of
biomass material at the level of 50% reduction of hygroscopicity was achieved in studies carried out by
Chen D. et al. [39] and Chen W.H. et al. [60].

However, analyzing a wider range of temperatures than in other studies, it was observed that
only in a certain temperature range of the torrefaction process (mainly from 200 ◦C to 280 ◦C), there
was a significant improvement in hydrophobicity. The application of the higher process temperature
(i.e., 300 ◦C) did not bring tangible benefits in hydrophobicity; instead, it required a greater amount of
energy needed to maintain this temperature in the chamber. Thus, the determination of the optimal
value of the torrefaction temperature is crucial to optimize the costs and energy input for the process.

The hydrophobicity improvement of the material at a higher temperature of the process is
associated with the degradation of hydroxyl groups that are responsible for the binding of moisture in
the material. Chen et al. [61] described the relationship between the presence of hydroxyl groups (O-H
bonds) and the thermal processing of the material. The higher temperature of the process causes the
dissolution and dehydration of O-H bonds, thus improving the hydrophobicity of the material [62,63].
As a result, the disintegration of these bonds causes a decrease in the moisture uptake coefficient.

From the economic point of view, it should be marked that the improvement of the waste biomass
(as alternative fuel) properties by thermal processing is associated with higher energy consumption
by the reactor (muffle oven, internal dimensions of the chamber: 32.0 cm x 15.0 cm x 20.5 cm). The
energy demand for a torrefaction process increased with a temperature increase (Figure 13). During
these studies, the torrefaction process at 200 ◦C demanded ca. 320 Wh of energy (duration time of the
torrefaction process was 60 min). At the higher temperatures, energy consumption was also higher, at
260 ◦C, it was 428 Wh and, at the 300 ◦C, it was 480 Wh, respectively. Therefore, the determination of the
optimal temperature of the process at which the torrefied material reaches the expected hydrophobic
properties or heating value is very important in relation to the processing costs.
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4. Conclusions

Biomass resistance to moisture absorption is an important aspect in terms of its use as an energy
source. The unprocessed and raw material is exposed to the negative effect of external conditions.
Raw biomass absorbs more moisture than torrefied biomass (biochar) due to its poor hydrophobic
properties. An increase in the moisture content of the material causes a decrease in the quality of the
fuel and also creates a problem during its transport and storage.

Based on the performed research, it could be concluded that the increase of torrefaction process
temperature resulted in the increase of the hydrophobic properties of agri-food industry wastes, such
as black currant and apple pomace, orange peels, walnut shells, and pumpkin seeds. However,
the range of the process temperature should be properly chosen due to the technical and economic
aspects (concerns). A too high temperature of the torrefaction process might result in high energy
consumption with a small improvement in hydrophobic properties, leading to financial losses or
unnecessary expenses. Thus, the optimization process should be applied to find a proper balance
between the costs and expected biomass valorization.

This research provided also a room for further tests that could be oriented on the explanation of
the different behavior of the organic materials during torrefaction. It is also still unknown what is a
dominant driver of the changes in the hydrophobic properties (chemical or physical changes).
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matter content, higher heating value, lower heating value, and moisture content of the investigated materials.
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Abbreviations

AC ash content
EC European Commission
EU European Union
HHV higher heating value
LHV lower heating value
LC Lantana camara
LL Leucaena Leucocephala
MC moisture content
MP Mimosa pigra
OPF oil palm frond
RES renewable energy sources
VMC volatile matter content
WDPT water drop penetration time
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15. Stępień, P.; Pulka, J.; Białowiec, A. Organic Waste Torrefaction–A Review: Reactor Systems, and the Biochar
Properties. In Pyrolysis; IntechOpen: London, UK, 2017; ISBN 978-953-51-3312-4.

http://dx.doi.org/10.1016/j.ngib.2016.02.001
http://dx.doi.org/10.1016/j.biombioe.2009.07.011
http://dx.doi.org/10.3390/en11040696
http://dx.doi.org/10.1016/j.biortech.2015.08.117
http://dx.doi.org/10.1021/acs.energyfuels.7b00258
http://dx.doi.org/10.1016/j.cattod.2016.03.022
http://dx.doi.org/10.1038/s41598-017-13946-4
http://dx.doi.org/10.1039/C6MH00500D


Energies 2019, 12, 4609 15 of 17

16. Phanphanich, M.; Mani, S. Impact of Torrefaction on the Grindability and Fuel Characteristics of Forest
Biomass. Bioresour. Technol. 2011, 102, 1246–1253. [CrossRef] [PubMed]

17. Van der Stelt, M.J.C.; Gerhauser, H.; Kiel, J.H.A.; Ptasinski, K. Biomass Upgrading by Torrefaction for the
Production of Biofuels: A Review. Biomass Bioenergy 2011, 35, 3748–3762. [CrossRef]

18. Bajcar, M.; Zaguła, G.; Saletnik, B.; Tarapatskyy, M.; Puchalski, C. Relationship between Torrefaction
Parameters and Physicochemical Properties of Torrefied Products Obtained from Selected Plant Biomass.
Energies 2018, 11, 2919–2931. [CrossRef]

19. Alvarez, A.; Gutierrez, G.; Matos, M.; Pizarro, C.; Bueno, J.L. Torrefaction of Short Rotation Coppice of Poplar
under Oxidative and Non-Oxidative Atmospheres. Proceedings 2018, 2, 1479–1483. [CrossRef]

20. Nunes, L.J.R.; Matias, J.C.O.; Catalão, J.P.S. A Review on Torrefied Biomass Pellets as a Sustainable Alternative
to Coal in Power Generation. Renew. Sustain. Energy Rev. 2014, 40, 153–160. [CrossRef]

21. Chen, W.; Peng, J.; Bi, X. A State of the Art Review of Biomass Torrefaction, Densification and Application.
Renew. Sustain. Energy Rev. 2015, 44, 847–866. [CrossRef]

22. Basu, P. Biomass Gasification, Pyrolysis and Torrefaction; Chapter 4; Academic Press: Cambridge, MA, USA,
2013; ISBN 978-0-12-396488-5.

23. Bajcar, M.; Puchalski, C.; Saletnik, B.; Zaguła, G.; Fabisiak, A.; Malecka, K. Optymalizacja Punktu
Temperaturowego i Czasu Trwania Procesu Toryfikacji Wybranych Produktów Odpadowych Rolniczej Produkcji
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