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Abstract: Thermal treatments such as torrefaction and fast pyrolysis are commonly employed
methods to produce biofuels with high-energetic properties. In this study, wood chips were heat-
treated at different temperatures of torrefaction (315 °C) and fast pyrolysis (400 and 454 °C) to
form energetic pellets. Three softwoods, jack pine (JP), balsam fir (BF), and black spruce (BS), were
evaluated. Pellets are produced using 20% moisture content and 15% pyrolytic lignin as a binder.
Untreated- and treated-wood residues were characterized by surface chemistry, elemental analysis,
and chemical composition, whereas all pellets were characterized in terms of density, high heat value
check for (HHV), and durability. Results showed that both thermal treatments caused significant changes in
updates the physicochemical structure of wood residues. Using temperatures higher than 315 °C leads to the
disappearance of hydroxyl groups, a decrease in oxygen and hydrogen contents, and an increase in
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Temperature and Wood Species on compared to untreated-wood pellets (19 MJ/kg). Thus, the densification of the thermal-treated wood
the Properties of Biochar Pellets. residues represents a potential approach for producing biofuels with high energetic value.
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1. Introduction

Wood chips generated by sawmills represent the principal raw materials for the pulp
and paper industry in Québec. However, the decrease in demand for newsprint and other
paper grades led to a surplus of wood chips. The chip consumption by the pulp industry
decreased from 6293 to 4825 anhydrous metric tons during 2007 and 2017, respectively [1].
Exploring new markets for sawmill residues becomes a necessity for optimum resource
use and sawmill profitability. Wood chips are suitable for various products such as particle-
board, oriented strand board, wood pellets, wood composites, and wood-based bioenergy.
Since biomass is one of the world’s largest energy resources, bioenergy produced by wood
= residues could be a viable alternative to replace fossil fuels such as coal. In addition, it can
reduce the world’s dependence on natural gas and petroleum products and consequently
reduce greenhouse gas emissions and environmental pollution [2].

On the other hand, wood residues have a heterogeneous structure, relatively low
calorific values, high moisture contents, are hydrophilic, and are difficult to store [3]. How-
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200 °C with low or without oxygen [6]. For example, torrefaction is a thermal treatment
process between 225 and 320 °C [4,7], whereas pyrolysis is operated within the 300-800 °C
range [6]. Solid, liquid, and gas result from such thermal treatments at different proportions.
The solid phase, torrefied wood or biochar, has interesting properties, i.e., the material
becomes more carbonaceous [3,5] with low moisture content and a higher combustion effi-
ciency [7,8]. For example, the O/C ratio in thermal-treated wood is significantly reduced,
enhancing the heating value [7,8]. The mass yield of torrefied wood or biochar is mainly
related to the principal parameters of thermal treatments: furnace design, temperature,
residence time, heating rate, and the nature of feedstock [9].

In recent years, wood pellets have attracted more interest for energy applications [10].
Europe pellets are ranked among the most important markets globally, accounting for
around 50% of worldwide production [10]. Several studies evaluated the efficiency of
densification parameters by improving pellets” properties [11-16]. Pelletization is a process
that compresses biomass into uniformly sized solid fuel through the application of me-
chanical force under certain pressure and temperature [16,17]. Combining wood thermal
treatments with pelletization could improve fuel properties and provide a better alternative
for using extra residual wood residues [15]. Compared to untreated-wood pellets, torrefied
or biochar pellets have higher density, lower moisture contents, and higher calorific val-
ues [18]. Therefore, these properties can enhance their quality, reduce costs, and better deal
with the problems related to biomass transport and storage [17].

Abedi and Dalai [18] pointed out that the quality of treated pellets was improved
using binding agents such as lignin and amino acids. Accordingly, binders are needed
to assist particles bonded together and improved pellets properties, especially hardness
and durability [11,18]. The mixture of small quantities of lignin-rich solid additives during
pelletization of torrefied biomass enhanced the densification process and pellet’s proper-
ties [15]. Kong et al. [19] investigated a method for the conversion of Spruce wood sawdust
into biochar pellets by adding different binders (lignin, Ca(OH),, NaOH, CaO). Results
showed that additives reduced disruptive force and improved hardening bonds to ensure
safe transportation and storage.

Recent studies investigated the environmental performance of wood pellets through
life cycle assessment studies (LCA) [20-22]. Wood pellets from fast growth and short-
rotation wood species gave the best environmental performance [20]. Wood torrefaction
provides pellets with the best environmental performance compared to nontorrefied wood
and other torrefied biomass [21]. The reduction in fossil fuel consumption and green-
house gas emissions explain the better environmental performance of torrefied wood
pellets [21,22] compared to conventional wood pellets. However, the environmental per-
formance of torrefied pellets is strongly dependent on other factors, including the source
and type of biomass, the drying requirement, energy requirement for processing, and the
outcome of torrefaction gas and pyrolytic oil [21,22].

The main objective of this study was to evaluate the properties of the pellets made
from heat-treated wood chips. The specific objectives were to investigate the impact of
pyrolysis temperature and wood species on pellets” properties.

2. Materials and Methods
2.1. Sample Preparation
2.1.1. Preparation of Treated Wood Fibers

Wood chips from three softwood species (jack pine (JP), balsam fir (BF), and black
spruce (BS)) were collected from the Matériaux Blanchet Inc. sawmill, located in Amos in
the Abitibi-Témiscamingue region (QC, Canada). These are the most important species for
the forest products industry in eastern Canada and generate important volumes of wood
chips. Reported densities for black spruce, jack pine, and balsam fir were 440, 400, and
350 kg/m?3, respectively [23]. Wood chips were first ground and sieved at particle size
lower than 5 mm. The thermal treatment of dried wood residues was carried out through
the CarbonFX unit (Airex—Energie, Bécancour, Quebec, Canada) at different temperatures



Energies 2021, 14, 6529

30f15

(315, 400, and 454 °C). The selection of these process temperatures insured variability in
the chemical composition of the residual biochar. Depending on the moisture content of
the wood shavings (between 30% and 60%), several passages in the circuit (conveyor—dust
and collector-dryer) were necessary to condition the humidity at 25-35%. They pass from
the dryer to the conditioning to the thermal treatment unit based on gravity through an
aspiration process. Lighter chips are aspired first, while heavier chips continue to circulate
in the dryer until their weight is lowered to be aspired. Thus, only lighter particles pass
through to the conditioning chamber and then to a cyclonic bed reactor for heating in an
oxygen-poor environment within a few seconds.

2.1.2. Preparation of Pyrolytic Lignin

The pyrolytic lignin (PL) was extracted from pyrolysis oil, produced by Abri-Tech, © Inc.
(Namur, QC, Canada). The pyrolysis oil was generated following fast pyrolysis of the
linden wood from America (Tilia Americana L.) at 450 °C. For the PL extraction process,
a 1:3 mass ratio of pyrolysis oil and distilled water was prepared. After eight hours of
decanting, the mixture was divided into two phases [24,25]. Subsequently, the aqueous
phase containing the water-soluble organic components was removed to recover nonsolu-
ble water components called “pyrolytic lignin.” Then, the moisture content of the pyrolytic
lignin was determined to take it into account during the pelletization process.

2.2. Characterization of Raw Material

Particle size distribution of wood residues (untreated and treated fibers) was per-
formed with the Ro-Tap RX29, W.S Tyler type sieve shaker (Mentor, Ohio, USA). For the
rest of the analyses, wood particles were dried in an oven at 50 °C for 24 h. After the drying
procedure, the samples were sieved to the maximum particle size of 40 mesh (<0.42 mm)
according to the TAPPI T264 (1989) standard method [26]. Then, they were placed in plastic
bags and stored in a desiccator at room temperature before analyses. The elemental com-
position of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) were analyzed using a
PerkinElmer elemental analysis system, 2400 Series II, CHNS/O (Waltham, Massachusetts,
USA). The difference in the total contents estimated the oxygen content in the sample.

According to Sheng and Azevedo [27], a correlation based on the composition of the
main elements (C, H, and O in% by weight) was adopted to estimate the high heat value
(HHV) of all materials, with an error range of +5%, according to Equation (1):

HHV (MJ/kg) = —1.675 + 0.3137 x C +0.7009 x H + 0.0318 x O 1)

The hemicellulose, cellulose, lignin, and extractives contents of untreated- and treated-
wood residues were determined according to TAPPI T264 [26] and T249 ¢cm-85 [28] standard
methods. The five main sugars present in wood: glucose, xylose, mannose, arabinose, and
galactose contents, which defined the chemical composition of cellulose and hemicellulose,
were determined through high-performance liquid chromatography (Shimadzu HPLC 10
AVP instrument, Canby, Oregon, USA) [29]. Following the T22 OM-88 method [30], Klason
lignin content was measured after hydrolysis with sulfuric acid using an autoclave, model
50X-110V-1500W-24L (Manitowoc, Wisconsin, USA). Extractives content was determined
using ethanol and hot water, according to the T204 OM-88 method [31]. FTIR analysis of
treated and untreated samples was carried through a Shimazhu FTIR device fitted with an
ATR total attenuated reflection assembly (Kyoto, Japon) between 4000 and 500 cm 1.

2.3. Pelletization Process

The granulation was carried out using a KAHL granulator (Amandus Kahl, Reinbek,
Germany). Preliminary experiments allowed the determination of optimum pelletizing
parameters, namely die geometry, moisture content, binder type, and content. Four die
geometries (ratio: 1/3,1/4,1/5, and 1/6), three moisture contents (15%, 20%, and 25%,
wet basis), three binders (starch, lignosulphonate, and pyrolytic lignin), and contents (5%,
10%, and 15%).
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Regardless of the binder used, 15% moisture content was insufficient to prepare the
pellets due to fines generation at the exit of the granulator. Indeed, the activation of the
hydrogen bonding mechanism is incomplete when the particles are not close enough [32].
Thus, the contact between the sites available for hydrogen bonds remained necessary to
ensure pellets’ good resistance [33]. On the other hand, a humidity of 25% produced
very humid granules. Excess water absorbed by the hydrogen bonding sites can attack
the particle-particle binding sites leading to a decrease in the durability of the pellet [33].
At 20% humidity, produced pellets had a coherent structure using two geometries of
channels at ratios 1:4 and 1:5. Concerning the binder, starch and lignosulphonate could not
link torrefied fibers, making pellets easy to crash by hand. Only 15% of pyrolytic lignin
produced pellets with good durability. Thus, pyrolytic lignin, a nonvalued product of
pyrolysis, is recommended as a low-cost and effective binder to use. Thus, the conditions
chosen for producing pellets from thermally treated wood were: moisture of 20%, 15%
pyrolytic lignin as a binder, and die geometry at a ratio of 1:5 to ensure good material
compaction. Figure 1 shows untreated- and treated-wood pellets from JP, BF, and BS.

.
4

Untreated T315°C T400°C T454°C

Figure 1. Images of untreated- and treated-wood pellets prepared in the present study.

2.4. Characterization of Wood Pellets

A thermogravimetric analyzer (TGA) (TA instrument, model Q50, Newcastle, Texas,
USA) analyzed the pellets’” combustion characteristics in the presence of nitrogen (N2).
During the test, a drying step was carried out at 100 °C for 5 min followed by 600 °C
for 10 min at a heating rate of 20 °C/min. The mass variation was determined as a
function of the evolution of temperature and time. A helium pycnometer (AccuPyc 1330,
Micromeritics Instrument Corporation, Norcross, GA, USA) determined the pellets’ density.
An automatic isoperibol calorimeter 6400 (Parr Instrument Company, Moline, IL, USA)
determined pellets” higher heating value (HHV, M]/kg). The moisture and ash contents
were measured using a COMPUTRAC MAX 5000 instrument (AMTEK BROOKFIELD,
Chandler, AZ, USA).

The durability of pellets was carried out according to the ISO17831 standard, using a
pellet durability tester [34]. The durability value describes the intact proportion of pellets
after the removal fines by computing the weight difference before and after sieving. In total,
500 g of each pellet type was sieved (3.15 mm screen), placed into a box, and maintained at
50 rpm speed to ensure the rotation of the boxes for 10 min. Each analysis was repeated
twice.
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2.5. Data Analysis

Statistical analyses were conducted using Statistical Analysis System (SAS) software
(SAS Institute Inc: Cary, NC, USA, 2008) [35]. The statistical significance of the fixed
effects was determined using the F test at a p-value of 0.05. Analysis of variance (ANOVA)
was carried out to assess the effects of species (JP, BE, and BS) and the heat treatment
temperatures (315, 400, and 454 °C) on the properties of pellets (density, heating value, and
durability). Equation (2) describes the general model of the analysis of variance.

Yij=H+Ai+Bj+AiXBj+5ij (2)

where Yi is the dependent variable (density, high heat value, and durability); p is the
general average effect (intercept); A; is the wood effect; B; is the treatment temperature
effect; A;j x Bj is the interaction between the wood type and the treatment temperature; and
&jj is the error term.

3. Results and Discussion
3.1. Properties of Wood Residues and Pyrolytic Lignin
3.1.1. Particle Size Distribution

Figure 2 shows the measured particle size distributions of untreated- and treated-wood
residues at 315, 400, and 454 °C of JP, BF, and BS. The particle size of the three softwood
species samples was very close to each other. As the thermal treatment temperature
increased, the particle size of the three types of wood became smaller. This result was also
reported in the open literature [36,37]. At the temperature of 315 °C, the average diameter
of JP and BS particles was around 0.65 mm, while the average diameter of BF was about
0.84 mm. On a microscopic scale, particle size reduction is explained by the damage of the
material’s cell walls [37]. Variation in the cell wall structure of the studied species explains
the difference in their particle size. In addition, the particle size distribution depends on
the treatment temperature. For example, the mass percentage of BF particles at a particle
size lower than 0.5 mm was about 5% for untreated particles and about 20% and 45% for
treated particles at 300 and 454 °C, respectively.

100 ¢ 100
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60 —e JP untreated 60 | —e-BF untreated
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20 20
0 0
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Figure 2. Cumulative particle size distribution for the three types of wood before and after the
thermal treatment: (a) Jack pine (JP), (b) Balsam fir (BF), and (c) Black spruce (BS).



Energies 2021, 14, 6529

6 of 15

3.1.2. Elemental Analysis and Chemical Composition and Chemical Properties

Table 1 shows the elemental analysis and the calorific value of the pyrolytic lignin and
the untreated- and treated-wood residues. In agreement with previous findings [37-40], the
increasing treatment temperature led to an increase in the carbon content and a decrease
in the oxygen and hydrogen contents. The heat treatment decomposes the hemicelluloses
and selectively eliminates their -OH groups [41,42]. The reduction in hydrogen content
after treatment indicates the increased hydrophobicity of treated wood [39,41]. On the
other hand, the elemental analysis revealed similar hydrogen content for untreated-wood
residues and pyrolytic lignin (PL) (~6.55 vs. 6.11%). However, the analysis showed that the
PL has more carbon content and less oxygen content than the untreated-wood particles.
Mullen and Boateng [43] explained the low oxygen content in PL due to the deoxygenation
of wood lignin during the pyrolysis process. Indeed, the oxygen released is in the form
of water or water-soluble organic compounds remaining in the aqueous phase during the
isolation of PL. As listed in Table 1, the HHV increased with the treatment temperature
and was higher than the untreated-wood residues derived from the three-wood species.
For example, for BF raw and treated residues at 315, 400, and 454 °C, the HHV values were
19.3,23.8, 22.2, and 27.2 M] / kg, respectively. Similar observations were reported by Wang
et al. [40]. The HHYV values of torrefied wood chips increased with the temperature and the
reaction time. In addition, the HHV value of PL was higher than that of untreated-wood
residues (21.9 vs. 19.4 MJ/kg). Thus, this characteristic makes PL a good choice as a binder
for the production of bioenergy.

Table 1. Elemental analysis and estimated calorific value calorific value according to Equation (1) of untreated- and treated-wood

residues.

Type BS BF PL
T(°O) Raw 315 400 454 Raw 315 400 454 Raw 315 400 454 450
Elemental analysis (%)

C 4696 65.21 77 80.7 45.85 75.6 80.55 85.92 46.46 70.01 71.19 83.45 57.18

H 6.55 1.27 2.48 3.34 6.42 3.14 3.03 2.81 6.67 3.34 3.32 2.77 6.11

N 0.05 0.2 0.26 0.21 0.05 0.2 0.11 0.1 0.02 0.17 0.16 0.12 1.51

S 1.09 0.35 047 0.58 1.16 0.62 0.52 0.47 1.07 0.59 0.69 0.56 0.59

O 4535 3297 19.79 15.17 46.52 20.44 15.79 10.70 45.78 25.89 24.64 13.1 33.61
Calorific value (M]/kg)

HHV * 19.4 21.0 25.2 26.8 19.0 25.2 26.5 27.9 19.3 23.8 22.2 27.2 219

* estimated from Equation (1) [27].

The chemical composition analysis (Table 2) showed that the cellulose and hemi-
cellulose contents decreased drastically following the heat treatment. Thus, most of the
hemicellulose and part of the cellulose degraded during the heat treatment of wood [44].
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Table 2. Chemical composition of untreated- and treated-wood residues.

Type JP BS BF

Type JP BF

T(°C) Raw 315 400 454 Raw 400 Raw 400
BS

Chemical composition (%)
45.00 17.13 13.82 2.72 44.66 9.55 40.72 9.9

Cellulose 030) (052  (006) (0.01) (344  (003) (639  (0.12)

Hemicelllose 1788 198 042 002 232 028 3199 017

030)  (017)  (006) (001) (344  (0.03)  (639)  (0.11)

Lignin 3406 8055 8365 9676 2883 8959 2429  89.11

224)  (91) (269) (125 (177  (0.80)  (086)  (0.09)

. 306 103 061 050 331 057 300 079
Extractives

0.13)  (0.06)  (0.01)  (0.04) (021)  (0.06)  (0.10)  (0.04)

In addition, the extractable content decreased with the processing temperature com-
pared to the untreated-wood residues. On the other hand, the lignin content of the heat
treated-wood residues increased considerably with the temperature. In the case of JP, the
lignin content of the treated-wood residues varied from 80.55% to 96.76% with temperature,
compared to 34.06% in untreated residues. The relative increase in lignin content following
heat treatment may be due to the volatilization of most carbohydrate components and
the formation of acid-insoluble breakdown products during the treatment [40,41]. At
400 °C, BS particles showed the highest lignin content (89.59%). This explains the high
value of HHYV for BS particles treated at 400 °C, reaching up to 26.52 MJ/kg, compared to
other species treated at the same temperature. Similar results were also observed in the
literature [44,45].

3.1.3. FTIR Characterization

FTIR spectroscopy investigated the chemical changes induced by the thermal treat-
ment (Figures 3-5). The spectra of the three studied species showed several features in
common depending on the temperature. However, the thermal treatment caused signifi-
cant changes in the spectra of treated wood compared to untreated wood. The wideband
in the O-H stretching vibration region at about 3600 and 3200 cm ! is caused by intra- and
inter-molecular hydrogen bonds [46—48]. An absorption band appearing in the range of
2889 and 2897 cm ™! is due to the stretching of C-H, of the aliphatic —CH,, and aromatic
—CHj; groups [46,49-51]. The intensity of these bands almost disappeared after the thermal
treatment. Water evaporation and the elimination of most of the hydroxyl groups explain
this result [15,52-54]. The peaks between 1585 and 1570 cm ™! represent carboxylic groups
(C=C) characteristic of the aromatic skeleton of lignin [46] and were strongly present in
the absorption spectra of the treated material. The hemicellulose vibration can be found
at about 1732 cm ™! (the stretching C=0 of carboxylic acids) [46,55,56]. The peaks of the
aliphatic deformation C-H between 1315 and 1369 cm ! may be derived from hemicellu-
lose or cellulose [57], and the C-O stretching peak at about 1034 cm ! is characteristic of
C-O-C in hemicellulose and cellulose [46,48,56]. These peaks were present in the untreated
wood but disappeared after the thermal treatment. In good agreement with the chemical
analysis data (Table 2), these results indicate hemicellulose and cellulose degradation.
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Figure 3. FTIR spectra of jack pine pellets at different heat temperatures.
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3.2. Properties of Pellets
3.2.1. Thermal Degradation of Pellets

Figure 6 displays the thermogravimetric analyses of the pellets derived from the three
types of wood. TGA curves show three different phases: material dehydration, volatile
components release, and combustion [58,59]. At temperatures below 100 °C (i.e., the first
phase), the curve of untreated-wood pellets underwent a slight weight loss due to water
evaporation. However, the TGA curves of treated-wood pellets showed a delayed onset of
weight loss due to the degradation of hemicellulose and cellulose. The thermal degradation
of most treated-wood pellets begins at around 380 °C, except for JP treated-wood pellets
at 315 °C, where the degradation begins at around 310 °C. This result is surprising and
could be explained by the differences in the chemical composition of the studied species.
Moreover, the addition of an organic binder (PL) can accelerate the thermal decomposition
of pellets. Wang et al. [60] noted that PL has poor thermal stability and decomposes in
low temperatures (231-320 °C). The DTG curves show hemicellulose, cellulose, and lignin
peaks clearer and higher for JP pellets. This is consistent with the previous results of the
wood chemical composition. The thermal degradation of BS-treated pellets illustrates a
single prominent peak of DTG (Figure 6d) due to the continuous loss of weight. While
the DTG curves illustrated in Figure 6e,f clearly show two degradation peaks: the first
peak at around 280 and 300 °C, which corresponds to the release of volatile substances
from the PL, and the second peak the remaining degradation weight of the material (at
about 420 °C). These results agree with the studies of Hu et al. [61]. They reported that the
addition of organic binders in the pellets preparation releases volatile substances during
their combustion.

—BS untreated

—JP untreated

—BF untreated

120
| (a) —BST315°C (b) —_JPT315°C 2 ) (c) — BFT315 °C
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Figure 6. Thermogravimetric analyses curves (TGA and DTG) of pellets derived from the three types of wood: JP (a,d), BF

(b,e), and BS (c,f) at different heat temperatures.

3.2.2. Physical and Mechanical Characteristics of Pellets

Table 3 shows the analysis of variance on the effect of wood species and treatment
temperature on the properties of the pellets. The type of wood (A), the temperature (B), and

the A x B interaction significantly affected the pellets” density, HHV, and durability.
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Table 3. Analysis of variance (F-value) of the effects of wood species and treatment temperature on
the mechanical and physical properties of wood pellets.

Density HHV Durability
Type of wood (A) 35756.6 ** 71.74** 62.05 **
Temperature (B) 24260.8 ** 13952 ** 36.75 **
(A) — x (B) 1042.9 ** 45.29 ** 9.26 **
R? 0.96 0.99 0.99

** significant at 0.01.

Table 4 presents the results of density, moisture, and ash contents of untreated- and
treated-wood pellets. An increase in treatment temperature caused a decrease in pellet
density regardless of the species used. The average value of untreated-wood pellet density
was about 1392 kg/m3, while that of treated-wood pellet was around 1353 kg/m?3. For
the JP, pellet density decreased from 1438 to 1345 kg/m? when the treatment temperature
increased from 315 to 400 °C. The decomposition of the wood’s hydrophilic groups at
high temperatures explains the slight decrease in density. In addition, high temperatures
might lead to the irregularity of wood residues [62]. These results are consistent with
previous findings [59,63]. According to the statistical analyses, the type of wood and the
treatment temperature significantly affected density (Table 3). The JP pellets showed the
highest density among the three species studied regardless of the treatment temperature
(Table 4). The strong adhesion between the JP treated-wood residues and the pyrolytic
lignin explains this result. Hu et al. [61] reported that the highest density was achieved by
using the following additives: lignin, starch, NaOH, and Ca(OH), during the pelletization.
In addition, Hu and al. [62] found that the pellet density increases linearly with the addition
of water, and it reaches its limits between 35% and 40%. The moisture content of untreated-
wood pellets is between 6.9% and 7.7%, while that of treated-wood pellets decreases slightly
with the processing temperature (from 4.0% to 5.5%) (Table 4). The ash content varies
depending on the species and the treatment temperature (Table 4). For treated-wood pellets,
the ash content decreases with the increasing temperature from 315 to 454 °C. Hu et al. [61]
showed that the addition of an organic binder reduces the ash content of wood pellets.

Table 4. Physical properties of pellets.

Pellets Humidity (%) Ash (%) Density (kg/m?3)
Untreated JP 7.7 0.12 1390.57 (0.04)
JPT315°C 4.80 7.31 1438.37 (0.04)
JP T400 °C 4.30 4.29 1392.50 (0.07)
JP T454 °C 4.50 1.46 1344.63 (0.42)
Untreated BF 7.08 0.52 1395.00 (0.07)
BF T315 °C 5.49 1.72 1343.10 (0.07)
BF T400 °C 5.16 2.56 1334.10 (0.13)
BF T454 °C 5.43 2.32 1337.40 (0.93)
Untreated BS 6.85 0.38 1390.07 (0.04)
BS T315 °C 5.28 2.69 1334.90 (0.07)
BS T400 °C 5.29 2.20 1316.60 (0.33)
BS T454 °C 4.02 1.98 1331.10 (0.47)

Figure 7 illustrates the variation of the calorific values as a function of wood species
and pyrolysis temperature. The HHV ranged from 18.48-19.31 to 28.84-31.05 M] /kg for
treated- and untreated-wood pellets, respectively. Pellets prepared at higher temperatures
presented the highest calorific values. Indeed, the HHV of treated-BS pellets increased
significantly (31.05 MJ/kg) compared to that of untreated BS (18.5 MJ/kg), and it also
increased as a function of the temperature (from 29.77 to 31.05 MJ /kg corresponding to
315 and 454 °C, respectively). JP and BF pellets showed the same trend. The highest tem-
perature (454 °C) led to the highest calorific values for JP (30.24 MJ/kg), BF (30.24 MJ]/kg),
and BS (31.05 MJ /kg) pellets. The increase in carbon content with increasing temperature
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compared to hydrogen content explains this trend (Table 1). Azargohar et al. [64] attributed
this carbon increase to the reduction in humidity and degradation of hemicellulose during
the thermal treatment. The analysis of variance showed that the effects of the type of
wood and the temperature are statistically significant (Table 3). However, the temperature
has a more pronounced effect on the properties of pellets (Figure 7). These results were
consistent with recent studies that reported that increasing the temperature improves the
calorific value [42,60,63]. In addition, the HHV of pyrolytic lignin (21.92 M/kg) is relatively
higher than that of untreated-wood pellets (18-19 M]/kg) (Table 1). Thus, using 15% of
PL as a binder during the densification of treated-wood residues significantly improves
the HHV of pellets. Stevens and Gardner [11] concluded that adding lignin during the
densification process significantly increases the fuel value of pellets [11]. Likewise, Cheng
et al. [65] found that the calorific value of wheat straw pellets underwent a relative increase
of up to 6% with the addition of 35% of coal tar residue.

33 4

31 4
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29 4
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27 4

25 4

23 4

HHV (MJ/kg)
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15 -
Untreated T315°C T400 °C T454 °C

Figure 7. Higher heating value of pellets derived from untreated- and treated-wood pellets derived
from the three species: JP, BS, and BE.

Figure 8 presents the results of pellets durability derived from the three untreated-
and treated-wood species. The pellet durability is significantly affected by the type of
wood and the treatment temperature (Table 3). The mechanical strength of the pellet
decreased with the increase in temperature. For example, the durability of untreated BF
pellets was around 92%, while that of treated pellets at 315, 400, and 454 °C was 85%,
83%, and 84%, respectively. The degradation of the hemicellulose and the removal of
extractives and volatile compounds during the thermal treatment explain this result [48].
These results are in agreement with several other studies [59,63,66]. Indeed, the increase in
the temperature considerably reduces the mechanical resistance of pellets, leading to high
susceptibility to breakage and the generation of fines during handling, transportation, and
storage [59,63]. Although there was a downward trend in the durability of treated-BS and
-BF pellets, treated-]JP pellets retained excellent durability with a minimum value of 91% at
315 °C. Crosslinking and polycondensation of lignin formed by the thermal degradation
can lead to pellets with good mechanical resistance [63]. Thus, the transition of lignin
into solid bridges at the pellet’s surface and the presence of a minimum amount of water
can considerably improve the durability of pellets [62]. As lignin has a high resistance
to thermal degradation [63], the increase in temperature favors a higher lignin content,
according to the results obtained for the chemical composition of wood residues (Table 2).
Therefore, lignin contributes to the self-adhesion of wood residues during the densification
process [37] and may explain the excellent durability of JP at T454 °C (93%). In addition, the
softening of pyrolytic lignin improves the adhesion of treated-wood residues despite the
severe conditions of the thermal treatment. Similar studies show the importance of using
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binders to enhance the mechanical strength of pellets. The use of 40% coal tar residues as a
binder increases the durability index of sawdust pellets from 69 to 98% [62]. Furthermore,
the durability of treated-wood pellets was significantly improved as a function of residence
time. The durability of treated pine pellets at 290 °C increased from approximately 89%
to 96% after one year of storage [67]. Nevertheless, under the quality criteria of the EN
ISO 17225-8 Standard “Fuels based on biomass heat-treated and densified”, the durability
index of pellets must be greater than 95% [68]. Despite incorporating 15% of pyrolytic
lignin in the densification process, all treated pellets produced in this study do not meet
this criterion. Therefore, optimizing the pyrolytic lignin content should help lead to better
surface wetting during the granulation process. Alternatively, the pellets produced in this
study could generate electricity inside or near the manufacturing facility [68].
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Figure 8. Durability values of untreated- and treated-wood pellets derived from the three species: JP,
BS, and BE.

4. Conclusions

The thermal treatment is a promising method for improving the fuel properties of
pellets. It significantly affects the chemical properties of wood residues. The increase in the
treatment temperature generates friability and reduces the energy required for grinding.
Thus, the chemical structure of treated-wood residues is considerably modified. As a
result, the thermal treatment causes the degradation of hemicellulose and cellulose. In
addition, the use of pyrolytic lignin (15%) ensured a good adhesion during the preparation
of treated-wood pellets. Consequently, pyrolytic lignin can constitute an excellent binder
and is inexpensive because of its positive impact on the mechanical properties of pellets,
such as the durability (e.g., treated-]P pellet at 93%). In addition, the heat treatment
significantly improved the calorific value of the pellet. The higher calorific value increased
from 18—19 MJ/kg (for untreated-wood pellets) to 27—31 MJ / kg (for treated-wood pellets).
Finally, the densification of the treated-wood residues represents a possible way to produce
biofuel with a high energy value. This approach also encourages an economical and
sustainable supply chain. However, additional research is needed to improve the quality
of treated-wood pellets for better handling and storage and to meet current and future
legislative requirements.

Author Contributions: Conceptualization, A.K., H.B. and S.A.; methodology, S.A., A.K., H.B. and
B.B.; validation, A K., H.B. and C.B.; formal analysis, S.A. and B.B.; investigation, S.A.; resources, A.K.
and H.B.; data curation, S.A. and A K.; writing—original draft preparation, S.A.; writing—review
and editing, AK., EL.B., B.B., H.B. and C.B.; supervision, A.K., H.B. and C.B.; project administration,
A K,; funding acquisition, A.K. and H.B. All authors have read and agreed to the published version
of the manuscript.



Energies 2021, 14, 6529 13 of 15

Funding: This research was funded by the Natural Sciences and Engineering Research Council of
Canada, grant number 494346-16 and the Canada Research Chair Program, grant number 543210.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Available data can be found in the student thesis at https:/ /depositum.
uqat.ca/id/eprint/847/1/safa-arous_memoire.pdf, (accessed on 7 October 2021). Other data can be
obtained by contacting the corresponding author. Such data are not accessible since they are being
processed for other publications.

Acknowledgments: The authors wish to express the great appreciation for M. Gilles Villeneuve,
M. Williams Belhadef, and the technical staff of the Technological Center for Industrial Residues
(CTRI) for technical assistance. The authors acknowledge the contribution of Airex Energy for their
assistance and guidance with the torrefaction/fast pyrolysis process.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

Salmon, D. Ressources et Industries Forestieres du Québec: Portrait Statistique Edition 2017. Ministere des Foréts, de la Faune et
des Parcs. Québec, QC. Available online: https://mffp.gouv.qc.ca/wp-content/uploads/portrait-statistique-2017.pdf (accessed
on 8 May 2019).

Haykiri-A¢gma, H. Combustion characteristics of different biomass materials. Energy Convers. Manag. 2003, 44, 155-162. [CrossRef]
Van der Stelt, M.; Gerhauser, H.; Kiel, J.; Ptasinski, K. Biomass upgrading by torrefaction for the production of biofuels: A review.
Biomass Bioenergy 2011, 35, 3748-3762. [CrossRef]

Chen, W.H.; Kuo, P.C. A study on torrefaction of various biomass materials and its impact on lignocellulosic structure simulated
by a thermogravimetry. Energy 2010, 35, 2580-2586. [CrossRef]

Weber, K.; Quicker, P. Properties of biochar. Fuel 2018, 217, 240-261. [CrossRef]

Solomatnikova, O.; Douville, G.; Carriere, N.; Vallée, V.; Trudel, F.; Duchesne, M.; Gaudreault, A. Profil des Produits Forestiers:
Technologies de Bioénergies Abase de Biomasse Forestiere 2011. Ministére des Ressources Naturelles et de la Faune. Québec, QC.
Available online: https:/ /visionbiomassequebec.org/wp-content/uploads/2015/03 / Technologies-de-bioe%CC%81nergies-
a%CC%80-base-de-biomasse-forestie%CC%80re_2011-1.pdf (accessed on 8 May 2019).

Chen, W.H.; Kuo, P.C. Torrefaction and co-torrefaction characterization of hemicellulose, cellulose and lignin as well as torrefaction
of some basic constituents in biomass. Energy 2011, 36, 803-811. [CrossRef]

Rodrigues, T.O.; Rousset, P.L.A. Effects of torrefaction on energy properties of Eucalyptus Grandis wood. Cerne 2015, 15, 446-452.
Pach, M.; Zanzi, R.; Bjornbom, E. Torrefied biomass a substitute for wood and charcoal. In Proceedings of the 6th Asia-Pacific
International Symposium on Combustion and Energy Utilization, Kuala Lumpur, Malaysia, 20-22 May 2002.

Jarvinen, T.; Agar, D. Experimentally determined storage and handling properties of fuel pellets made from torrefied whole-tree
pine chips, logging residues and beech stem wood. Fuel 2014, 129, 330-339. [CrossRef]

Stevens, J.; Gardner, D.J. Enhancing the fuel value of wood pellets with the addition of lignin. Wood Fiber Sci. 2010, 42, 439-443.
Alakangas, E. New European pellets standards. In Proceedings of the World Sustainable Energy Days, European Pellets
Conference, Jyvaskyld, Finland, 3-4 March 2010.

Stelte, W.; Holm, ].K.; Sanadi, A.R.; Barsberg, S.; Ahrenfeldst, J.; Henriksen, U.B. Fuel pellets from biomass: The importance of the
pelletizing pressure and its dependency on the processing conditions. Fuel 2011, 90, 3285-3290. [CrossRef]

Stelte, W.; Sanadi, A.R.; Shang, L.; Holm, J.K.; Ahrenfeldt, J.; Henriksen, U.B. Recent developments in biomass pelletization—A
review. BioResources 2012, 7, 4451-4490. [CrossRef]

Garcia, R.; Gonzélez-Vazquez, M.P; Pevida, C.; Rubiera, F. Pelletization properties of raw and torrefied pine sawdust: Effect of
co-pelletization, temperature, moisture content and glycerol addition. Fuel 2018, 215, 290-297. [CrossRef]

Zhu, G,; Yang, L.; Gao, Y; Xu, J.; Chen, H.; Zhu, Y.; Wang, Y.; Liao, C.; Lu, C.; Zhu, C. Characterization and pelletization of cotton
stalk hydrochar from HTC and combustion kinetics of hydrochar pellets by TGA. Fuel 2019, 244, 479-491. [CrossRef]

Xing, X.; Fan, F,; Jiang, W. Characteristics of biochar pellets from corn straw under different pyrolysis temperatures. R. Soc. Open
Sci. 2018, 5, 172-346. [CrossRef] [PubMed]

Abedi, A.; Dalai, A.K. Study on the quality of oat hull fuel pellets using bio-additives. Biomass Bioenergy 2017, 106, 166-175.
[CrossRef]

Kong, L.; Tian, S.; Li, Z.; Luo, R.; Chen, D.; Tu, Y.; Xiong, Y. Conversion of recycled sawdust into high HHV and low NOx emission
bio-char pellets using lignin and calcium hydroxide blended binders. Renew. Energy 2013, 60, 559-565. [CrossRef]

Saosee, P; Sajjakulnukit, B.; Gheewala, S.H. Life Cycle Assessment of Wood Pellet Production in Thailand. Sustainability 2020, 12,
6996. [CrossRef]


https://depositum.uqat.ca/id/eprint/847/1/safa-arous_memoire.pdf
https://depositum.uqat.ca/id/eprint/847/1/safa-arous_memoire.pdf
https://mffp.gouv.qc.ca/wp-content/uploads/portrait-statistique-2017.pdf
http://doi.org/10.1016/S0196-8904(01)00200-X
http://doi.org/10.1016/j.biombioe.2011.06.023
http://doi.org/10.1016/j.energy.2010.02.054
http://doi.org/10.1016/j.fuel.2017.12.054
https://visionbiomassequebec.org/wp-content/uploads/2015/03/Technologies-de-bioe%CC%81nergies-a%CC%80-base-de-biomasse-forestie%CC%80re_2011-1.pdf
https://visionbiomassequebec.org/wp-content/uploads/2015/03/Technologies-de-bioe%CC%81nergies-a%CC%80-base-de-biomasse-forestie%CC%80re_2011-1.pdf
http://doi.org/10.1016/j.energy.2010.12.036
http://doi.org/10.1016/j.fuel.2014.03.057
http://doi.org/10.1016/j.fuel.2011.05.011
http://doi.org/10.15376/biores.7.3.Stelte
http://doi.org/10.1016/j.fuel.2017.11.027
http://doi.org/10.1016/j.fuel.2019.02.039
http://doi.org/10.1098/rsos.172346
http://www.ncbi.nlm.nih.gov/pubmed/30224998
http://doi.org/10.1016/j.biombioe.2017.08.024
http://doi.org/10.1016/j.renene.2013.06.004
http://doi.org/10.3390/su12176996

Energies 2021, 14, 6529 14 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

Reed, D.; Bergman, R.; Kim, J.-W.; Tayler, A.; Harper, D.; Jones, D.; Knowles, C.; Puettmann, M.E. Cradle-to-gate life-cycle
inventory and impact assessment of wood fuel pellet manufacturing from hardwood flooring residues in the Southeastern United
States. For. Prod. J. 2012, 62, 280-288. [CrossRef]

Loriers, A.; Planchon, V.; Godin, B.; Delcarte, J.; Stilmant, D.; Van Stappen, F. Comparative life cycle assessment of torrefied pellet
production from five lignocellulosic biomass types. In Proceedings of the 25th European Biomass Conference and Exhibition,
Stockholm, Sweden, 12-15 June 2017; pp. 1781-1787.

Zhang, S.Y.; Koubaa, A. Softwoods of Eastern Canada: Their Silvics Characteristics, Manufacturing and End-Uses; Special Publication
SP-526E; FPInnovations: Québec, QC, Canada, 2008; 400p.

Zhang, M.; Wu, H. Pyrolytic lignin from fast pyrolysis bio-oil via cold-water precipitation: Optimal separation conditions and
properties. Fuel 2019, 242, 580-586. [CrossRef]

Mao, A.; He, Z.; Wan, H.; Li, Q. Preparation, properties, and bonding utilization of pyrolysis bio-oil. In Bio-Based Wood Adhesives,
1st ed.; Zhongqi, H., Ed.; CRC Press: Boca Raton, FL, USA, 2017; Volume 366, pp. 260-279.

Technical Association of Pulp and Paper Industry (TAPPI). Carbohydrate composition of extractive-free wood and wood pulp by
gas-liquid chromatography (T-249 cm-85). In TAPPI Test Method; TAPPI Press: Atlanta, GA, USA, 1985; Volume 1, pp. 1-5.
Sheng, C.; Azevedo, J. Estimating the higher heating value of biomass fuels from basic analysis data. Biomass Bioenergy 2005, 28,
499-507. [CrossRef]

Technical Association of Pulp and Paper Industry (TAPPI). Preparation of wood for chemical analysis (T264 om-88). In TAPPI
Test Method; TAPPI Press: Atlanta, GA, USA, 1989; Volume 1.

Bouslimi, B.; Koubaa, A.; Bergeron, Y. Effects of biodegradation by brown-rot decay on selected wood properties in eastern white
cedar (Thuja occidentalis L.). Int. Biodeterior. Biodegrad. 2014, 87, 87-98. [CrossRef]

Technical Association of Pulp and Paper Industry (TAPPI). Acid Insoluble lignin in wood and pulp (T-222 OM-88). In TAPPI Test
Method; TAPPI Press: Atlanta, GA, USA, 1989; Volume 1.

Technical Association of Pulp and Paper Industry (TAPPI). Solvent extractives of wood and pulp (T-204 OM-88). In TAPPI Test
Method; TAPPI Press: Atlanta, GA, USA, 1989; Volume 1.

Samuelsson, R.; Larsson, S.H.; Thyrel, M.; Lestander, T.A. Moisture content and storage time influence the binding mechanisms
in biofuel wood pellets. Appl. Energy 2012, 99, 109-115. [CrossRef]

Nielsen, N.P.K,; Gardner, D.J.; Poulsen, T.; Felby, C. Importance of temperature, moisture content, and species for the conversion
process of wood residues into fuel pellets. Wood Fiber Sci. 2009, 41, 414-425.

Belhadef, W. Développement de Granules Energétiques Améliorées a Base de Bouleau Blanc et de Graines de Canola. Master’s
Thesis, Université du Québec en Abitibi-Témiscamingue, Rouyn-Noranda, QC, Canada, 2016.

SAS. Getting Started with SAS; SAS Institute Inc.: Cary, NC, USA, 2008.

Manouchehrinejad, M.; van Giesen, I.; Mani, S. Grindability of torrefied wood chips and wood pellets. Fuel Process. Technol. 2018,
182, 45-55. [CrossRef]

Pelaez-Samaniego, M.R.; Yadama, V.; Garcia-Perez, M.; Lowell, E.; McDonald, A.G. Effect of temperature during wood torrefaction
on the formation of lignin liquid intermediates. J. Anal. Appl. Pyrolysis 2014, 109, 222-233. [CrossRef]

Arias, B.; Pevida, C.; Fermoso, J.; Plaza, M.; Rubiera, E; Pis, J. Influence of torrefaction on the grindability and reactivity of woody
biomass. Fuel Process. Technol. 2008, 89, 169-175. [CrossRef]

Phanphanich, M.; Mani, S. Impact of torrefaction on the grindability and fuel characteristics of forest biomass. Bioresour. Technol.
2011, 102, 1246-1253. [CrossRef] [PubMed]

Wang, C.; Peng, J.; Li, H.; Bi, X.T,; Legros, R.; Lim, C.; Sokhansanj, S. Oxidative torrefaction of biomass residues and densification
of torrefied sawdust to pellets. Bioresour. Technol. 2013, 127, 318-325. [CrossRef] [PubMed]

Ghiasi, B.; Kumar, L.; Furubayashi, T.; Lim, C.J.; Bi, X,; Kim, C.S.; Sokhansanj, S. Densified biocoal from woodchips: Is it better to
do torrefaction before or after densification? Appl. Energy 2014, 134, 133-142. [CrossRef]

Peng, ].; Bi, X.; Sokhansanj, S.; Lim, C. Torrefaction and densification of different species of softwood residues. Fuel 2013, 111,
411-421. [CrossRef]

Mullen, C.A.; Boateng, A.A. Characterization of water-insoluble solids isolated from various biomass fast pyrolysis oils. J. Anal.
Appl. Pyrolysis 2011, 90, 197-203. [CrossRef]

Kim, K.H.; Kim, J.Y.; Cho, T.S.; Choi, J.W. Influence of pyrolysis temperature on physicochemical properties of biochar obtained
from the fast pyrolysis of pitch pine (Pinus rigida). Bioresour. Technol. 2012, 118, 158-162. [CrossRef]

Harun, N.Y.; Afzal, M.T. Thermal decomposition kinetics of forest residue. J. Appl. Sci. 2010, 10, 1122-1127. [CrossRef]

Bouafif, H.; Koubaa, A.; Perré, P.; Cloutier, A.; Riedl, B. Analysis of among-species variability in wood fiber surface using DRIFTS
and XPS: Effects on esterification efficiency. . Wood Chem. Technol. 2008, 28, 296-315. [CrossRef]

Santos, L.B.; Striebeck, M.V.; Crespi, M.S.; Ribeiro, C.A.; De Julio, M. Characterization of biochar of pine pellet. J. Therm. Anal.
Calorim. 2015, 122, 21-32. [CrossRef]

Stelte, W.; Clemons, C.; Holm, J.K.; Sanadi, A.R.; Ahrenfeldt, J.; Shang, L.; Henriksen, U.B. Pelletizing properties of torrefied
spruce. Biomass Bioenergy 2011, 35, 4690-4698. [CrossRef]

Angin, D. Effect of pyrolysis temperature and heating rate on biochar obtained from pyrolysis of safflower seed press cake.
Bioresour. Technol. 2013, 128, 593-597. [CrossRef] [PubMed]


http://doi.org/10.13073/FPJ-D-12-00015.1
http://doi.org/10.1016/j.fuel.2019.01.092
http://doi.org/10.1016/j.biombioe.2004.11.008
http://doi.org/10.1016/j.ibiod.2013.11.006
http://doi.org/10.1016/j.apenergy.2012.05.004
http://doi.org/10.1016/j.fuproc.2018.10.015
http://doi.org/10.1016/j.jaap.2014.06.008
http://doi.org/10.1016/j.fuproc.2007.09.002
http://doi.org/10.1016/j.biortech.2010.08.028
http://www.ncbi.nlm.nih.gov/pubmed/20801023
http://doi.org/10.1016/j.biortech.2012.09.092
http://www.ncbi.nlm.nih.gov/pubmed/23131655
http://doi.org/10.1016/j.apenergy.2014.07.076
http://doi.org/10.1016/j.fuel.2013.04.048
http://doi.org/10.1016/j.jaap.2010.12.004
http://doi.org/10.1016/j.biortech.2012.04.094
http://doi.org/10.3923/jas.2010.1122.1127
http://doi.org/10.1080/02773810802485139
http://doi.org/10.1007/s10973-015-4740-8
http://doi.org/10.1016/j.biombioe.2011.09.025
http://doi.org/10.1016/j.biortech.2012.10.150
http://www.ncbi.nlm.nih.gov/pubmed/23211485

Energies 2021, 14, 6529 15 of 15

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wang, Z.; Cao, ].; Wang, ]. Pyrolytic characteristics of pine wood in a slowly heating and gas sweeping fixed-bed reactor. J. Anal.
Appl. Pyrolysis 2009, 84, 179-184. [CrossRef]

Yang, H.; Huang, L.; Liu, S.; Sun, K.; Sun, Y. Pyrolysis process and characteristics of products from sawdust briquettes. BioResources
2016, 11, 2438-2456. [CrossRef]

Al-Wabel, M.I.; Al-Omran, A.; El-Naggar, A.H.; Nadeem, M.; Usman, A.R. Pyrolysis temperature-induced changes in char-
acteristics and chemical composition of biochar produced from conocarpus wastes. Bioresour. Technol. 2013, 131, 374-379.
[CrossRef]

Mimmo, T.; Panzacchi, P; Baratieri, M.; Davies, C.; Tonon, G. Effect of pyrolysis temperature on miscanthus (Miscanthus x
giganteus) biochar physical, chemical and functional properties. Biomass Bioenergy 2014, 62, 149-157. [CrossRef]

Wu, W,; Yang, M.; Feng, Q.; McGrouther, K.; Wang, H.; Lu, H.; Chen, Y. Chemical characterization of rice straw-derived biochar
for soil amendment. Biomass Bioenergy 2012, 47, 268-276. [CrossRef]

Esteves, B.; Velez Marques, A.; Domingos, I.; Pereira, H. Chemical changes of heat treated pine and eucalypt wood monitored by
FTIR. Maderas Cienc. Tecnol. 2013, 15, 245-258. [CrossRef]

Ozgenc;, O.; Durmaz, S.; Boyaci, L H.; Eksi-Kocak, H. Determination of chemical changes in heat-treated wood using ATR-FTIR
and FT Raman spectrometry. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2017, 171, 395-400. [CrossRef]

Chupin, L.; Motillon, C.; Charrier-El Bouhtoury, F.; Pizzi, A.; Charrier, B. Characterisation of maritime pine (Pinus pinaster) bark
tannins extracted under different conditions by spectroscopic methods, FTIR and HPLC. Ind. Crop. Prod. 2013, 49, 897-903.
[CrossRef]

Jiang, L.B.; Yuan, X.Z.; Li, H.; Chen, X.H.; Xiao, Z.H.; Liang, J.; Leng, L.].; Guo, Z.; Zeng, G.M. Co-pelletization of sewage sludge
and biomass: Thermogravimetric analysis and ash deposits. Fuel Process. Technol. 2016, 145, 109-115. [CrossRef]

Wang, Q.; Han, K.; Gao, J.; Li, H.; Lu, C. The pyrolysis of biomass briquettes: Effect of pyrolysis temperature and phosphorus
additives on the quality and combustion of bio-char briquettes. Fuel 2017, 199, 488-496. [CrossRef]

Wang, S.; Lin, H.; Ru, B.; Sun, W.; Wang, Y.; Luo, Z. Comparison of the pyrolysis behavior of pyrolytic lignin and milled wood
lignin by using TG-FTIR analysis. J. Anal. Appl. Pyrolysis 2014, 108, 78-85. [CrossRef]

Hu, Q.; Shao, J.; Yang, H.; Yao, D.; Wang, X.; Chen, H. Effects of binders on the properties of bio-char pellets. Appl. Energy 2015,
157,508-516. [CrossRef]

Hu, Q.; Yang, H.; Yao, D.; Zhu, D.; Wang, X.; Shao, J.; Chen, H. The densification of bio-char: Effect of pyrolysis temperature on
the qualities of pellets. Bioresour. Technol. 2016, 200, 521-527. [CrossRef]

Manouchehrinejad, M.; Mani, S. Torrefaction after pelletization (TAP): Analysis of torrefied pellet quality and co-products.
Biomass Bioenergy 2018, 118, 93-104. [CrossRef]

Azargohar, R.; Soleimani, M.; Nosran, S.; Bond, T.; Karunakaran, C.; Dalai, A.K.; Tabil, L.G. Thermo-physical characterization of
torrefied fuel pellet from co-pelletization of canola hulls and meal. Ind. Crop. Prod. 2019, 128, 424-435. [CrossRef]

Cheng, J.; Zhou, E; Si, T.; Zhou, J.; Cen, K. Mechanical strength and combustion properties of biomass pellets prepared with coal
tar residue as a binder. Fuel Process. Technol. 2018, 179, 229-237. [CrossRef]

Shang, L.; Nielsen, N.P.K; Stelte, W.; Dahl, J.; Ahrenfeldt, J.; Holm, ] K.; Arnavat, M.P,; Bach, L.S.; Henriksen, U.B. Lab and
bench-scale pelletization of torrefied wood chips—Process optimization and pellet quality. Bioenergy Res. 2014, 7, 87-94. [CrossRef]
Thrén, D.; Witt, J.; Schaubach, K.; Kiel, J.; Carbo, M.; Maier, J.; Ndibe, C.; Koppejan, ].; Alakangas, E.; Majer, S. Moving torrefaction
towards market introduction-Technical improvements and economic-environmental assessment along the overall torrefaction
supply chain through the SECTOR project. Biomass Bioenergy 2016, 89, 184-200. [CrossRef]

Fohr, J.; Ranta, T.; Suikki, J.; Soininen, H. Manufacturing of torrefied pellets without a binder from different raw wood materials
in the pilot plant. Wood Res. 2017, 62, 481-494.


http://doi.org/10.1016/j.jaap.2009.02.001
http://doi.org/10.15376/biores.11.1.2438-2456
http://doi.org/10.1016/j.biortech.2012.12.165
http://doi.org/10.1016/j.biombioe.2014.01.004
http://doi.org/10.1016/j.biombioe.2012.09.034
http://doi.org/10.4067/S0718-221X2013005000020
http://doi.org/10.1016/j.saa.2016.08.026
http://doi.org/10.1016/j.indcrop.2013.06.045
http://doi.org/10.1016/j.fuproc.2016.01.027
http://doi.org/10.1016/j.fuel.2017.03.011
http://doi.org/10.1016/j.jaap.2014.05.014
http://doi.org/10.1016/j.apenergy.2015.05.019
http://doi.org/10.1016/j.biortech.2015.10.077
http://doi.org/10.1016/j.biombioe.2018.08.015
http://doi.org/10.1016/j.indcrop.2018.11.042
http://doi.org/10.1016/j.fuproc.2018.07.011
http://doi.org/10.1007/s12155-013-9354-z
http://doi.org/10.1016/j.biombioe.2016.03.004

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Preparation of Treated Wood Fibers 
	Preparation of Pyrolytic Lignin 

	Characterization of Raw Material 
	Pelletization Process 
	Characterization of Wood Pellets 
	Data Analysis 

	Results and Discussion 
	Properties of Wood Residues and Pyrolytic Lignin 
	Particle Size Distribution 
	Elemental Analysis and Chemical Composition and Chemical Properties 
	FTIR Characterization 

	Properties of Pellets 
	Thermal Degradation of Pellets 
	Physical and Mechanical Characteristics of Pellets 


	Conclusions 
	References

