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Abstract: Microwave torrefaction of oat hull was conducted to enhance its physicochemical proper-
ties. A bench-top reactor with an internal stirrer was used for oat hull pretreatment at temperatures
of 225 ◦C, 255 ◦C, and 285 ◦C, and residence times of 3, 6, and 9 min, respectively. Results showed
that a high temperature level at 3 min residence time or severe torrefaction increased calorific values
by up to 35% of its original value, while decreasing mass yield down to 60.77%. Severe torrefaction
further decreased moisture absorption, moisture content, and grinding energy consumption but
decreased energy yield and bulk density. Residence time had no significant effect on biomass physic-
ochemical changes; however, production cost may be significantly increased by longer residence
times. It was also concluded that increased microwave power levels from 400 to 650 W decreased
energy consumption by shortening processing times, resulting in a positive economic impact of
the process. Moderate and severe torrefaction significantly enhanced biomass fuel properties, and
short residence times are recommended in order to decrease electricity consumption. In addition,
microwave pretreatment enhances biomass in a similar way to conventional torrefaction, but at
a faster processing time. Moreover, the liquid fraction as a by-product may represent a valuable
product for the food industry.

Keywords: microwave torrefaction; oat hull; fiber optic; calorific value; fuel properties

1. Introduction

Oat hull, a by-product of the milling process, represents up to 25% of the total weight of
the grain [1]. Due to its high fiber content and low-quality nutritive value for animals, this
by-product is of low economic value in the region. Instead, agricultural by-products could
be utilized as a source of renewable energy, which are also considered carbon neutral [2].
However, some of the major problems associated with the use of biomass for energy
production are high moisture content, hydrophilic nature, and low heating values [3,4].
One of the possible solutions to this problem could be the use of torrefaction, which is a
thermochemical process that improves the fuel characteristics of biomass [5]. As described
by Basu [6], temperature is the most important parameter within the torrefaction process.
Therefore, the intensity of torrefaction treatment based on temperature level may be divided
into: (a) light (230 ◦C); (b) moderate (260 ◦C); or (c) severe (290 ◦C) torrefaction [7].

Torrefaction reduces the hydroxyl (OH) groups, inhibits hydrogen bonds, and re-
sults in hydrophobicity of the biomass [8]. Nonpolar unsaturated structures are formed
through chemical reaction rearrangements, which will avoid biological degradation [3].
Tumuluru et al. [3] pointed out that torrefied pellets allow up to 40% cofiring in coal
power plants, without modifications in the existing equipment due to matching fuel
properties of treated biomass. Previous studies have explored the effect of microwave
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torrefaction on biomass. For example, Iroba et al. [9] analyzed the effect of microwave
torrefaction on municipal waste, reporting significant biomass improvements such as lower
grinding energy consumption, increased heating values, and reduced moisture contents.
Abubakar et al. [10] developed a microwave torrefaction unit with an inner stirrer to treat
oil palm shell. The authors concluded that a homogeneous biomass heating can be achieved
using a microwave torrefaction process that resulted in positive effects on biomass fuel
properties. Microwave torrefaction studies improved the heating value and energy density
of biomass and decreased its grinding energy [11–13]. The torrefied liquid fraction was
determined to possess a high economic potential due to phenolic compounds content.

This work was conducted to determine the physicochemical changes produced by
microwave torrefaction of oat hull, a by-product in abundance in the prairie provinces
of Canada. The effects of temperature level and residence time during torrefaction were
investigated. The impact of microwave power level on biomass yield was also examined.
Furthermore, analysis and comparison of liquid yield fraction was examined for potential
commercial utilization in the food industry. The work embodied in this paper is part of a
project to determine the potential application of oat hull for heat and power production
which included torrefaction treatment, pelleting, and techno-economic assessment [14].

2. Materials and Methods
2.1. Sample Collection and Storage

Richardson Milling Ltd. (Martensville, SK, Canada) supplied the raw oat hull in April
2019. The initial moisture content of as-received samples was determined using ASABE
standard ASAE S358.3 replicated three times and expressed in percent wet basis (% wb) [15].
The samples were kept in sealed containers under cold storage at 4 ◦C, until the day of the
experiment. Oat hull particles smaller than 0.589 mm were removed from the feedstock
prior to the microwave torrefaction process via ASAE S319.3 sieving method [16].

2.2. Microwave Torrefaction

A lab-scale microwave Cober LBM 1.2A/7296, 2.54 GHz (Cober Electronics, Inc.,
Norwalk, CT, USA) oven was used to perform the biomass torrefaction. This research used
a 500 mL borosilicate vessel with removable three-neck outlet lid as the microwave tor-
refaction reactor. The bottom outlet serves as outlet for condensable and non-condensable
gases, the top outlet is used as an inlet for the nitrogen (N) at a flow rate of 100 mL min−1,
and the middle outlet is used to insert a stirrer. Figure 1 shows the schematic diagram of
the lab scale system. The LabVIEW 6i (National Instruments, Austin, TX, USA) software
recorded the energy consumption and temperature data in real time at 1 s interval. To avoid
electromagnetic interference with the microwave, a high temperature fiber optic probe
PRB-G20 (Osensa Innovations, Burnaby, BC, Canada) was used to record temperature
inside the microwave torrefaction reactor.

During this experiment, approximately 100 g of oat hull were placed inside the reactor
vessel for all tests conducted and were repeated in triplicates. The microwave oven was set
to a determined power level before turning the equipment on, and once the biomass reached
the desired reaction temperature (225, 255, or 285 ◦C) representing light, moderate, and
severe torrefaction [7], the residence time of 3, 6, or 9 min began. During each torrefaction
residence time, the microwave power level had to be regulated in order to hold a constant
reaction temperature for the total residence time.

2.3. Physical Properties

The particle size was determined by ASAE S319.3 sieving method [16] using a Ro-Tap
sieve shaker (W.S. Taylor Inc., Mentor, OH, USA). Approximately 100 g of treated and
untreated (unground) oat hull were analyzed in triplicate for size distribution using U.S
sieve numbers: 8, 12, 14, 16, 20, and 30 with corresponding opening sizes of 2.38, 1.68, 1.41,
1.19, 0.841, and 0.595 mm, respectively. The bulk density was calculated using mass and
volume of a standard cylindrical container of 0.5 L volume (SWA951, Superior Scale Co.
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Ltd., Winnipeg, MB, Canada) and expressed in kg m−3. The oat hull passed through a
funnel fixed on the top of the cylinder and filled the 0.5 L volume container [17,18]. Five
replicates were performed.
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The moisture absorption test was conducted in a controlled environment chamber
(Espec SH-641 Benchtop chamber, ESPEC Corp., Osaka, Japan) by measuring the total
moisture uptake of different oat hull samples (untorrefied and torrefied) under 90% relative
humidity at a temperature of 25 ◦C for 72 h. These conditions were tested to resemble the
“worst case scenario” for storage conditions from rainy and humid days in Canada. Before
the moisture uptake test, oat hull samples were dried in a THELCO laboratory PRECISION
oven at 105 ◦C for 24 h [9,12,19,20]. Glass containers, stored inside the humidity chamber,
held about 2 g of dried samples. After 72 h, the glass containers were covered with airtight
lids to avoid moisture loss and weighed for moisture absorption.

The higher heating value (HHV) was measured by an oxygen bomb calorimeter (Parr
Instruments Co., model 6400, Moline, IL, USA). Approximately 500 mg of ground sample
burned inside an oxygen filled bomb calorimeter, submerged in a measured quantity of
water which promoted a temperature rise in water. The amount of heat units released
was calculated in calories per gram (cal g−1) and further converted into megajoules per
kilogram (MJ kg−1).

2.4. Yields after Microwave Torrefaction

The mass and liquid yields of the torrefaction process were weighed and stored in
sealed containers at the end of each experiment. The difference of the total sample used,
minus liquid and solid yields determined the gas yield. Equation (1) was used to calculate
the mass yield of the microwave torrefaction of samples.

YM =

(
TM

UTM

)
× 100 (1)

where YM is the percent mass yield of the microwave torrefaction; TM is the mass of
torrefied sample (g); and UTM is the mass of the initial sample (g).
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As described by Bridgeman et al. [21,22], energy yield can be calculated from the mass
yield when the total biomass energy decreases by a reduction of the mass yield during the
torrefaction process. Equation (2) calculated the remaining energy in the biomass after the
microwave torrefaction process (yield of energy).

YE = YM

(
TCV

UTCV

)
(2)

where YE is the yield of energy (percent); YM is the yield of the mass (percent); TCV is
the calorific value of the torrefied sample; and UTCV is the calorific value of the initial
(untorrefied) sample.

The liquid yield fractions collected from the torrefaction process were kept in sealed
glass bottles for 20 days for further analysis. During the storage period, the tar or insoluble
organic fraction settled to the bottom [23]. According to Ramakrishnan and Moeller [23], the
tar fraction contains polycyclic aromatic hydrocarbons (PAH) compounds which have toxic
or carcinogenic properties [24] with adverse human health effects; they must be removed
during processing for liquid smoke. After the storage period, the liquid fraction was
decanted and passed through a Whatman No. 2 filter paper, removing the tar condensate.
For total acids (percentage acetic acid), 6 mL of the liquid sample was diluted in 250 mL
of distilled water and titrated to a pH of 7 using 1.0 N NaOH where the amount in mL
of NaOH added is determined [25]. The pH of liquid smoke was measured using a
model PSH-3C pH meter (MRM Precision Instruments Inc., Brampton, ON, Canada). All
measurements were conducted in triplicates.

2.5. Grinding Energy Consumption

To investigate the effect of microwave torrefaction on grinding energy consumption,
torrefied and untorrefied (dry and 10% moisture) oat hull were ground using a disc mill
(Glen Mills Inc., Clifton, NJ, USA). A power meter model ELITEpro XC (Dent Instruments,
Bend, OR, USA) measured and logged the energy consumption. After 5 s of turning the
equipment on, 37 g of biomass entered the grinder, and the test was stopped when no
material came out through the collecting vessel. The test was replicated three times. The
untorrefied sample was dried by oven method at 105 ◦C for 24 h, and subsequently the
samples were stored in hermetic containers until the grinding process to avoid moisture
absorption. Equation (3) calculated the energy reduction rate.

ER =
e2 − e1

e1
× 100 (3)

where ER is the energy reduction in percent; e2 is the total energy used by the microwave
torrefaction treatment in kJ kg−1; and e1 is the total energy used by the reference treatment
(untorrefied oat hull with 10% moisture) in kJ kg−1.

2.6. Cost Per Tonne of Torrefied Material

The production cost (CAD$) of 1 tonne of processed biomass (using 100 g lab reactor),
was estimated by integrating the area under the curve of the microwave power consump-
tion in kWh. This analysis was developed to obtain a general idea of how power level
influenced energy use. Equations (4) and (5) calculated the cost per tonne of torrefied oat
hull. The energy fee rate was obtained from SaskPower Customer-Owned Transformation
Rate code *E-12 [26].

Cost
tonne

= (E(EC + FCC)× 10, 000) + DC (4)

where E is the electrical energy used during the microwave torrefaction process (kWh); EC
is the electricity charge per kWh ($); FCC is the Federal Carbon Charge per kWh ($); 10,000
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is a constant to scale to 1 tonne of product (100 g used during the lab × 10,000 = 1,000,000 g
which is 1 t); and DC is the demand charge ($) as given by Equation (5).

DC =

(
Tt

10, 000
Wh

)
MDC (5)

where Tt is the total time of the process (h); Wh is the working hours of the equipment (h);
and MDC is the monthly demand charge per kilovolt amperes ($).

2.7. Organic Composition

The ANKOM methods for neutral detergent fiber (NDF), acid detergent fiber (ADF),
and acid detergent lignin (ADL) were used in estimating the cellulose, hemicellulose, and
lignin contents of treated and untreated biomass. ANKOM Method 5 determined ADF,
which was the residue remaining (cellulose and lignin) after digestion with sulfuric acid
(H2SO4) and cetyl trimethyl ammonium (CTAB) [27]. ANKOM Method 6 determined NDF,
which was the residue remaining (cellulose, hemicellulose, and lignin) after digestion in
a detergent solution [28]. ANKOM Method 8 determined ADL, which was the residue
remaining (lignin) after digestion with 72% by weight of H2SO4 [29].

The amounts of carbon, nitrogen, hydrogen, and sulfur in the different samples were
determined using a Vario EL III CHNS elemental analyzer (Elemental Americas, Inc.,
Ronkonkoma, NY, USA). Through quantitative high temperature decomposition, samples
underwent combustion in an oxygenated atmosphere in a combustion quartz tube filled
with tungsten oxide powder of ~1 mm. The gases from the samples were reduced in a
reduction tube filled with Cu chips prior to feeding into a series of separation tubes for
measuring SO2, H2O, and CO2. The desired elemental composition of the samples was
separated from the others with the help of specific absorption columns and quantified in
succession using a thermal conductivity detector with helium (He) gas acting as a flushing
and carrier gas at a flow rate of 30 mL m−1.

The ash content was determined based on National Renewable Energy laboratory
standard [30]. About 2.0 ± 0.2 g of oven dried oat hull samples were weighed into tared
dried crucibles and placed into a muffle furnace (Model F-A1T30, Thermolyne Sybron
Corp., Dubuque, IA, USA) at 575 ± 25 ◦C for 24 ± 6 h. The sample was removed and
placed inside an oven 105 ◦C for 20–30 min before being placed in a desiccator to cool. Ash
content was calculated by oven dry weight (reported on dry basis, db.) and replicated
three times.

3. Results and Discussion
3.1. Microwave Torrefaction

Power levels from low to high were used in this work in order to determine the
optimal and cost-effective power setting. Treatments with low to medium power usage
(400 to 550 W) presented higher energy consumption due to prolonged time to reach
desired temperature. At medium power levels (550 to 700 W), the time to reach the desired
temperature was drastically reduced and the oat hull sample had a uniform torrefaction
color. Under high power level (>750 W), the energy consumption slightly increased with
no significant decrease in processing time, but it tended to damage the reactor vessel and
components. Therefore, in order to avoid thermal shock and damage to the reactor, a
reactor heating time of 8 to 12 min was set as a maximum recommended time to reach
microwave torrefaction temperatures of 225 to 285 ◦C from room temperature (25 ◦C).

Table 1 shows the effect of microwave power on the process variable, where an
increase in power level from 400 to 700 W decreased the total processing time, cost per
tonne, and total kilowatt hour (kWh). A power level of 700 W may have been the most
appropriate from an economic point of view. However, 650 W power level was set as the
most appropriate based on safety of the reactor, processing time, and cost per tonne.
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Table 1. Effect of microwave power level on torrefaction variables at target temperature of 225 ◦C at 3 min residence time.

Power (Watts) Total Processing
Time (min)

Estimated Cost Per
Tonne (CAD t−1) Total kWh kilo Volt Ampere

(kVA)
Torrefaction Mass

Yield (% t−1)

400 23.07 $158.79 0.1483 1.3879 88
450 19.35 $148.65 0.1386 1.5377 86
500 15.35 $129.05 0.1262 1.5820 87
550 13.50 $121.60 0.1210 1.6336 85
600 12.14 $117.34 0.1136 1.8522 88
625 11.55 $116.31 0.1135 1.8616 85
650 11.44 $115.81 0.1134 1.8754 87
675 10.47 $110.53 0.1087 1.9680 86
700 10.10 $109.38 0.1043 2.1175 87
750 9.59 $110.95 0.1095 2.0894 87
785 9.48 $112.05 0.1111 2.1943 85

Another relevant result was the findings of constant mass yield and higher heating
value (HHV) of the oat hull at different microwave power levels, in contrast to previous
studies where it was mentioned that higher power levels would lead to a lower mass
and an increase in the HHV. For example, Iroba et al. [9] reported that municipal solid
waste mass yield was mainly dependent on the microwave power level. In another study,
Satpathy et al. [12] mentioned that energy and mass yields decreased with an increase in
microwave power and reaction time for wheat and barley straw. Lin [31] stated that higher
microwave power level decreased mass and energy yields and increased HHV of waste
straw. Huang et al. [13] described that the HHV of the rice straw and Pennisetum would
increase with higher microwave power levels. Moreover, Wang et al. [32] reported that
high microwave power levels would result in a loss of the torrefied rice husk and sugar
cane mass yield.

A trend in previous studies implied that the mass yield decreased with increase in
microwave power for various biomass types. However, this is only a simplistic view and a
better explanation could be offered by understanding how microwave power influences
the biomass temperature level, which leads to an increase in mass loss and heating value.
From Figure 2a, it can be observed that a higher microwave power level would result in a
reduced processing time to reach the torrefaction temperature (220 ◦C for this example),
with coefficient of determination (R2) of 0.99. This suggests that a second-order polynomial
regression has a predictive capability on the time required for torrefaction as a function of
microwave power operation condition. From Figure 2b, the effect of increased microwave
power produced a faster rise or increase in temperature level, with R2 of 0.99, suggesting
that there is a high positive linear association between variables.
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Figure 2. Effect of microwave power level on residence time and temperature: (a) microwave power level and time to reach
220 ◦C, (b) temperature rise based on microwave power level with a 7 min processing time.
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The results showed that mass yield and HHV of torrefied biomass remained constant
through different microwave power levels which is dissimilar to previous microwave
torrefaction studies reported. An accurate control of the microwave torrefaction temper-
ature by fiber optic temperature sensor would explain this dissimilarity. As mentioned
by Basu [6], reaction temperature is one of the most important factors in torrefaction.
For example, the targeted microwave torrefaction was set to 255 ◦C and 6 min residence
time. Once the biomass reached torrefaction temperature, the microwave power had to
be manually regulated (decreased and increased) during the residence time, in order to
hold the desired torrefaction temperature at 225 ◦C. Without microwave power regulation
during residence time, the biomass temperature would continue to increase leading to
a mass yield decrease and HHV increase. Based on temperature profiles of the different
microwave power levels (Figure 3), it was observed that higher power levels required less
time to reach torrefaction temperature. When power levels were increased from 400 to
785 W, the time to reach torrefaction temperature decreased from 20 to 6.5 min, while the
average heating rate simultaneously increased from 9.8 to 28.6 ◦C min−1.
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Figure 3. Temperature profiles at different microwave power levels.

3.2. Physical Properties of the Samples

Table 2 presents the moisture content, particle size, and bulk density of torrefied and
untorrefied oat hull, where increased microwave torrefaction temperatures decreased the
geometric mean particle diameter (dgw) and the standard deviation of particle diameter
(Sgw). This could be explained by material shrinkage due to removal of moisture and
volatiles through thermal treatment. For instance, Tumuluru et al. [3] attributed the
shrinkage to loss of volatiles leading to a reduction in weight, while Bergman and Kiel [33]
explained that biomass shrinkage was caused by a volumetric change due to torrefaction
deep drying. Figure 4 shows how the particle size distribution decreased with the increment
in torrefaction level, where higher temperatures produced smaller particle sizes.

Table 2. Physical properties of oat hull before and after microwave torrefaction.

Temperature Moisture Content (% wb) dgw (mm) Sgw (mm) Ash Content (% db) Bulk Density (kg m−3)

Untorrefied 10.40 1.664 0.717 5.30 166.34
225 ◦C 0.93 1.509 0.650 5.51 164.60
255 ◦C 0.81 1.378 0.593 6.59 152.87
285 ◦C 0.78 1.287 0.554 7.59 145.67

Note: mean diameter (dgw), and standard deviation of particle diameter (Sgw).
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Figure 4. Particle size distribution by microwave torrefaction level.

The ash content increased with an increasing torrefaction temperature, while moisture
content of torrefied samples drastically decreased from 10.4 to its lowest 0.78% wb at high
microwave torrefaction temperature. The bulk density did not present any significant
changes at light microwave torrefaction temperature (225 ◦C). However, as the microwave
torrefaction temperature increased to moderate (255 ◦C) and severe (285 ◦C), the bulk
density decreased due to loss of mass specifically from hemicellulose. Rodrigues and
Rousset [34] reported similar results, as they indicated that low torrefaction temperatures
(220 ◦C) did not cause any significant change in biomass density. The authors also deter-
mined that increased residence time did not cause any significant changes to bulk density
or particle size between microwave torrefaction treatments.

Moisture absorption of microwave torrefied samples was found to be lower than that
of untorrefied samples. After full saturation (72 h at 25 ◦C and 90% RH), the microwave
torrefied oat hull samples at temperatures of 225, 255, and 285 ◦C had respective moisture
contents of 15.37, 9.25, and 8.08% wt. vs. 17.96% wt. for the untreated. This difference
of moisture absorption capability of oat hull could be explained by a depolymerization
of polymers and removal of oxygen groups from the cell wall, replacing hydrophilic for
hydrophobic groups resulting from torrefaction [35]. Peng et al. [20] attributed the decrease
in moisture uptake of torrefied wood pellets to a decreased hydrophilic OH group and
increased hydrophobic carbon content.

3.3. Torrefaction Performance

Figure 5 shows an increase in mass loss due to torrefaction temperature. The mass
loss generally included part or all of the extractives of hemicellulose and cellulose contents
depending on microwave torrefaction level (Table 3). The maximum mass loss was recorded
at 285 ◦C and 9 min residence time to be 41.3% wt. Moreover, increasing the torrefaction
residence time did not significantly influence the mass loss as compared to increasing
the temperature level. The average HHV of as-received oat hull was 16.8 MJ kg−1, and
the highest value of 22.70 MJ kg−1 was obtained by severe microwave torrefaction and
9 min residence time (35.12% higher). The average energy density of light (97%), moderate
(87%), and severe (79%) torrefaction gradually decreased by a reduction of the mass yield.
Generally, a higher microwave power level contributed to the increase of HHV of torrefied
oat hull. However, it was observed that similar to mass loss, HHV was not significantly
increased as a result of a longer residence time. Almeida et al. [36] and Huang et al. [13]
used mass loss and heating values as indicators of torrefaction severity. For the microwave
torrefaction of oat hull, a severity factor (SF) was used to integrate temperature and
residence time [37]. Equation (6) defines the SF used in this study as:

SF = log
[

t ∗ exp
(

TH − TR
14.75

)]
(6)

where t is the reaction time of microwave torrefaction in min; TH is the reaction temperature
in ◦C; and TR is the reference temperature (100 ◦C).
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Table 3. Oat hull yields, higher heating value, and severity factor during and after microwave torrefaction.

Temperature
(◦C)

Residence
Time (min)

Higher Heating
Value (MJ kg−1)

Mass Yield
(%)

Liquid Yield
(%)

Gas Yield
(%)

Energy
Yield (%)

Severity
Factor

Raw material - 16.80 100.00 - - 100 -

225 3 18.91 87.30 9.97 2.73 98.28 4.16
6 18.91 86.60 10.97 2.43 97.50 4.46
9 18.91 86.37 10.67 2.96 97.24 4.63

255 3 20.70 71.10 19.70 9.20 87.61 5.04
6 21.23 67.93 22.37 9.70 85.85 5.34
9 21.48 66.70 22.23 11.07 85.30 5.52

285 3 22.27 60.77 27.57 11.66 80.56 5.92
6 22.69 58.80 29.00 12.20 79.42 6.23
9 22.70 58.63 28.73 12.64 79.21 6.40

Figure 5 presents a correlation between heating value and mass loss of oat hull after
microwave torrefaction, where a decrease in the mass loss generally increased the HHV.
Moreover, a severe decrease in the mass loss tended to reduce the energy yields by up
to 58.63%. Mass loss and heating value presented a R2 of 0.93 and 0.95, respectively,
suggesting that the regression equations can fairly predict these variables with a high
positive linear association between variables and SF.

As observed in Table 3, high temperatures resulted in higher liquid and gas yields.
During torrefaction, water and acids are produced from hemicellulose and cellulose degra-
dation [6,38]. As described by Basu [6], large structures of hemicellulose, cellulose, and
lignin will degrade into smaller ones and can be classified as gas (CH4, CO, H, CO2, and
steam), liquid (water, tar, phenols, acids, and carbonyls), and mass (char).

3.4. Energy Consumption during Grinding

For as-received untreated oat hull, the grinding process was shown to consume a lot
of energy (121.54 KJ kg−1). However, by reducing the sample moisture content, the energy
consumption decreased by 44% (68.54 KJ kg−1). Through the use of light (225 ◦C), moderate
(255 ◦C), and severe (285 ◦C) torrefaction, the grinding energy reduced by 64, 80, and 86%,
respectively, with corresponding energy consumptions of 43.70, 23.88, and 17.30 KJ kg−1,
respectively. The decrease in grinding energy of oat hull after microwave torrefaction was
comparable with results obtained in other similar studies for biomass [39–41]. For example,
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according to Repellin et al. [41], dehydration decreased grinding energy by the breakdown
of the fibrous structure of wood. Moreover, microwave torrefaction tended to degrade the
lignocellulosic structure of the oat hull. Therefore, the higher torrefaction treatment level
resulted in a greater lignocellulosic structure degradation with an improved grindability
and a reduced energy consumption.

3.5. Cost Per Tonne of Torrefied Material

Data from test results indicated that during the light microwave torrefaction treatment
there was no significant increment in HHV with residence time; however, there was a
significant increment in cost from $116 to $166 per tonne (Figure 6). Moreover, HHV
increased with residence time for moderate and severe microwave torrefaction; however,
the production cost was significantly increased. These results reflected that prolonged
residence time substantially increased the production cost. Therefore, in order to increase
the biomass HHV at low processing cost, the residence time has to be minimum at a high
temperature level. For example, biomass processed at 285 ◦C and 3 min residence time
would have a higher HHV and lower cost than treatments with 6 or 9 min residence time
at 255 ◦C.
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3.6. Organic Composition of Samples

This work also investigated the effect of microwave torrefaction level on lignocellu-
losic structure of oat hull. As observed in Table 4, there was a significant degradation
of hemicellulose by microwave torrefaction treatment from an initial content of 37.54 to
0.72% db through severe microwave torrefaction. Moreover, cellulose, and lignin contents
increased, except for the severe microwave torrefaction treatment, where cellulose also
decreased due to the higher thermal treatment. According to Nhuchhen et al. [8], hemicel-
lulose presents a lower degree of polymerization when compared to cellulose, resulting in
higher thermal degradation, with severe mass yield reduction. Lignin increased from an
initial content of 11.46 to 45.65% db through severe microwave torrefaction, suggesting
that there was a much lower degradation when compared to hemicellulose and cellulose.
This reduced degradation could be explained due to its large sterically hindered complex
structure and lack of hydroxyl groups [42]. The heating values increased with microwave
torrefaction temperature level which can be explained by the removal of hemicelluloses.
For example, hemicelluloses presented a much lower heating value (13.6 MJ kg−1), when
compared to lignin (27 MJ kg−1) which was reported to increase [40,43]. According to
Basu [6] cellulose is composed of condensable vapors, while hemicellulose produces more
non-condensable gases, less tar, and acetic acid.
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Table 4. Hemicellulose, cellulose, and lignin contents and higher heating values of oat hull before and after microwave
torrefaction treatments.

Sample Hemicellulose (%,
db) Cellulose (%, db) Lignin (%, db) HHV (MJ kg−1,

wt)
HHV (MJ kg−1,

db)

Raw 37.54 34.22 11.46 16.80 18.76
225 ◦C 27.34 34.40 15.40 18.91 19.09
255 ◦C 0.81 38.92 35.18 20.70 20.87
285 ◦C 0.72 33.52 45.65 22.27 22.45

Note: Higher heating value (HHV).

Table 5 shows that microwave torrefaction resulted in significant elemental composi-
tion changes, making oat hull more suitable for fuel applications since percentage of carbon
increased and oxygen contents reduced. For severe microwave torrefaction, the carbon
content increased by 30.16%, while hydrogen and oxygen contents decreased by 8.10, and
19.40%, respectively thus lowering the C-H and C-O ratios. According to Phanphanich and
Mani [40] reduction of C-H and C-O bonds enhances the properties of a fuel by increasing
heating values and reducing smoke and water vapors during combustion.

Table 5. Chemical composition of oat hull before and after microwave torrefaction treatments.

Sample C (%, db) H (%, db) N (%, db) S (%, db) O (%, db)

Raw 43.16 4.60 0.39 0.49 51.36
225 ◦C 47.05 4.68 0.43 0.30 47.55
255 ◦C 51.98 4.55 0.46 0.12 42.89
285 ◦C 55.71 4.15 0.57 0.25 39.32

3.7. By-Products of Torrefaction

Component degradation of cellulose, hemicellulose, and lignin by pyrolysis of hard-
wood constitutes liquid formation, also referred as liquid smoke [6,23]. Commercial liquid
smokes are widely used in the food industry to provide flavor, color, texture, and some-
times extend the product shelf life [23]. Other advantages of liquid smoke over traditional
direct smoke contact are higher homogeneity, reduced environmental pollution, better
storability, lower processing time, and superior control of PAH groups [44].

The main product of torrefaction is clearly the bio-char [6]. However, another im-
portant factor that many previous studies did not take into account was the utilization
of torrefaction by-products such as the liquid and gas yields [9,31,40,45,46]. Figure 7
shows the liquid yield collected from different torrefaction temperatures. As observed,
the higher the microwave torrefaction level, the darker the color of liquid yield (smoke)
product. As microwave torrefaction temperature increased from 255 to 285 ◦C, the degree
of cellulose polymerization decreased from 38.92 to 33.52% (Table 4). According to Rama
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Krishnan and Moeller [23] and Budaraga et al. [47], degradation of cellulose and
hemicellulose leads to formation of carbonyl groups, which are responsible for the darker
brown color of liquid smoke compositions. Therefore, a higher carbonyl concentration
would lead to a darker color.

Table 6 presents the three microwave torrefaction levels and commercial liquid smoke
properties. The results show that high microwave torrefaction levels decrease pH, while
increasing total acids (acetic acid) and tar contents. It was reported that acetic acids
were formed from thermal decomposition of cellulose and hemicellulose but mainly from
degradation of the acetyl groups of hemicelluloses during torrefaction [48]. The heat during
torrefaction degraded hemicellulose almost completely when light (27.34%) to moderate
(0.81%) microwave torrefaction was applied, explaining the drastic increase in total acids
from 2.3% to 15% for the corresponding treatments. Furthermore, cellulose degradation
produces water vapor, CO2, CO, and condensable gases, while thermal degradation of
lignin produces around 20% liquid yield and 15% tar [6].

Table 6. Properties of liquid yields vs. commercial liquid smoke.

Sample pH Total Acid (%) Tar (%)

Commercial 2.35 4.00 ND *
Liquid at 225 ◦C 2.73 2.30 ND *
Liquid at 255 ◦C 2.50 15.00 2.99
Liquid at 285 ◦C 2.48 16.50 4.76

* ND; Not detected.

Liquid smoke is widely used in the food industry, having an average price of USD
10 per L and a minimum selling price of USD 2 per L [14]. However, price may vary
depending on the type of extraction, raw material, and flavour profile (e.g., sweet or woody
flavor). These new types of liquid smoke could be of great value to the food industry,
which despite having a low quality, can be used in low-end food products such as hot dogs
and sausages which have a market size of USD 7.8 billion in 2019 [49].

4. Conclusions

Microwave torrefaction was found to enhance fuel properties and physicochemical
characteristics of oat hull. Based on this research the following conclusions are drawn:

1. A higher microwave power level drastically decreased processing time, without
modifying the final torrefied biomass energy and mass yields.

2. Physical properties such as moisture content, particle size, moisture absorption,
mass yield, ash content, and bulk density decreased with an increase in microwave
torrefaction temperature.

3. Increase in microwave torrefaction residence time from 3 to 9 min did not significantly
modify the heating values, mass, or energy yields. However, the cost of torrefied
material significantly increased by an average of 42% from 3 to 9 min.

4. There was a drastic decrease in grinding energy consumption of 44 to 86%
by water removal and degradation of biomass lignocellulosic structure through
microwave torrefaction.

5. At 285 ◦C, carbon content increased 130.16%, while oxygen and hydrogen contents
decreased by 19.40% and 8.09%, whereas the hemicellulose decreased by 98.08% and
lignin increased 398.34%.

6. The changes in heating values were attributed to devolatilization of hemicellulose
and incremented lignin content. These reactions resulted in color change, formation
of carbon monoxide, carbon dioxide, water, acids, phenols, and carbonyls.

7. Through an increased microwave power level from 400 to 700 W, the total processing
time and energy consumption decreased from 23.07 to 10.10 min and from 158.79 to
CAD $109.38 ton−1.
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The liquid by-product of microwave torrefaction of oat hull can be potentially used
as liquid smoke for the food industry. Detailed technical and economic studies of the
liquid by-product may be conducted to utilize and add value to the microwave torrefaction
process of oat hull.
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