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In this work, maize residue pellets were torrefied in a macro thermogravimetric analyzer with simulated dry flue gas from mixing
of CO, and N,. The effects of temperature (220-300 °C), residence time (10—40 min), and the presence of CO, (0—18% v/v) in
the reacting gas were investigated on products’ yields, distribution, and torrefied pellet properties such as higher heating value
(HHV), elemental composition (C, H, O, N, S, K, and Cl), grindability, and moisture uptake ability. Temperature and residence
time were found to affect the distribution of products’ yield and the properties of torrefied pellets considerably. In comparison
with the untreated biomass pellets, the torrefied pellets appeared to have improved HHV and grindability but reduced moisture
uptake ability. In the presence of CO,, the Boudouard reaction caused slight reductions in the C content and HHV of the torrefied
pellets. Changes in torrefaction conditions did not prove to have a statistically significant effect on S, K, and Cl contents of the

torrefied biomass materials.
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Introduction

Maize is one of the major economic crops grown worldwide.
In Thailand, about five million tons of maize grains is pro-
duced annually [1], generating approximately 10 million tons
of maize residues such as cobs, stalks, and peels [2]. Maize is
harvested either manually or by simple mechanical harvesters
where large amounts of maize residues are discarded as agro-
wastes. These residues are usually disposed of by open burn-
ing, resulting in massive emissions of air pollutants to the
atmosphere, which affects public health and the environment
negatively. Utilization of maize residues for fuel and/or energy
is of great interest to reduce the above-mentioned issues.
Modern routes of conversion to transform maize residues to
fuel include pyrolysis, gasification, and combustion processes
[3-7].

In general, maize residues are usually pressed into cylin-
drical shapes or pellets prior to being used as solid fuel.
Compared with the original form, the pellets are easier to
handle in terms of storage and transportation. The pellets have
increased density to 800-1200 kg/m® [8] and reduced
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moisture content to about 10% w/w. The chemical properties
of the biomass compressed into pellets, however, remain the
same as the raw biomass; for example, the pellets still have
hygroscopic nature and contain high oxygen content, causing
a fairly low energy density. They also have poor grindability
because the highly fibrous nature of the biomass is maintained
through the pelletization process. These properties of the pel-
lets reduce the efficiency of subsequent conversion processes.
Interest in torrefaction of biomass pellets has been increasing-
ly growing, since it is a simple process which can overcome
these challenges. Torrefaction can also help to create a homo-
geneous, high-quality energy commodity which could serve
as a potential replacement or alternative to coal.

Torrefaction is considered to be a relatively simple technol-
ogy. It is a mild pyrolysis process, where raw biomass is sub-
jected to thermal treatments at low temperatures between 200
and 300 °C in an oxygen-free environment [9]. During
torrefaction, degradation of hemicellulose and glass transition
of lignin occur together with de-polymerization of cellulose,
and concurrently, the fibrous nature of raw biomass is broken
down, leading to much higher grindability [10]. After under-
going torrefaction, pretreated biomass has improved energy
densification by at least a factor of 1.3 over the raw biomass.
The hygroscopic nature of biomass is changed to hydrophobic
for the torrefied biomass, limiting moisture uptake ability to
1-3% w/w of the equilibrium moisture content, and therefore
biological decomposition is unlikely to take place. The
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elemental composition of the torrefied biomass is also ob-
served to be closer to that of coal [10], indicating that the
torrefied biomass pellets may be co-fired with the coal in a
power plant.

In the previous literature, Na et al. [11], who carried out
pelleting of torrefied oil palm mesocarp fiber, found that the
pellets could not be prepared from torrefied biomass, since
physical flaws were formed in the torrefied biomass at high
degrees of torrefaction severity. The well-formed pellets were
established at relatively low conditions of the severity. This
was in agreement with Rudolfsson et al.’s work [12], where
wood chips of Scots pine were torrefied between 291 and 315
°C for 6 to 12 min of reaction time before the torrefied bio-
mass was pelletized. In this work, the torrefied biomass pellets
had bulk densities within 558 to 725 kg/m®, durability values
in the ranges of 46 to 86%, and fine content in the ranges of 4
to 86%. The quality of torrefied biomass pellets which the
biomass was torrefied before making the pellets was also
found to be a function of many factors, such as particle size
and moisture content of torrefied biomass as well as tempera-
ture and pressure of pelletizing [13]. In comparison with un-
treated biomass, torrefied biomass was difficult to be pressed
to pellets; for example, at the same conditions of pelletization,
the torrefied biomass pellets exhibited rather low durability
and density. This was because the behavior of glass transition
was not seen in any dry torrefied biomass lignin [14]. Tu et al.
[15], who worked on torrefaction of Camellia shell at 220 °C,
showed that the torrefied pellets with density of 1048 kg/m®
could be produced with low energy consumption of 17.6 kJ/
kg but low Meyer hardness (6.8 N/mm?). Manouchehrinejad
et al. [16] suggested that binders were needed for torrefied
energy cane briquettes and torrefied napier grass briquettes
in view of producing an excellent solid pellet fuel for a power
plant.

Shang et al. [17], who carried out torrefaction of Scots pine
pellets, pointed out that the HHV of the torrefied pellets in-
creased to 24.37 MJ/kg from 18.37 MJ/kg of the original
pellets, while the durability of the torrefied pellets remained
higher than 97.5%, as required by the EN Plus standard. These
properties indicated that torrefied biomass pellets were much
more effective for transportation, handling, and grindability.
Similarly, Peng et al. [18], who studied the effects of
torrefaction of wood pellets on energy density and hardness,
showed that torrefied wood pellets improved HHV and hydro-
phobicity even though they may significantly reduce pellet
density and hardness if the degree of torrefaction severity
was increased. Ghiasi et al. [19] claimed that pelletizing bio-
mass followed by torrefaction was of interest, owing to the
higher efficiency in the overall energy and material balance.
This was in accordance with Chen et al. [20] who carried out
torrefaction of oil palm fiber pellets under non-oxidative and
oxidative environments. They found that the HHV from the
non-oxidative and the oxidative torrefaction of oil palm fiber

pellets was intensified by factors of 1.07 to 1.24. Furthermore,
the liquid products had improved in the HHV from 92 to
139%, and therefore the retrieval of the liquid product with
dehydration enabled the boosting of the energy efficiency of
the torrefaction system. It was clear that torrefaction after pel-
letization was preferred.

Although some information on the torrefaction of biomass
pellets in non-oxidative, oxidative, or even pure CO, environ-
ments is available [21-23], reported work on application of
flue gas from combustion to torrefaction of biomass remains
scarce. With this application, raw maize pellets could be
torrefied with a low temperature range of flue gas (200-300
°C), exhausting from the combustion process. This could pro-
duce torrefied maize pellets, which potentially improve the
overall carbon efficiency of the process and also reduce emis-
sions of greenhouse gases. Within this range of temperature,
the flue gas may be dry which mainly contains about 8-20%
v/v of CO, balanced by N, [24]. From energy and supply
points of view, the utilization of dry flue gas for torrefaction
of maize residue pellets will be of great interest in terms of
practicality, affordability, and environmental sustainability
rather than deploying inert or pure CO, gas from compressed
gas cylinders.

Therefore, the objective of this work is to experimentally
investigate the effect of dry flue gas on torrefaction of maize
residue pellets. Torrefaction experiments were conducted in a
fixed bed reactor setup with real-time monitoring of weight
change. Simulated flue gas containing CO, in concentrations
of 0—18% v/v balanced with N, was used as the reactive gas.
Test conditions were varied for 220, 260, and 300 °C of reac-
tion temperature, and 10, 20, 30, and 40 min of residence time.
Performance and properties in terms of distribution and yield
of products (solid, liquid, and gas), HHV, elemental composi-
tion (C, H, O, N, S, Cl, and K), grindability, and moisture
uptake ability were examined.

Materials and Methods
Maize Residue Sample

According to previous works, there are usually two methods
used to produce torrefied biomass pellets: either torrefaction
prior to pelletization or torrefaction after pelletization.
However, recent researches showed that torrefied biomass
was more difficult to be compressed into pellets under the
same operating conditions than regular pellets [22, 25-28].
In other words, to make the same pellet quality in terms of
density, for example, torrefied sawdust required pre-condi-
tions, such as high die temperature and pressure, while raw
sawdust may not. There has also been a limit in an industrial
production process for torrefied biomass pellets from torrefied
biomass [29]. Yet, the pelletization followed by torrefaction is

@ Springer



360

Bioenerg. Res. (2020) 13:358-368

of greater interest because the process has higher overall en-
ergy efficiency and material balance [19]. Additionally, bio-
mass pellets from a traditional pelletization technology may
be directly improved by the torrefaction process.

In this study, therefore, maize residual pellets were used for
the torrefaction experimentation, in which the raw residues
(cobs, stems, leaves, and husks) were gathered from a local
farm in highland Chiang Mai, Thailand. Firstly, impurities and
contaminants were removed from the maize residues, and
then, the pure residues were dried in ambient air in a con-
trolled store room. Subsequently, they were reduced in size,
and pelletized into cylindrical shape. Each pellet had the di-
mension of 8.15 + 0.1 mm in diameter, 30 = 1.15 mm in
length, and 2 + 0.05 g in mass. A small batch of representative
dried pellets was milled, sieved, and sent for property
analyses.

Experimental Setup and Test Procedure
for Torrefaction

The maize pellets were thermally treated in a fixed bed, flow-
through reactor [30], comprising a conditioning gas unit, a
main thermal reactor unit, a real-time mass monitoring unit,
and a by-product collection unit, as depicted in Fig. 1. The
conditioning gas from the pressured gas cylinders was sup-
plied through two flow meters and controllers. It was
preheated with a 2.0 kW blanket heater and stirred well in a
mixer, prior to being released to the main thermal reactor. The
main thermal reactor was cylindrical in shape, made of stain-
less steel with dimension of 50 mm in diameter and 400 mm
high. The main reactor was divided into heating and cooling
sections. For the heating section, a 3.5 kW electric heater and a
fiber board insulator were installed circumferentially on the
outside wall of the main reactor. The power of the two heaters
could be adjusted by controllers, coupled with temperature
probes connected to a data logger. A peak heating rate of 30

Fig. 1 Schematic of the

°C/min and a peak temperature of 1100 °C could be achieved
in the main thermal reactor. This section was designated for
the biomass sample to undergo torrefaction. For the cooling
section, a cooling water unit was externally mounted, in which
was designated for the biomass sample to rest prior to and
after each test. As for the real-time mass monitoring unit, a
perforated basket 35 mm in diameter and 80 mm high was
suspended inside the reactor with its top linked with a metal
wire of 1.5 mm diameter to a digital balance connected to a
computer to enable continuous recording of mass change. The
digital balance used had a resolution of 0.01 g. For the by-
product collection unit, an ice/salt mixing bath was adopted as
the condenser to trap any condensable vapors/liquids released
from the main reactor.

Foreachtest,asample mass of40+0.5 g (about 20 pellets)
was used and loaded into the basket. The basket was initially
positioned at the cooling section whose temperature
remained at no more than 60 °C even with heating on. High
purity research grade nitrogen and carbon dioxide gases were
supplied at a given CO, concentration (0, 6, 12, and 18%) as
the conditioning gas with a total flow rate of 7 L/min. The
conditioning gas was heated to establish a torrefying atmo-
sphere, from room temperature to set point temperatures
varying between 220, 260, and 300 °C. The change in the
mass and the temperature of the conditioning gas were con-
tinually recorded at a frequency of 2 Hz. Once a designated
residence time (10, 20, 30, and 40 min) was reached, the
basket was moved to the cooling section at the top of the main
reactor to stop the reaction. Immediately afterwards, the elec-
tric heaters were switched off while a flow of fresh gas was
maintained until the temperature of the main reactor dropped
to about 60 °C. The torrefied biomass pellets were then taken
outand stored prior to subsequent sending for analyses. Each
test condition was randomly chosen and reiterated for a min-
imum of three times. The yields of solid, liquid, and gas are
calculated from Eq. (1)

experiment setup

Condensation and

oil/tar collected unit

Temperature
Controller 1

N
208/, \

Computer

(—

@ Springer

Tempe

rature
Controller 2

Volumetric
Flow Meters



Bioenerg. Res. (2020) 13:358-368

361

v;(8) = my(t) /mo x 100 (1)

where y is a product yield at any time ¢ % w/w on dry basis,
m is a mass of each product represented by subscript 7, and m
means an initial dry mass of raw pellets.

Elemental and Heating Value Analyses

Determination of C, H, and N was carried out using a Thermo
Scientific CHNS/O analyzer model Flash 2000, while deter-
mination of S, Cl, and K was carried out using a Phillips X-ray
fluorescence spectrometer model PW2400. The calorific val-
ue of the dried samples was evaluated using a bomb calorim-
eter, and given as a higher heating value of combustion at
constant volume.

Grindability Test

Raw biomass materials are usually tough; hence, they are diffi-
cult to be reduced in size, because of their fibrous and tenacious
nature. Torrefaction is known to tackle this resistance of biomass.
Determination of the size reduction ability or grindability may be
performed by determining the energy consumed per unit mass
for grinding any material also termed grinding energy, as well as
the resultant particle size distribution. The test setup for measure-
ment of the grinding energy consumption for processing raw and
torrefied pellets consisted of a Fiorenzota coffee grinder model
F5, coupled with a C.A. 8220 power analyzer (000.1 to 999.9 W
+ 1%) with an MN93A clamp 5 A (500 mA to 6 A +0.7%), and
a data acquisition system, similar to Shang et al. [17] and Correia
et al. [31]. About 20 + 0.05 g of pellets was loaded into the
grinder. For each batch of pellets, three runs were carried out in
the grinder. For all the three intervals, the time taken to grind the
pellets again and the power required by the grinder were record-
ed. The resultant grinding energy was calculated by numerically
integrating the area under the curve of power against time. The
size distribution of the ground pellets was also determined using
the sieve method based on the ASTM E11 standard. Nine differ-
ent sieves were used corresponding to mesh sizes of 2000, 1180,
850, 600, 425, 300, 212, 150, and 75 um. The weight of each
size fraction was subsequently evaluated.

Moisture Uptake Test

Measurement of the moisture uptake ability for raw and torrefied
pellets was carried out using the gravimetric method based on
transfer of saturated water vapor at constant pressure. Saturated
salt solution in an enclosed chamber was adopted to create a
controlled humidity atmosphere, similar to the one discussed in
Peng et al.’s work [27]. The resultant humidity was dependent on
the temperature. In this work, K,SO, salt was used. Its saturated
solution kept at 35 °C would give relative humidity of 94.8%
[32]. Prior to each test, the pellet samples were dried in an oven at

105 °C for 24 h. They were then hung directly above an open
container of the chosen salt solution inside the temperature-
controlled chamber. To determine the moisture uptake rate, the
weight of the pellets was monitored at 1, 2, 3, 6, 12, and 24 h,
until no significant change was noticed.

Results and Discussion
Products Distribution and Yields

The results of product distribution and yields are shown in Fig.
2, for varying residence time and CO, concentration at a fixed
temperature of 300 °C. Figure 3 illustrates further how the
solid yields changed at torrefaction temperatures of 220 and
260 °C with different conditions of varying residence time and
CO, concentration. The average values are shown along with
bars representing individual standard errors of mean. At a
relatively low temperature of 220 °C, changes in the residence
time and the CO, concentration in the reacting gas did not
affect the solid yield much. The loss in the solid yield at this
relatively mild condition was expected to be small, less than
5% w/w. At higher temperatures of 260 and 300 °C, the loss in
the solid yield increased with temperature and residence time,
ranging from 5 up to 55% w/w. This was contributed to the
fact that the three main components of the biomass pellets
started to thermally decompose in different temperature
ranges; for example, hemicellulose decomposed easily within
220-315 °C, but the greatest mass loss occurred at tempera-
tures more than 260 °C [33]. A longer period was needed for
the heat to fully distribute inside the pellets [34]. These higher
levels of the mass loss were, therefore, anticipated as the de-
gree of torrefaction severity in terms of higher temperature,
longer residence time, and higher concentration of CO, in-
creased [35]. The presence of CO, in the reacting gas at the
same concentration but higher torrefaction temperatures was
also expected to reduce more torrefied solid yields because the
presence of CO, at high torrefaction temperature would en-
able (i) higher overall thermal inertia because the specific heat
of CO, is higher than that of N,, resulting in some heat re-
moval during heating, and (ii) chemical reactions of CO, with
the biomass pellets, including possible catalytic reaction be-
tween the ash contained in the biomass pellets [36].
Nonetheless, changes in the solid yields with varying CO,
concentration were observed only within 1-3% w/w at any
torrefaction temperature. This finding was in agreement with
the findings of previous studies [21, 37]. In contrast, loss in the
solid yields was directly revealed as gain in the gas and the
liquid by-products, due to the fact that dehydration, initial
devolatilization, and/or decarboxylation had occurred. Both
increases in temperature and residence time resulted in higher
yields of the liquid- and gas-phase products rather than with
the presence of CO, in the reacting gas. For example, at 220
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Fig. 2 Product distribution and yields; (a) gas, (b) liquid, and (c) solid at
300 °C with varying residence time and CO, concentration

°C, the gas yields were found to be within 3—5% w/w, and the
liquid yields were between 0 and 8%. Yet, at 300 °C, the gas
yields were about 5 to 20% w/w, and the liquid yields were

between 0 and 35% w/w, as shown in Fig. 2 (a) and (b). The
presence of CO, in the reacting gas was found to affect the
gas-phase product yields only at any torrefaction temperature.
In comparison with the inert condition, at 300 °C for 20 min of
residence time with applied CO, in the reacting gas, the gas
yields increased about 5% from 10% w/w of the inert condi-
tion. The changes in the liquid and gas yields were also similar
to Saadon et al. [37] who explained that the presence of CO,
in the reacting gas limited the formation of liquid products, but
boosted up the generation of volatile components, and accord-
ingly caused the gas products were formed in the higher
yields.

Elemental and Heating Value Analyses

Figure 4 shows the results from the elemental and the heating
value analyses of raw and torrefied biomass pellets, for vary-
ing residence time and CO, concentration at a fixed tempera-
ture of 300 °C. The values for raw materials were noted at the
residence time of 0 min. The removal of moisture and initial
volatile matter in the biomass pellets during torrefaction re-
sulted in the reduction of the O and the H content, leading to
increased energy density. An increase in the torrefaction time
appeared to increase the amount of elemental C and the
heating value in the torrefied pellets. The percentages of gain
in the C content and the HHV were in the ranges of 35 to 45%
and 29 to 41%, respectively. At the same time, the O content
dropped from 50 to about 31-35% w/w, and the H content
reduced from 5.6 to about 3.6-4.1% w/w, in similar order of
magnitude to those reported in the literature [10, 29, 38, 39].
However, increasing the CO, content in the carrier gas
did not seem to offer any statistically significant change in
the elements and the HHV. Uemura et al. [23] claimed
that the presence of CO, could reduce the C content in
the solid product and the composition of the gaseous by-
products through Boudouard reaction (CO,(g) + C(s) —
2CO(g)). By torrefying activated carbon at 300 °C under
15% v/v CO, balanced with N,, they found that a CO
yield of 0.11% v/v was produced. The present study also
investigated the gaseous products from the torrefaction
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oxygen, and (c) carbon contents as well as (d) higher heating value of torrefied pellets. 0 min of residence time refers to values of raw material

process, using a Shimadzu 8A gas chromatograph
equipped with a thermal conductivity detector and a
Shin carbon column. The gas samples were collected at
every 5 min during the biomass decomposition, and the
results are shown in Fig. 5. The amount of CO was found
to be about 1.5% of the peak area with no CO, applied,
but it increased to around 4% of the peak area in the case
of 18% v/v CO; in the reacting gas. With these condi-
tions, the C content was found to have decreased to 60
from about 65% w/w with inert atmosphere, as shown in
Fig. 4. Reduction in elemental C under CO, environment
has also been reported by Eseltine et al. [21]. Another
observation from Fig. 5 is that all the mean values of
the generated CO in the gas-phase products were found
between 10 and 30 min of residence time, and all the
peaks were found at 20 min of residence time (with dif-
ferent values of the peaks). This indicated that the main
reactions of maize pellet decomposition occurred within
10-30 min of residence time, and the main reactions had
the highest rate at 20 min of residence time. These rea-
sonings were supported by the results of solid yields, as
shown in Fig. 2 (c). The solid yields slightly changed at

the conditions of residence time between 0—10 min and
30—40 min, but the yields markedly decreased (about 30%

+
L
L
I

0 10 20 30
Residence time (min)

Fig. 5 Change in the CO generated in gaseous products at 300 °C for
different CO, concentrations in the reacting gas, in which the curve
represents the trend of the generated CO at each condition
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w/w, compared with the yields at 10 min of residence
time) if residence time was extended to 20 min.

Decreases in the H/C and the O/C atomic ratios contributed
to the removal of the water content and the light volatiles. The
losses in the H/C and the O/C atomic ratios were found to be
more than 50%, in which the average atomic ratios of the H/C
and the O/C of the torrefied pellets were observed to have
improved from the original values of 1.5 and 0.85 to 0.8 and
0.45 at the most severe torrefaction conditions, as shown in
Fig. 6. Martin-Lara et al. [40] showed similar changes in the
H/C and the O/C ratios of the sample from 0.7 t0 0.1 and 1.0 to
0.2, respectively, for biomass torrefied at 300 °C and 60 min.
In a non-inert atmosphere, Chen et al. [29] reported decline in
the H/C and the O/C ratios from about 1.1-1.5 and 0.6-0.7 for
raw materials to approximately 0.2—-0.9 and 0.2-0.35, respec-
tively, for torrefied materials. Reductions in H and O contents
of the torrefied biomass pellets, relative to the C content,
approached the values for charcoal and coals in the van
Krevelen diagram linearly. This finding agreed with Li et al.
[41]. The release of moisture and light volatiles and the deg-
radation of hemicellulose resulted in the linear profile between
the atomic H/C and O/C ratios in the van Krevelen plot, which
were a consequence of the devolatilization and pyrolysis of
the biomass during the thermal degradation.

Regarding changes in other elements considered here, the S
content was observed to remain at a relatively stable value when
undergoing torrefaction, as shown in Fig. 7. At a given temper-
ature but varying residence time, the K content appeared to show
a slight shift in value, whereas the CI content exhibited a slight
drift. The opposite changes in the K and CI contents observed
here were similar to that reported in previous work, such as Chen
et al. [42], who investigated the release and transformation of K

2.4 T T T T |
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184 4 &% -
v 12% N
.
¢ 18% A higher degree ]
Q 1.2 oftorrcfactlog |
= Bituminous coal
0.6 Lj Charcoal |
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o/C

Fig. 6 Van Krevelen (H/C vs. O/C atomic ratio) diagram of raw and
torrefied maize pellets for four different CO, concentrations. The higher
degree of torrefaction refers to that the biomass pellets were torrefied at
higher temperatures, longer periods of residence time, and more CO,
contents in the reacting gas
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and CI during mild pyrolysis of rice straw between 200 and 350
°C. In this work, the Cl content was markedly released (between
5-20% w/w of the total Cl in the biomass) from the biomass at
250 and 300 °C, and the K was found to decompose to the gas
phase about 6.5-7.3% w/w of the total K compound in the bio-
mass at only temperatures above 300 °C. However, Blésing et al.
[43], who applied torrefaction to upgrade wheat straw, reported
that increases in the K and Cl contents occurred together if
torrefied. Yet, at higher torrefaction temperatures, the K was
found to show higher values, while the Cl exhibited a slight drop.
Based on the literature, the K content in biomass fuels during
pyrolysis started to be released to the gas-phase products consid-
erably at temperatures over 700 °C [44]. At lower temperatures,
it may be thermally decomposed during devolatilization at about
5-10% wiw of the total K in the biomass [45]. On the other hand,
the release of Cl was observed at low temperature, mainly result-
ed from the reaction between metal chlorides and oxygen-
containing functional groups, such as -COOH, and/or methyl-
esterified carboxyl group, which occurred simultaneously with
devolatilization [46]. The Cl compound would be released to the
gas-phase products along with volatiles through HCI and/or
CH;Cl, after it was initially formed in inner structures of fuel
particles and moved to the surfaces [45-47].

Grindability

Figure 8 shows the grindability of the torrefied pellets against
raw biomass pellets in terms of (a) the relationship between
the grinding energy and the mass loss, as well as (b) the mass
weighted size distribution of the resultant ground particles.
The degree of loss in the solid yield was used to represent
the severity of torrefaction experienced under the various con-
ditions applied in this study. Mass loss of up to about 60% was
realized, with grinding energy ranging from an average of 690
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J/g for raw biomass pellets to about 25 J/g for the maximum
mass loss case. It was clearly demonstrated that torrefaction
was able to immensely reduce the fibrous and tenacious nature
in the treated biomass pellets. As for the raw biomass mate-
rials, the fibers could form links between the particles, and
consequently, this made the handling of the raw ground sam-
ples difficult. In contrast, the torrefied biomass particles
tended to be isolated, owing to the fact that devolatilization
of'its fibrous microstructure caused microporous structures to
develop on the surface of the torrefied pellets. Wang et al. [48]
reported a 50% reduction in the grinding energy required
when the pellets were torrefied at 225 °C. In this work, de-
creases in the grinding energy by 35% at 10% mass loss, a
factor of five at 20% mass loss, and more than 27 times at 60%
mass loss were observed, compared with the untreated bio-
mass pellets. This is in agreement with Repellin et al. [49],
who presented mass loss as a function of torrefaction severity
and noted that torrefied wood (spruce and beech) with 28%
mass loss demonstrated lowering in grinding energy by 93%.
Together with grinding energy, particle size distribution also
determines the grindability of torrefied biomass. Compared
with raw materials, the size distribution curves were observed
to shift toward smaller particle sizes. Higher severity of the
torrefaction reaction appeared to promote finer particle sizes.
There was, for example, about 20% of raw pellets with particle
sizes between < 600 and 150 wm, while there was over 60% of
torrefied pellets in the same particle size range. Increased mass
fraction resulting in finer particles for torrefied biomass was
confirmed by other studies as well [S0-52].

Moisture Uptake Ability

Figure 9 shows the effects of varying torrefaction temperature,
residence time, and CO, concentration on the uptake of hu-
midity from the surrounding air. Even with drying, biomass
fuels tend to recapture moisture from the air when stored. This

particular property of biomass makes long-term storage very
costly, since it requires controlled storage conditions and
moisture removal during subsequent combustion or gasifica-
tion. Water uptake ability is inversely proportional to the hy-
drophobicity of biomass. The torrefaction process was found
to positively affect the water uptake of the biomass pellets. At
a given CO, concentration and residence time, a higher tem-
perature was observed to have an adverse influence on the
water uptake ability of torrefied pellets. The moisture uptake
of around 15% in raw pellets was observed to decrease to
about 6% in torrefied pellets at 300 °C. Similarly, at a given
CO, concentration and temperature, a higher residence time
reduced the saturated water uptake of the torrefied pellets,
compared with the untreated pellets. At 300 °C, raising the
residence time to 40 min caused the water uptake ability to
drop by over 60%, compared with raw materials. For a fixed
temperature of 260 °C, and residence time of 40 min, changes
in the CO, concentration did not affect a change in the water
uptake ability markedly. Nonetheless, the torrefied biomass
pellets were found to be more hydrophobic than the untreated
raw biomass pellets. A reduction in the moisture uptake ca-
pacity from about 15% for raw biomass pellets to 5% for the
torrefied pellets was evident. The observation was similar to
those reported in the literature [25, 27, 41, 53, 54]. Peng et al.
[27] noted a reduction of about 36% in moisture uptake when
torrefaction temperature increased from 240 to 300 °C. Li
et al. [25] reported a decrease in water uptake ability from
about 21 to 14% in torrefied sawdust pellets. Bergman [53]
claimed that torrefaction of biomass went through total dehy-
dration, after which uptake of moisture was very limited, 1 to
6%, depending on the torrefaction treatment conditions. Li
et al. [41] confirmed that the temperature at which the
torrefaction process was carried out showed more significant
influence than the other factors. The moisture uptake of raw
materials, which is over 20%, was found to decline to about
5% for torrefied materials at 340 °C. It was postulated that
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torrefaction destroyed the OH groups within the hemicellulose
and the cellulose of the biomass material, consequently weak-
ening the ability of the torrefied materials to establish hydro-
gen bonds with water. Furthermore, non-polar and unsaturated
structures were reported [54].

Conclusions
In this work, torrefaction of maize pellets was experimen-

tally carried out using simulated dry flue gas as the
reacting gas with the presence of CO, (0-18 v/v) at

@ Springer

220-300 °C for 1040 min. The torrefaction of biomass
pellets with the dry flue gas was demonstrated to be prac-
tical, in which the torrefaction offered remarkable im-
provement of biomass pellets by removing moisture con-
tent and initial volatile matter, leading to increases in C
and energetic contents as well as modifying mechanical
and water uptake characteristics. Among all the conditions
considered here in this study, the overall best conditions
of torrefaction were either at 300 °C for 20 min or at 260
°C for 30 min, with any CO, concentration in the reacting
gas. These torrefaction parameters resulted in the torrefied
pellets with 70-85% w/w yields, 18-21 MJ/kg HHVs,
0.75-0.90 H/C, and 0.45-0.60 O/C atomic ratios, and
over 50% reduction in grinding energy consumption.
The findings provide a favorable outlook for energy utili-
zation of agro-residues via torrefaction with dry flue gas
as a pretreatment method.
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