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Abstract: Torrefaction pretreatment is a mild form of pyrolysis that has the potential to produce a high-
quality raw material for making biofuel that serves as a replacement for coal in the bioenergy industry.
Microwave-assisted torrefaction was conducted on white spruce sawdust (WSS) at temperatures of
200 °C, 250 °C, and 300 °C and retention times of 5 min, 7 min, and 9 min in an inert environment.
The torrefaction process produces a solid carbon, commonly known as biochar, and condensable
(torrefaction liquid (TL)) and non-condensable gases. In this study, torrefaction characteristics
were investigated to observe its effects on the thermal and physiochemical properties of the pellets
produced. During the torrefaction process, a significant mass loss associated with the decomposition
of hemicellulose was observed. The hemicellulose content drastically reduced to approximately 1.8%
and the cellulose content was reduced by approximately 10%, while the lignin gained approximately
35% as the severity increased. This led to an improvement in the higher heating value (HHV),
hydrophobicity, bulk, particle density, pellet dimensional stability, and pellet density. However, the
pellet tensile strength decreased as the torrefaction severity increased. Pellet tensile strength is a
critical indicator of biomass pellets that expresses the force required to crush or damage a pellet.
Therefore, to enhance the tensile strength of the pellets, the introduction of a binder was necessary.
Torrefaction liquid and sawdust were used as additives at different proportions during pelletization.
The addition of binders (torrefaction liquid and sawdust) to the pellet formulation increased the
tensile strength of the torrefied WSS by approximately 50%. The OH groups in the biomass break
down to a limited degree due to dehydration. This hinders the formation of H bonds, thereby
increasing the chances that the pretreated biomass will become hydrophobic. The SEM graphs
showed that the torrefied WSS pellets demonstrated more firmly glued surfaces with fewer pores
spaces when set side by side with the raw pellets. The thermogravimetric analysis conducted showed
that the torrefaction of WSS slightly reduced its thermal stability.

Keywords: torrefaction; white spruce sawdust; densification; pellet properties; severity factor

1. Introduction

A genuine solicitude is drawn regarding the increased risk of environmental threats
linked with fossil fuel utilization [1,2]. With the constant unsteadiness of energy prices
and the rapid depletion of conventional energy resources, it is urgent to source sustainable,
renewable, and eco-friendly forms of energy [3]. Biomass stands out in the substitute
energy competition because it is a carbon-neutral bioenergy source, has a low cost, and is
abundantly available [4,5]. However, some difficulties linked with the utilization of biomass
in its unprocessed state (such as a low energy density, low bulk density, a heterogeneous
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nature, low efficiency, ash accumulation, and a high moisture content) compromise its
potential development in the bioenergy industry [6,7]. In recent years, the pretreatment of
biomass has demonstrated some improvement in the characteristics of the treated biomass.
Torrefaction is a biomass heat operation associated with roasting a biomass sample in a
controlled environment at temperatures, which range from 200 to 300 °C. Torrefaction is
commonly known as mild pyrolysis, and it has been investigated for the pretreatment of
biomass to make it more hydrophobic, reduce its moisture content, and increase its calorific
value, resulting in an increase in the volumetric energy density of the biomass. In addition,
torrefaction with pelletization can reduce the transportation costs of biomass and intensify
its heating value and hydrophobicity [8,9]. These changes make biomass more combustible,
storable, and attractive [5,10].

Approximately 350 million hectares of land in Canada are forest, making Canada
the third in the world with respect to forest area [11]. The forestry industry contributes
majorly to the country’s economy. In 2020, the wood-product-manufacturing sector had
a nominal GDP of approximately CAD 12.6 billion, making it the most lucrative of the
forestry industries [11]. Canada’s main trading partner in forest resources is the United
States, with Canadian exports valued at approximately CAD 25 billion in the year 2020.
The most-sold Canadian forest products are millwork, sawmill, and lumber, with export
rates valued slightly above CAD 22 billion worldwide [11]. The utilization of forestry
residues to generate energy has traditionally existed in Canada, especially in the forestry
industry [12]. The feedstock used by these industries for generating electricity and other
forms of energy are forest residues such as sawdust, bark, and branches. Some varieties
of trees found in Saskatchewan (SK), Canada, include trembling aspen, white spruce, jack
pine, and black spruce. Saskatchewan has four large sawmills and several smaller sawmills;
approximately 1.3 million m?3 (545 million board feet) of spruce-pine-fir (SPF) lumber is
produced annually from these mills [13]. In Canada, white spruce (Picea glauca) is found
mostly in the boreal forest (northern coniferous forest). In Saskatchewan, the total annual
allowable harvest is 28% of the coniferous forest and 16% of the total forest. Consequently,
white spruce accounts for a substantial part of these harvests [13]. Lignocellulosic biomass
is readily available and can settle the issues arising from the use of biomass between
food and energy [14]. The utilization of forest residues, especially sawdust, for biofuel
production decreases the dependency on food-resource biomass while also adding value to
forest residues [15].

Densification using binders such as starch, lignin, sawdust, and moisture has been
studied by different researchers. Table 1 summarizes the effect of different binders on
the pelletization of biomass as it has been reported by other researchers. Frequently
used binders include starch and lignin; however, they are expensive and have competing
use as food ingredients [5]. While it intends to enhance the thermal, mechanical, and
physiochemical properties of torrefied sawdust pellets, this research also explores the
utilization of cheap and non-food-based binders. In this study, white spruce sawdust and
torrefaction liquid (TL) were introduced as binders during the pelletization process after
the microwave-assisted torrefaction of WSS. The torrefaction gases (a condensable liquid)
contain a large amount of energy. Therefore, introducing a closed recycling system has an
economically viable potential for the torrefaction system. It is significant that this energy is
utilized productively in the system (torrefaction and densification) to approach and settle
the process stability, system reliability, and safety problems that currently avert commercial-
scale torrefaction. This study also emphasizes the consequences of torrefaction and binders
on the thermal, mechanical, and physiochemical characteristics of pellets formed from
torrefied WSS.
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Table 1. Effect of binders on the pelletization of biomass, as determined by other researchers.

Biomass

Binder Key Findings References

Sawdust (Norway
spruce)

Spruce sawdust

Softwood residues

Pine sawdust

Wood sawdust

Steam-treated spruce sawdust

o The durability of the pellets formed increased
and did not decrease after 7 months of storage;
o  The energy consumption during the

Four Starch grades (wheat, pelletization process decreased;
oxidized corn, potato, and . Oxidized corn additive was reported to have [16]
oxidized potato). the best result in both cases mentioned above:
it reduced the energy consumption during
pelletization by 14%.

e  Proline and lignin produced high-quality
pellets when set side by side with other
additives;

e Increasing the quantity of proline and reducing

Lignin, lignosulfonate, the quantity of lignin in the pellet formulation
proline, corn starch, and enhanced the density and mechanical strength [17]
torrefied oat hull. of the pellets;

e  The addition of torrefied oat hull to the pellet
formulation improved the heating value and
the moisture resistance slightly, but reduced the
density and mechanical strength of the pellets.

e  The densification of the torrefied sample into
strong pellets was difficult compared with the
raw sample;
Moisture o  The addition of moisture into the torrefied (18]
samples enhanced the compression process
and produced better pellets.

e  Sawdust is a low-cost and effective binder
Sawdust when compared with lignin and starch. [19]

e  The addition of the binder during the
pelletization process increased the pellet tensile [20]
strength by 50%.

2. Materials and Methods

The torrefaction and pelletization process for white spruce sawdust (WSS) is shown
in Figure 1. These processes and their effects are exhaustively discussed in depth in the
consequent sub-heading. The torrefaction pretreatment process of WSS saves cost and
energy since the feedstock in this study requires little or no preprocessing due to its nature
(a fine particle).

2.1. Feedstock Collection and Preparation

White spruce sawdust (WSS) was received from the sawmill of NorSask Forest Prod-
ucts Inc. (Meadow Lake, SK, Canada) in the middle of 2020. The moisture content of the
as-received sawdust was approximately 42% wet basis (w.b.). The samples were screened
with a 0.8 mm sieve size to remove irregular particles. They were then preserved in a
fastened plastic container in a conditioned space at a temperature of approximately 4 °C
to be used for experimentation. The torrefaction liquid (TL) used as an additive during
pelletization was a product of this study.
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Figure 1. Torrefaction and pelletization process for white spruce sawdust.

2.2. Torrefaction Experiment

The torrefaction pretreatment of the WSS was carried out to improve its physico-
chemical characteristics. The setup of the lab-scale microwave oven and the pretreatment
operation were similarly narrated by Valdez et al. [21]. Figure 2 shows a schematic diagram
of the microwave torrefaction setup. Different temperatures of 200 °C (light torrefaction),
250 °C (moderate torrefaction), and 300 °C (severe torrefaction) and residence times of 5, 7,
and 9 min were considered. Initially, a power level of 650 W was set before the microwave
oven was turned on. The power level had to be controlled at different torrefaction residence
times (decreased or increased) to attain a constant temperature (200, 250, or 300 °C) for the
total residence time. A power level ranging from 400 to 750 W was recorded throughout
the torrefaction process. The masses of torrefied solid (biochar) and liquid produced were
recorded after each experiment. Equation (1) by Overend et al. [22] was used to estimate
the degree of torrefaction, which is a function of the residence time and temperature [22]
that is also known as the severity factor.

T—lOO] e @

Sleog/exp[ 145

where SF indicates the severity factor, T represents the torrefaction temperature (°C), and t
represents the residence time (min).

2.3. Experimental Design of Torrefaction Pretreatment

A factorial experimental design of two independent variables, the temperature of
operation (°C) and the residence time of the process (min) at three levels for each factor
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(temperature at 200, 250, and 300 °C and retention time at 5, 7, or 9 min), were studied. The
experiments were performed three times and the results were averaged. An analysis of
variance (ANOVA) was carried out to evaluate the effect of the pretreatment operation on
the response variables (dimensional stability, pellet tensile strength, and pellet density).

Microwave Oven

v
Exhaust Fan R
Meter
- & Control v
'y Stirrer S Panel
Motor l
<- Fiber Optic  ____. >
H Temperature Probe
i
i v v
e 1 Temperature b E r Power
1 .
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Figure 2. Schematic diagram of the microwave-assisted torrefaction pretreatment setup. Extracted
from [21].

2.4. Densification

The torrefied WSS was pelletized to investigate the influence of residence time and
torrefaction temperature on the pellets formed. The effect of binders on the pelletization
was also studied using different formulations (torrefaction liquid (TL) and sawdust) and
torrefied samples. Table 2 shows the different formulations that were pelletized to analyze
the effect of the binders on the physiochemical characteristics of the respective pellets.

Table 2. Formulations for pelletizing with the torrefaction liquid and sawdust.

Composition Torrefied WSS (%) Torrefaction Liquid (%) Sawdust (%)
NB 100 - -
TFO 75 25 -
TFS 75 - 25
TTOS 33.3 33.3 33.3
TWOS 75 12.5 12.5

NB: Without binder; TFO: 75% torrefied WSS with 25% TL; TFS: 75% torrefied WSS with 25% sawdust; TTOS:
33.3% torrefied WSS with 33.3% sawdust and TL; TWOS: 75% torrefied WSS with 12.5% sawdust and TL each.

The pelletization of torrefied spruce sawdust samples and untreated spruce sawdust
samples was executed using a similar setup and procedure as narrated by Onyenwoke et al. [12].

2.5. Characterization of Torrefied White Spruce Sawdust

The characterization of the untreated and treated white spruce sawdust was carried
out to estimate the influence of the residence time and torrefaction temperature on the WSS.

2.5.1. Moisture Content and Torrefaction Yield

The amount of moisture present in the white spruce sawdust when it was collected
was evaluated using ASAES358 [23], while the quantity of moisture available after the
torrefaction process was calculated by following the AACC Standard 44-15A [24]. The
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experiments were performed three times and the results were averaged. Equation (2) was
used to evaluate the mass yield of the pretreatment process. After each pretreatment, the
biochar and the TL were weighed and kept in airtight Ziploc bags. The gas yield was
determined by summing the solid yield and the TL yield and then subtracting them from
the initial sample introduced.

My = — x 100 2
where My represents the percent mass yield of the torrefaction operation (%), M represents
the mass of the torrefied sample (g), and M| represents the mass of the untreated WSS

sample (g). The quantity of weight loss and the amount of energy output were determined
using Equations (3) and (4), respectively.

M- M

1
W, X100 3)
HyM;
Ey = 100 4
Y= M, X 4)

where W}, represents the weight loss; Ey represents the energy yield; M; represents the
mass of the untreated WSS; M, represents the mass of torrefied WSS; H; represents the
higher heating value (HHV) of the WSS after torrefaction, and H; represents the HHV of
the untreated WSS sample.

2.5.2. Particle Size Analysis

The ASABE [25] procedure was used to examine the particle size of the WSS sam-
ples. Some researchers have reported a similar experiment in which the same setup
and procedure were considered in evaluating the particle size of torrefied and untreated
biomass [25-27]. Approximately 100 g of biochar and controlled samples were introduced
into stacked sieves of various size openings, and the mechanical sieve shaker was left
to run for approximately 10 min. The experiment was performed in three replicates and
the results were averaged. Equations (5) and (6) were used to determine the geometric
mean diameter (dgw) and the standard deviation of the particle diameter (Sgy) of the WSS
samples, respectively.
~1p By (Wilogd)

5
W, ] ®)

dgw = log

1 _ B -1
Sgw = 5dguw [log ™" Siog — (ZOg 1 slog) ] ®)

where dg,, denotes the geometric mean diameter (mm); n denotes the number of sieves
+ 1 pan; W; denotes the mass on the ith sieve (g); d; represents the nominal sieve opening
size of the ith sieve (mm); 5o, represents the geometric standard deviation of log-normal
distribution by mass in the common (base 10) logarithm.

2.5.3. Bulk and Particle Density

The bulk density of the unprocessed and torrefied WSS was determined due to its
importance in logistics, storage, and densification. The setup and procedure for determining
the bulk and particle density were similar to what was described by Onyenwoke et al. [12].
The bulk density of the WSS samples in kg/m? was estimated by the weight of the sample
per its unit volume. The experiment for bulk density was performed in three replicates
and averaged, while particle density data were obtained in replicates of 10 and the results
were averaged.

2.5.4. Elemental and Proximate Analysis

An Elementar analyzer (Vario EL III, Elementar Americas Inc., Ronkonkoma, NY,
USA) was utilized to evaluate the amount of carbon (C), hydrogen (H), nitrogen (N), and
sulfur (S) present in the raw sample and the biochar samples, while the quantity of oxygen
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available in the sample was estimated by difference. The setup of the equipment and
procedures was similarly described by Onyenwoke et al. [12].

The proximate analysis of the unprocessed WSS sample and biochar was evaluated
by the ASTM standard procedures. The quantity of ash in the untreated WSS and the
WSS biochar, moisture content (MC), and volatile matter (VM) were evaluated by the
ASTM 3173-87 [28], ASTM D3175-89 [29], and ASTM 3174-04 [30] standard procedures,
respectively. Additionally, the amount of fixed carbon (FC) present in the samples was
determined by differences [31], as provided in Equation (7).

Fixed Carbon = 10 — (ash content + moisture content + volatile mater) (7)

2.5.5. Higher Heating Value (HHV)

The HHV evaluation of both the biochar and the untreated WSS was carried out
with the aid of a bomb calorimeter (6400 Automatic Isoperibol, Parr Instrument Company,
Moline, IL, USA). The setup and the procedure for determining the HHV were similar to
what was described by Onyenwoke et al. [12]. The test was executed three times and the
results were averaged.

2.5.6. Chemical Composition of Torrefied WSS

The chemical content available of the torrefied WSS and the untreated WSS was
estimated using the ANKOM methods for neutral detergent fiber (NDF), acid detergent
fiber (ADF), and acid detergent lignin (ADL). ANKOM methods 5, 6, and 8 were used to
determine the ADF, NDF, and ADL, respectively [32-34]. A similar setup and procedure
were used by Alizadeh et al. [20] to determine the chemical composition of sawdust.

2.6. Pellet Quality Analysis

Analyzing the pellet quality was essential because of handling, transportation, and
storage. It is also important in terms of designing a torrefaction system for a new pellet
mill or scaling up an existing pellet mill.

2.6.1. Pellet Unit Density and Dimensional Stability

Pellet density and dimensional stability are two basic characteristics that enhance
pellet quality. After the production of a pellet, its weight and volume were measured
immediately, and it was kept in airtight Ziploc bags for further experiments. The pellet
density is the ratio between the mass of the pellet and its volume. Approximately 10 pellet
samples were used for this experiment. The pellets were carefully examined and stored
for 14 d under 30-40% relative humidity and a temperature of 20-25 °C. The change in
volume after 14 d (V14) was then observed and recorded. The pellet dimensional stability is
expressed as the ratio of the change in volume after storage for 14 d (V14) and the initial
volume of the pellet after production (V(), which is evaluated using Equation (8).

Vis —Vp

1
Vo X100 8)

Dimensional stability (%) =

2.6.2. Pellet Tensile Strength

A diametral compression experiment was performed with the aid of the Instron
tester to determine the tensile strength of the sawdust pellet. Kashaninejad and Tabil [35]
conducted the same test using a similar instrument to evaluate the pellet tensile strength.
The experiment was replicated ten times and the results were averaged. Equation (9) was
used to calculate the tensile strength of pellets.

2F

6x = @ (9)
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where 6y represents the tensile strength in Pa; F is the applied load (N); d is the pellet
diameter (m); / is the pellet sample thickness (m).

2.6.3. Moisture Uptake Test

A humidifier chamber (Espec SH-641 Benchtop chamber, ESPEC Corp., Osaka, Japan)
operating = ng under 90% humidity and a temperature of 25 °C was considered when
carrying out the moisture uptake experiment in this study. This was necessary because
pellets tend to absorb moisture and distort during transportation through the harsh weather
conditions in Canada. The influence of the binders introduced during the pelletization of
the WSS biochar samples was investigated through the moisture absorption experiment.
The setup and the procedure for this experiment were similar to what was described by
other researchers [36-38].

2.6.4. Microstructural Examination

The surface and structural transformation of the biochar pellet were examined with the
help of a scanning electron microscope (SEM) (Phenom-World, Eindhoven, The Netherlands)
combined with a stereoscope. The biochar pellet samples were first prepared and coated with
gold, following a procedure similar to what was described by Onyenwoke et al. [12].

2.6.5. Thermogravimetric Analysis (TGA)

The TGA of the untreated and torrefied WSS was determined with the aid of Pyris Di-
amond TG/DTA equipment (Perkin-Elmer, Waltham, MA, USA). The setup and procedure
for determining the TGA were similar to what was described by Alizadeh et al. [20].

3. Results and Discussions
3.1. Torrefaction Severity Factor

The severity factor (SF) represents both the residence time and the temperature [22].
Table 3 represents the SF results acquired from this study: the temperature and time in-
creased as the SF increased. The basic reaction that occurs during torrefaction pretreatment
includes the depolymerization, carbonization, and devolatilization of hemicellulose, cel-
lulose, and lignin [39]. Based on the torrefaction temperature, the traditional torrefaction
pretreatment processes can be categorized into light (200-235 °C), mild (235275 °C), and se-
vere (275-300 °C) torrefaction [21]. Among the three main components of biomass, the most
affected component is hemicellulose due to its thermal decomposition temperature, which
ranges between 215 and 315 °C. Light torrefaction thermally degraded the hemicellulose in
biomass to some certain extent, while lignin and cellulose were hardly or slightly affected
owing to their higher thermal decomposition temperatures [40]. During mild torrefaction,
hemicellulose was significantly reduced, and the cellulose was slightly consumed. The
severe torrefaction process significantly affected the cellulose and hemicellulose component
of the biomass as well as the energy density, solid, and energy value.

Table 3. Severity factor of microwave-assisted torrefaction of white spruce sawdust.

Temperature (°C) Time (min) Severity Factor
200 5 3.64
200 7 3.79
200 9 391
250 5 5.11
250 7 5.26
250 9 5.37
300 5 6.59
300 7 6.73
300 9 6.84
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3.2. Characterization of Untreated and Torrefied White Spruce Sawdust

The characterization of the untreated and torrefied WSS was carried out to investigate
the effect of torrefaction on the physiochemical properties of the WSS. The results from the
samples analysis are subsequently presented and discussed.

3.2.1. Moisture Content and Torrefaction Yield

The amount of moisture present in the white spruce sawdust samples after the tor-
refaction pretreatment ranged between approximately 1% and 4%. The average moisture
content of torrefied WSS at 200 °C was significantly («x = 0.05) higher when set side by
side with the average moisture content of torrefied WSS at 250 °C and 300 °C. The average
moisture content of WSS torrefied for 5 min was significantly (o = 0.05) higher compared
to the average moisture content of WSS torrefied for 7 min and 9 min. Normally, the
quantity of moisture recorded for the raw biomass ranged from 10 to 50%. Torrefaction
is a moisture-reduction process that reduces the amount of water present in the torrefied
sample to approximately 1-3% on a weight basis [39]. The high presence of moisture in
the raw biomass reduces the torrefaction efficiency and increases the cost of producing
fuel [41]. The initial moisture content of the WSS sample used in this study was approxi-
mately 25%, which reduced drastically to approximately 1-3% after the severe torrefaction
pretreatment. Cai et al. [5] reported a moisture content as low as 0.07% after torrefaction
under 280—300 °C. This could be due to the initial quantity of water present in the raw
biomass sample and the severity of the torrefaction. Basically, as the SF increases, the
moisture content reduces, thereby reducing the risk of biological deterioration and storage
and transportation costs [39].

Supplementary Material Figure S1 shows the product yields of torrefaction, which
constitute a brown to solid-black mass known as biochar, condensable gas (torrefaction
liquid), and non-condensable gas. The biochar yield decreased as the SF increased, but the
liquid and gas yield increased with its increasing severity. When raw biomass is subjected
to torrefaction, its dry matter reduces because of thermal breakdown. The biochar yield is a
critical measure of how biomass resists thermal breakdown [42]. During the torrefaction
operation, weight loss is a crucial factor for evaluating the process advancement. Figure 3
shows the weight loss and energy yield of the WSS at different SFs. As the severity
increased, a higher weight loss was observed. The most significant weight loss was noted at
a severity factor of 6.84, having a weight loss of about 25%. A similar result was reported [5]
when sawdust was torrefied at a temperature of 280—300 °C, which yielded a weight loss
of 27.72%. However, the weight loss is attributed to the thermal breakdown of the three
major contents: cellulose, hemicellulose, and lignin [43]. The energy yield decreased as the
SF intensified. This concurs with the result reported by Cai et al. [5] in which 22.37% was
the amount of energy lost as the torrefaction became severe. Although a mass loss was
observed, the biomass characteristics improved [43—46].

3.2.2. Particle Size Analysis

The size and shape of particles determine the available surface area needed for the
particles to join firmly during pellet formation. This is a critical factor for not only the
mechanical properties of pellets [47,48] but also the energy utilized during pelletization [49,50].
Figure 4 represents the normal size distribution of torrefied WSS at different severities. A
narrower particle size distribution was observed, making it suitable for densification [51].
This is possible when tiny particles rearrange and fill the gaps between larger particles [52].
The increasing severity condition resulted in an increase in the proportion of fine particles in
the sample. A Shapiro-Wilk test (p > 0.05) demonstrated that the biochar particle sizes from
the different severity conditions were approximately normally distributed. A similar trend
was reported [53] when the same experiment was carried out on pine chips and logging
residues. A geometric mean particle size of 0.36 mm was recorded for the untreated WSS.
Table 4 shows the geometric mean diameter (dgw) and geometric standard deviation (Sgw)
of the untreated WSS and WSS biochar particles. The dgy ranged from 0.32 mm to 0.35 mm,



120

Fuels 2023, 4
while the Sgy, ranged from 0.14 mm to 0.22 mm. Chen et al. [54] observed similar results
using the torrefaction of bamboo, pine chips, and logging residues. Alizadeh et al. [20] also
reported a 0.32 mm to 0.38 mm range for the dg, of torrefied sawdust and an Sgy range
from 0.14 mm to 0.21 mm.
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Figure 3. Weight loss and energy yield of WSS at different severity factors.
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Figure 4. Particle size distribution of torrefied WSS at different severities.

3.2.3. Bulk and Particle Density

Table 4 depicts the bulk and particle density of the unprocessed WSS and torrefied
WSS at different temperatures. The bulk density of the raw WSS was notably higher
than the treated samples. This could be because the torrefaction pretreatment application
tends to disintegrate the organized and compacted lignocellulosic structure (cellulose,
hemicellulose, and lignin) of biomass, resulting in a lowered bulk density. This agrees with
results reported by other researchers [55,56]. The bulk density of the biochar WSS ranged
from 110.24 kg/m?3 to 167.24 kg/m?3. The particle density of the biochar WSS was greater
than the untreated samples. The higher particle density of the torrefied WSS could be
because of the shrinkage of biomass samples that occurs during the torrefaction process [57].
The particle densities of the treated WSS ranged from 1250.68 kg/m? to 1454.84 kg/m3.
Peng et al. [55] obtained similar results when spruce sawdust was torrefied at 240-340 °C.
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Table 4. Particle size, bulk, and particle density of raw and torrefied WSS at different temperatures.

Temperature Time dgw Sgw Bulk Density Particle Density
°Q) (min) (mm) (mm) (kg/m?3) (kg/m?)
Untreated - 0.36 0.28 199.75 1054.56
200 5 0.34 0.22 167.24 1250.68
200 7 0.34 0.22 160.32 1277.79
200 9 0.35 0.17 158.56 1293.90
250 5 0.34 0.18 155.67 1345.11
250 7 0.33 0.16 150.00 1357.26
250 9 0.33 0.14 147.87 1365.37
300 5 0.34 0.17 120.44 1406.59
300 7 0.32 0.16 116.23 1426.73
300 9 0.32 0.14 110.24 1454.84

NB: dgy, denotes the geometric mean diameter of WSS; Sy, denotes the geometric standard deviation of WSS.

3.2.4. Elemental and Proximate Analysis

Table S1 depicts that SF affected the elemental and proximate contents of WSS on a
dry-matter basis. The carbon (C), hydrogen (H), sulfur (S), and nitrogen (N) contents of
the raw WSS were 47.47%, 6.66%, 0.21%, and 0.11%, respectively, while the amount of
oxygen (O) present in the raw WSS was determined by difference to be 45.41%. After the
pretreatment operation, the hydrogen and oxygen contents of the samples decreased, while
the quantities of carbon and nitrogen present in the biochar significantly increased (p < 0.05)
as the SF increased. Zanzi et al. [58] reported a similar trend when miscanthus was torrefied.
Additionally, in their respective studies on torrefaction of sawdust, barley straw, and oat
hull, Alizadeh et al. [20], Sarker et al. [59], and Valdez et al. [21] made similar observations
in which an increase in severity led to increases in C and decreases in H and O. Generally,
during the torrefaction pretreatment, the energy density of the biochar (residual carbon-rich
solids) increases due to the volatilization of the smaller hydrocarbon compounds, which
have less energy density. In this study, the decrease in H and O was assumed to be due
to the formation of carbon dioxide and water during the process. The changes occurring
elementally in the biomass are usually demonstrated by the Van Krevelen diagram. The
theory of the Van Krevelen diagram of the untreated WSS and WSS biochar is illustrated
in Figure 5. The atomic H/C and the atomic O/C proportions follow an almost linear
relationship. The O/C and H/C proportions also reduced as the severity increased, which
resulted in a lower production of smoke and water vapor during burning. The energy loss
was also reduced during combustion because of the reduction in the proportions of O/C
and H/C in the WSS biochar.

The characterization of solid biomass fuels showed that FC and VM were the two
significant measures. Fuels with a higher VM normally have a lower FC, resulting in a
lower calorific value and a higher reactivity. Subsequently, when the amount of FC in the
solid fuel is very large, the VM value is usually very low, leading to an improvement in
the energy value. In this study, it was observed that as the SF intensified, the VM reduced,
while the FC increased. The drastic reduction in VM may be due to partial carbonization
and dehydration during the torrefaction process. Similar trends were observed by other
researchers [20,59-62].

3.2.5. Energy Value and Chemical Composition of Untreated and WSS Biochar

The energy value of biochar, simply known as the calorific or higher heating value
(HHV) of biochar, is the total amount of energy produced as heat when the biochar is
subjected to complete combustion. The biomass loses more hydrogen and oxygen content
compared to the carbon content during the pretreatment operation, which improves the
HHYV of the resulting product. Recent studies [12,20,59] have shown that an increase in
FC leads to an enhancement of the calorific value. Figure 6 represents the higher heating
value and chemical content of the untreated and treated WSS. The HHV improved as
the SF intensified. The HHV of the untreated WSS was 18.21 M]/kg, which increased
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by approximately 25% as the torrefaction severity increased. Chen et al. [42] reported
that the HHYV of a torrefied sample improved with the severity condition of torrefaction.
Sarker et al. [59] recorded an HHV between 22 and 25 MJ/kg when selected agricultural
biomasses were torrefied.
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Figure 5. Van Krevelen diagram of untreated and WSS biochar.
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Figure 6. HHV and chemical composition of untreated and treated WSS.

The major composition of a lignocellulosic biomass is cellulose, hemicellulose, lignin,
and minor traces of extractives. These structures have different thermal stability, and
the level of their chemical alteration is subject to the type of feedstock and torrefaction
conditions used. Tumuluru et al. [39] reported three temperature zones that were observed
during the torrefaction operation: (1) non-reactive (50-150 °C); (2) reactive (150-200 °C); and
(3) destructive (200-300 °C). The different occurrence in these zones were the dehydration,
devolatilization, and carbonization of hemicellulose and, finally, the depolymerization
and softening of lignin and the depolymerization devolatilization of cellulose. These
reactions significantly improved the physiochemical properties and energy content of the
biomass [39,63].

The lignocellulosic component analysis of the WSS at different SFs is shown in Figure 6.
Through the torrefaction operation, a huge mass loss was observed. This mass loss was
linked with the breakdown of hemicellulose. Cellulose also undergoes decomposition,
similar to hemicellulose but to a lesser extent. Lignin is difficult to decompose during
torrefaction because of its higher thermal decomposition temperature. The hemicellulose
content drastically reduced to approximately 1.8% and the cellulose content reduced by
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approximately 10%, while the lignin gained approximately 35% as the severity increased.
Results from other researchers agree with these findings [64-66].

3.3. Pellet Properties

Peng et al. [18] reported that the pelletization of torrefied samples was difficult when
compared with untreated samples. However, the addition of binders not only makes pelletiza-
tion much easier but also improved the pellet properties [19,20]. The effect of additives during
pelletization was investigated and is described in the following sub-sections.

3.3.1. Pellet Unit Density and Dimensional Stability (DS)

Figure 7 represents the pellet unit density and the weight loss at different SFs. The
pellet density was observed to have decreased after the torrefaction pretreatment process.
The pellet unit density reduced to approximately 915.42 kg/m? from 1048.56 kg/m? at a
weight loss of 18%, while the mass loss through the torrefaction process of the WSS led
to lower pellet densities of the torrefied WSS [67]. In their study, Peng et al. [55] reported
that at a 30% weight loss, the pellet density decreased to 930 kg/m? from 1190 kg/m> and
from 1230 kg/m? to 970 kg/m? for commercial white and brown wood pellets, respectively.
Alizadeh et al. [20] also reported a reduction in the pellet unit value from 1044.6 kg/m? to
955.96 kg/m? for a higher SF.
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Figure 7. Pellet unit density and weight loss of raw WSS and WSS biochar for different severity factors.

Table S2 depicts the pellet properties of the torrefied WSS, indicating that the DS of
the pellets improved as the torrefaction severity increased. The DS provides information
about the firmness of the produced pellets through handling, transportation, and storage.
When lesser values are obtained during this test, it shows that the pellet stability is good,
while large values indicate that the pellet is unstable. When positive and negative values
are obtained, it indicates that expansion and contraction were observed in the pellet,
respectively. Results from other researchers agree with these findings [12,20,21].

3.3.2. Pellet Tensile Strength

The tensile strength and particle density are two major characteristics that define
the quality of biomass pellets [68]. Pellet tensile strength is an important property of
biomass pellets that expresses the force required to crush or damage a pellet. Generally,
the results obtained in this study showed a decrease in value as the torrefaction severity
increased. Hemicellulose and cellulose polymer degradation was believed to be one reason
for the tensile strength loss of biomass pellets under severe torrefaction treatment [69].
Shang et al. [70] reported that the pellet tensile strength reduced by 90% after severe
torrefaction. Figure 8 shows the pellet tensile strength after torrefaction. The tensile
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strength of the raw WSS pellet was 1.68 MPa, which slightly increased to 1.82 MPa after
light torrefaction, reduced to 1.23 MPa after mild torrefaction, and decreased further to 0.78
MPa when the torrefaction became severe. This was possibly due to the variance in the
thermal stability of the WSS structures and the degree of their chemical changes in different
stages of torrefaction.
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Figure 8. Tensile strength of pellets from WSS untreated and torrefied with or without binders. NB:
Without binder; TFO: 75% torrefied WSS with 25% TL; TFS: 75% torrefied WSS with 25% sawdust;
TTOS: 33.3% torrefied WSS with 33.3% sawdust and TL; TWOS: 75% torrefied WSS with 12.5%
sawdust and TL each.

To improve the strength of the torrefied sawdust pellets in this study, the utilization of
cheap and non-food-based binders was explored. White spruce sawdust and torrefaction
liquid (TL) were introduced to the pelletization step in different formulations after the
microwave-assisted torrefaction of the WSS. Figure 8 represents the tensile strength of the
pellets with and without binders. It was observed that the additives improved the binding
mechanism between torrefied particles during densification, which improved the tensile
strength of the pellet. This agrees with other researchers [31,71,72] who conducted similar
works using different binders in pellet making.

3.3.3. Moisture Uptake of Pellets

Due to the different weather circumstances in Canada for the storage and transporta-
tion of biomass pellets, it was necessary to conduct a moisture uptake test. The pellets
might be exposed to harsh weather conditions which could affect their quality. Figure 9
demonstrates the absorption results for pellets from different torrefaction temperatures.
During the experiment, the untreated pellets were observed to have enlarged and distorted
within a short time in the humidifier chamber. Although the torrefied WSS pellets main-
tained a good form of firmness, they also swelled and disintegrated after some hours in the
chamber. The moisture absorption of torrefied sample pellets compared to untreated pellets
was previously studied by other researchers [73-75]. During the torrefaction operation, the
OH groups in the biomass are destroyed to a limited degree by dehydration, hindering
the formation of H bonds and thereby encouraging the pretreated biomass to become
hydrophobic [63]. In general, the WSS biochar pellets treated under severe torrefaction had
a low moisture uptake capacity, which may be due to the more intensive breakdown of
polymers and the decrease in H bonding sites [68]. For example, the WSS torrefied at 200 °C
in which approximately 6% of the hemicellulose was degraded had a moisture uptake of up
to 10%, while the WSS torrefied at 300 °C was able to take up less than 5% moisture due to
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the degradation of almost 60% of the hemicellulose. The effect of the binders on the water
absorption rate of the pellets was also examined; these results are displayed in Figure S2.
The introduction of TL and sawdust to the biochar pellet formulation ameliorated the
surface structure by enhancing the adhesive mechanism of the biochar particles. This
lessened the microporous surface tension, which decreased the uptake rate of the available
water [12,76].
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Figure 9. Moisture absorption of torrefied and non-torrefied WSS pellets.

3.3.4. SEM Analysis

The binding mechanism of the pelleted biochar particles was further analyzed with the
help of scanning electron microscopy (SEM), which aided in the observation of the internal
stratification of the pellets formed. The microscale effect of the pretreatment process on the
WSS was justified by a microstructural examination, which provided a perception of the
structural pattern of the biochar pellet samples. Figure 10a—d shows the SEM micrograph
images of the WSS pellets. Figure 10a presents the micrographs of the untreated WSS pellet,
while Figure 10b,c show the micrograph of the torrefied pellets at temperatures of 200 °C,
250 °C, and 300 °C, respectively. It was observed that the torrefied WSS pellets showed
more firmly glued surfaces with fewer pore spaces when set side by side with the raw
pellets. The WSS biochar pellets also showed less porosity when compared with raw pellets.
This may be due to the breakdown of and depolymerization of the hemicellulose and
cellulose matrix through the torrefaction of the WSS. The structural breakdown exposes
more surface area, which is suitable for pelletization. Similar observations were reported
by other researchers [77,78]. The micrographs of the untreated WSS pellet and the torrefied
pellets at a higher magnification are presented in Figures S3-56, respectively.

3.3.5. Differential Thermogravimetric Analysis (DTG)

To determine the heat stability of the WSS pellet, a DTG analysis was conducted. The
degradation, decomposition, and chemical stability of biomass pellets are critical indicators.
The DTG analysis graph of the raw and torrefied WSS pellets are presented in Figure 11a,b.
It was observed that the WSS pellets displayed a similar thermal degradation trail for
the studied samples. Four identical regions were observed. The first region is where
weight loss occurred at 50-150 °C due to the evaporation of free water and the escape of
organic substances with low boiling points [79]. The second region was the breakdown of
hemicellulose and the escape of volatile matter, noted at a temperature of 200-235 °C. The
third region was the breakdown of cellulose (250-275 °C), while the final region referred
to the oxidation of char at high temperatures [72]. This implies that the torrefaction of the
WSS slightly reduced its thermal stability. Sarker et al. [72] made a similar observation
when a DTG analysis of some torrefied agricultural residues was performed.
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Figure 10. SEM micrographs images of WSS pellets: (a) un-torrefied WSS; (b) WSS torrefied at 200 °C;
(c) WSS torrefied at 250 °C; (d) WSS torrefied at 300 °C.
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Figure 11. The DTG analysis graph of the raw and torrefied WSS: (a) thermogravimetry curves of the
untreated and torrefied WSS; (b) differential thermogravimetry curves of the untreated, torrefied WSS.

4. Conclusions

The torrefaction pretreatment of white spruce sawdust (WSS) was conducted using a
lab-scale microwave oven at temperatures in the range of 200-300 °C and a retention time of
5-9 min in an inert environment to ascertain the effect of these two process variables on the
physiochemical properties of the WSS. The products of this process are solid carbon, com-
monly known as biochar, and condensable (torrefaction liquid (TL)) and non-condensable
gases. The result from this study indicates the potential for the torrefaction pretreatment
operation to enhance the physiochemical properties of WSS. The hemicellulose content un-
derwent a major degradation as the torrefaction severity increased. Similarly, the cellulose
also underwent decomposition, but with less degradation. The incomplete depolymer-
ization of cellulose and the disintegration of hemicellulose at the same time increased
the lignin content during the pretreatment process, enhancing the FC and drastically de-
creasing the VM content. This led to an improvement in the higher heating value (HHV),
hydrophobicity, bulk, particle density, pellet dimensional stability, and pellet density.

During the torrefaction process, a significant mass loss associated with the decom-
position of hemicellulose was observed. The hemicellulose content drastically reduced to
approximately 1.8% and the cellulose content reduced by approximately 10%, while the
lignin gained approximately 35% as the severity increased. The pellet unit density and
pellet tensile strength in this study decreased as the torrefaction severity increased. The
breakdown of the hemicellulose and cellulose polymer was suggested to be one reason
for the tensile strength loss of the biomass pellets under severe torrefaction treatment.
However, the tensile strength of the studied pellets was improved by the introduction of
binders. The OH groups in the biomass are destroyed to a limited degree by dehydration.
This hinders the formation of H bonds, thereby encouraging the pretreated biomass to
become hydrophobic. From the SEM graphs, it was observed that the torrefied WSS pellets
showed more firmly glued surfaces with fewer pore spaces when compared with the raw
pellets. The thermogravimetric analysis conducted showed that the torrefaction of the WSS
slightly reduced its thermal stability.
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