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Abstract

This paper investigates microwave drying effect as a pretreatment method on the kinetic parameters of four torrefied
biomasses. The considered biomasses are rice straw, rice husk, sugarcane, and cotton stalks. Dried samples
(microwave or oven-dried) were then torrefied under isothermal conditions in a thermogravimetric analyzer (TGA)
at two different temperatures of (250 and 300 °C). Two simple kinetics methods were applied including direct
Arrhenius (DA) and Coats and Redfern (CR). The physical structure of rice straw and cotton stalks as a function
of drying method and torrefaction temperature has been studied using Brunauer—-Emmett-Teller (BET) surface area
technique. Results revealed that microwave drying increased both the activation energy and the pre-exponential
factor for both rice straw and sugarcane regardless of the torrefaction temperature, while the opposite occurred for
rice husk. In the case of cotton stalks, microwave drying increased the kinetic parameters at 250 °C and decreased
them at 300 °C. The activation energy and pre-exponential factor values obtained from CR method were larger than
the ones from DA method. The 300 °C torrefied, conventionally dried rice straw has the lowest activation energy
and pre-exponential factor and the largest peak width indicating wide range of reactivity. While microwave dried
sugarcane, torrefied at 250 °C, is the hardest one to react. All microwave dried samples require more heat to
decompose regardless of the torrefaction temperature. Microwave drying increased the surface area, mean pore
diameter, and pore volume for rice straw, while the opposite occurred for cotton stalks due to its woody nature.
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SC Sugarcane bagasse

XRD X-ray diffraction

A Frequency or pre-exponential factor
T Temperature [k]

DTG First derivative of TG function

1 Introduction

Torrefied biomass (biochar) is considered as a renewable en-
ergy resource with several advantages over raw biomass.
These advantages include high energy density, stability during
storing, hydrophobicity, easy handling and transfer, and high
grindability [1]. Biochar applications are not limited to ener-
gy; they also include soil enhancement [2], superconductors
[3, 4], adsorbents [5], water purification [6], and synthesis of
carbon quantum dots (QCD) [7]. Many research efforts have
been conducted on torrefaction for different types of bio-
masses including agriculture and agro-food industries wastes
[8—15]. Particularly, this includes optimization of the
torrefaction process for biomass, effect of co-pyrolysis of dif-
ferent biomasses/wastes, morphology and structural analyses
of biochar, and kinetics of biochar pyrolysis and combustion.
The latter is significantly important for modeling and simula-
tion activities of biochar/biomass combustion [16].

It is well-known that dielectric materials are heated up when
high frequency (Microwave) electromagnetic waves are applied to
them. The electric field polarizes dipolar molecules and moves
ionic charges within the dielectric materials [17]. One of the most
polar materials that gets profoundly affected by microwaves is
water represented in the biomass’ moisture content [17, 18].
Microwave has evoked massive research interest because it re-
duces the operating time. Microwave usage has a crucial disad-
vantage regarding the high electrical cost of running it continuous-
ly. This drawback led to using microwaves only for a short time as
a pretreatment, specifically drying. After the pretreatment, a more
efficient conventional process could take place [17]. In a previous
study by the authors [19], the effects of microwave drying (MWD)
and conventional drying (CD) at 105 °C on the dry torrefaction of
rice straw, rice husk, sugarcane, and cotton stalks have been inves-
tigated. The torrefaction was performed at 250 and 300 °C [19]. It
was found that the drying time was more than 60 times faster with
microwave. Also, the violent microwave drying ruptured the sur-
face of the biomass, releasing more volatiles than their respective
conventionally dried samples. The torrefied microwave dried rice
straw, rice husk, and sugarcane bagasse had lower crystallinity,
heating value, energy yield, and carbon content. The opposite
was monitored for cotton stalks.

Investigating pyrolysis kinetics is crucial to understand the
overall thermochemical conversion process of biomass pyrol-
ysis [20, 21]. The most commonly used method to obtain the
kinetic parameters is the thermogravimetric analysis (TGA)
[20, 22-25]. TGA could be used for proximate analysis of
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solid fuels along with the determination of pyrolysis and com-
bustion kinetics [22]. There exist numerous kinetic models to
calculate the biomass’ kinetic parameters grouped under two
main methods which are the model-fitting method and the
model-free or isoconversional method [26, 27]. In the
model-fitting method, different reaction mechanisms are ap-
plied to the thermogravimetric data, and the model that gives
the best fit is considered for the determination of kinetic pa-
rameters. To obtain this best fit, the reaction order is assumed,
and then manipulating the rate equation until a straight-line
plot can be obtained from where the remaining unknown pa-
rameters can be obtained by linear regression. This model-
fitting method includes direct Arrhenius plot, Coats and
Redfern, and Freeman and Carroll methods [28]. While in
the model-free method, no reaction mechanism is pre-as-
sumed, and the kinetic information is extracted by developed
mathematical relations [26]. Kreutter et al. [29] performed a
non-isothermal TGA analysis with nonlinear model-fitting for
biosolid obtained from the water resource recovery facility.

Papari and Hawboldt [23] and Hameed et al. [30] summa-
rized different approaches for obtaining the kinetic parameters
of woody biomass using TGA. This includes global kinetic
model, three parallel reactions, competitive models, models
with secondary tar cracking, Shafizadeh and Bradbury model,
activation energy distribution model (AEDM), chemical per-
colation devolatilization model, and five parallel pseudo-
component n'" order model [29]. Cai et al. [22] stated different
model-free kinetic methods including the Friedman, the
Ozawa-Flynn-Wall, the Kissinger-Akahira-Sunose, the
Vyazovkin, the advanced Vyazovkin, and the Cai- Chen
models. Cai et al. [22] used the Friedman isoconversional
kinetic method to analyze lignocellulosic biomass pyrolysis
because of its simplicity and high accuracy among the model-
free methods. They also included the smoothing of the deriv-
ative curve and error elimination from the TGA data.

Direct Arrhenius plot (DA) and the graphical method devel-
oped by Coats and Redfern (CR) are two commonly used model-
fitting methods [26]. Many researchers used these two methods
to determine the kinetic parameters for sugarcane bagasse and
cotton stalks [31], microwave torrefied rice straw [32], rice and
corn husks [26], heavy fuel oil [33, 34], and coal-biomass blends.
Jayaraman et al. [35] utilized CR kinetic model to calculate the
kinetic parameters of microalgae and Mallick et al. [36] for water
hyacinth. Through the literature, it is found that many factors
affect the activation energy, such as the pyrolysis temperature,
kinetic analysis mathematical models, and pyrolysis techniques.
As a result, the literature offers a wide range of values of activa-
tion energy for the same biomass type [31].

In a recent study by Chen et al. [37], a comparison between
the effect of conventional drying at 105 °C for 20 h and mi-
crowave drying on the kinetic parameters of pyrolyzed
microalgae using CR method has been conducted. It was
found that microwave drying reduced both the activation
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energy and the pre-exponential factor. Liang et al. [38] utilized
the Flynn-Wall-Ozawa (FWO) kinetics method to obtain the
kinetic parameters for the fast pyrolysis of microwave
pretreated water hyacinth. The microwave pretreatment was
shown to decrease the activation energy at low pretreatment
times but increased when the time increased.

The differential thermal analysis (DTA) is used to measure
the heat flow due to biomass thermal degradation as the dif-
ferential scanning calorimetry (DSC). The thermal behavior of
fly ash from Bulgarian lignite coals was investigated by DTA
at different heating rates by Boycheva et al. [39]. Elsayed et al.
[40] performed a kinetic study on the raw sugarcane bagasse
and cotton stalks using both TGA and DTA techniques at
different heating rates. Through the literature, the DTA studies
on biomass analysis are very limited.

The BET Brunauer — Emmett — Teller (BET) test is used to
determine the internal surface area and the bore volume of the
produced biochar from the adsorption of the nitrogen. The
BET surface area is important because the gasification and
pyrolysis processes occur on the surface of the biochar’s par-
ticles. The BET surface area plays an important role in the
determination of the biochar’s porosity and intrinsic reaction
rate. This could make two char particles with identical external
size behave differently due to their different internal structure
and size [41-44]. Generally, the porous structure is an advan-
tage in activated carbon which increases its tendency to absorb
ambient moisture and in biochar when applied in soil remedi-
ation. However, the high porosity and its subsequent high
moisture uptake could be a disadvantage when the biochar is
used as fuel which may degrade its quality [45].

This work is complementary to the authors’ previous
work [19] to investigate the effect of the different initial
drying pretreatment methods, conventional and micro-
wave, on the kinetic parameters, and the physical struc-
ture of biochar samples. Two simple kinetics approaches
are used, namely, DA and CR for this investigation along
with BET analysis. Both DA and CR utilize a single
heating rate TGA curve to generate the kinetic results,
and they both result the same trend in most cases, so a
comparison is to be performed between their results.

2 Methodology
2.1 Materials

Four torrefied biomasses namely rice straw (RS), rice husk
(RH), sugarcane bagasse (SC), and cotton stalks (CS) were
considered. They were produced from the previous work of
the authors [19]. Each one of these samples undergone con-
ventional drying (CD) and microwave drying (MWD) with
their subsequent mild and severe torrefaction for 30 min at
250 °C and 300 °C, respectively. This combination of

torrefaction after drying results in 16 samples which were
milled and prepared for analyses. To easily address each sam-
ple, their name will comprise of 3 parts separated by dashes
through the rest of this article. The first is the biomass type
RH, RS, SC, or CS. The second is the drying method, either
CD or MWD. The third is the torrefaction temperature, either
250 °C or 300 °C.

Proximate, ultimate, higher heating value, mass and energy
yields, XRD crystallinity, and SEM measurements have been
performed for all of 16 samples and presented in Amer et al.
[19]. The results showed that sugarcane, rice husk, and cotton
stalk have the most promising values of elemental carbon,
energy yield, and heating value. Severely torrefied rice straw
showed the highest crystallinity values of 50.7% and 27.17%
for conventional and microwave dried samples, respectively.
Sugarcane and rice husk were shown to be completely amor-
phous. The severely torrefied samples at 300 °C always show
larger increase in higher heating value (HHV) than their re-
spective mildly torrefied ones at 250 °C regardless of the
drying method. The HHV for the severely torrefied conven-
tionally dried samples are 32.31, 31.17, 29.73, and 27.71 MJ/
kg for SC, RH, RS, and CS, respectively. While the HHV for
the severely torrefied microwave dried samples are 29.7,
29.05, 28.77, and 27.4 MJ/kg for CS, RH, SC, and RS, re-
spectively. The woody nature of CS makes it produce a mi-
crowave pretreated biochar having higher HHV and energy
yield compared to the conventionally dried ones.

2.2 TGA, DTG, and DTA analyses

The TGA and DTA were conducted using Setaram LABSYS-
evo-TG/DSC/DTA simultaneous thermal analyzer which can
reach a maximum temperature of 1600 °C with a heating rate
from 0.01 to 100 °C/min. The non-isothermal TGA experi-
ments are performed with 100 ml/min of high purity argon
(99.99%) as a carrier and a constant heating rate of 40 °C/min.
The TGA analysis is performed using the TGA rod with a
single large crucible, while the DTA analysis uses a two-
crucible rod, one for the tested sample, while the other is
empty for reference with the heat flow sensor placed in be-
tween. For DTA, the primary measuring signal during a mea-
surement is the temperature difference between a sample and
reference in 1V (thermal voltage). As the used thermal ana-
lyzer have DTA and DSC capabilities, then the temperature
difference can be converted to heat flow in (mW) by appro-
priate calibration. The same temperature profile was used for
both TGA and DTA tests.

2.3 Kinetic parameters study

The thermal decomposition of biomass is governed by the
following equation [31]:
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k() (1)
where o and 92 are the normalized form for mass loss and its first
derivative. k is the temperature-dependent rate constant, and
fla) is the conversion function which depends on the reac-
tion’s mechanism. The previous equation depicts that the rate
of reaction is a function of the mass conversion ratio « in time

t. o and % are expressed by the following equations:

mi—m,

= 2
@ mi—my’ )
doo =1 dm

dt my—my dr’ (3)
where m;, my; and m;, are the initial, final, and instantaneous
mass of the sample at the beginning, end, and any time (¢) of
the reaction peak in mg. flar) is a function of the reaction’s
mechanism which depends on the type of the sample being
studied. For biomasses, the reaction is n'" order as shown in
the following equation:

fle) = (1-a)", (4)

where 7 is the order of the reaction. This n'™ order reaction is
the most common form and it indicates that the reaction rate is
proportional to the reactants left to react.

k (Eq. (1)) represents the temperature-dependent rate con-
stant which is described by the following Arrhenius equation
[29, 46] as:

k=AeP/R (5)

where A is the frequency or the pre-exponential factor in
min ', E is the decomposition reaction’s apparent activation
energy in kJ/mol, R is the universal gas constant in kJ/mol. K
and 7 is the temperature in K.

Substituting Egs. (5) and (4) into Eq. (1) gives the follow-
ing reaction rate expression:

doc

o =A e ERT (1—a)" (6)

As this is a non-isothermal TGA experiment with a linear

heating rate , where  is expressed by the following equa-
tion [31]:
dT
-2 7
5= 9

The rate of change of the conversion ratio is expressed
relative to temperature 7"as follows:

do_do di
dT  dt ~ dr’
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Substituting eqs. (6) and (7) into eq. (8), the following
equation is obtained:
= (9)

Equation (9) represents the fraction of material
decomposed in the given peak interval. In this work, two
kinetic models were applied to calculate the kinetic parameters
E, A, and n for the studied samples, namely, direct Arrhenius
plot (DA) [35] and the integral graphical method developed
by Coats and Redfern (CR) [47, 48]. Both methods depend on
the principle of fitting a curve with a straight line having the
basic following equation:

Y=mX+c¢,

(10)

where m is the slope of the line and c is the intersection with
the y-axis.

To determine the kinetic parameters, the DTG peaks need
to be determined first from the TGA/DTG results. Then the
following calculations are performed across the peak’s range
only [31].

2.3.1 Direct Arrhenius plot

In this method, the logarithm is taken for both sides of Eq. (9)
which results in the following equation:

Wl L de | [A) E 1
n{(l—cx)”xd_T} H{E} ROT

By comparing Eq. (10) and Eq. (11), the relation between
Y = ln{ﬁ X %} and X =1 could be plotted. To deter-

(11)

T
mine the correct reaction order, various values of n were taken
ranging from 0.1 to 1.5 with a 0.1 incrementation, and plots of
Y versus X for all values of n were obtained. All plots were
straight lines fitted, and the best fit line was selected having
the highest R* value. Then the slope of this line = —%, from
which the activation energy (E) could be obtained. Also, the y-

axis intercept equals ¢ = ln{%} from which the frequency

factor (A) is obtained.
2.3.2 Integral graphical method (CR)

Coats and Redfern developed this method to obtain the kinetic
parameters from the following modified equations [47, 48]:

B 1-(1-x)'™
A= Wzm{Tz(l—n)}

AR 2RT E 1
_ln{ﬂ_EX (1_T> }_EX? fOI‘n?él, (12)
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Egs. (12) and (13) could be simplified because 28T << 1,

making 1-28L~] thus both Egs. (12) and (13) could be re-
written as follows [31, 36]:

1-(1-)"™"|  [AR) E 1
ln{—ln(le—cx)} = ln{gg}—i X % forn=1 (15)

By comparing Egs. (14) and (15) with Eq. (10), a relation
between Y = ln{lf(lf“')m} forn#lor Y= ln{—fln(lj")} for

7%(1-n) 7?
n=1and X= % could be plotted, and the order of reaction will
be determined as well by trying the » values ranging from 0.1
to 2.5 with 0.1 incrementation. The value of n changed from
DA to CR because it is obtained by trial and error based on the
best fit line which has the highest R” value. As the CR equa-
tions differed from the DA equations, the best fit lines changed
resulting in higher values of n. The same steps will be per-
formed as with the direct Arrhenius method to get the line with
the best R value. Then the slope of this line = — %, from
which the activation energy (E) could be extracted. The y-axis

intercept equals ¢ = ln{g—g} from which the frequency factor

(A) is obtained. The activation energy and the frequency factor
represent the reaction’s velocity which depends on the tem-
perature (7), conversion (), and time (7) from the TGA data
[21, 22].

2.4 BET analysis

The studied four biomasses represent two different categories:
agricultural and woody biomasses. The agricultural biomass
includes RS, RH, and SC. The woody biomass includes the
CS. Following the results reported in the previous study [19],
it was found that CS behavior in response to MWD is opposite
to the other 3 biomasses. Hence, RS and CS are selected for
the BET surface area and pore volume test to represent the
agricultural and the woody biomasses, respectively. The
torrefied samples for RS and CS are finely milled as a prepa-
ration for the BET BELSORP surface area analyzer device.
This device uses liquid nitrogen and nitrogen as adsorption
gas with a maximum pretreatment temperature of 400 °C and
a minimum measurable specific surface area range of0.01 m?/
g. The degasification pretreatment temperature for the device
is 160 °C, with an overnight incubation period before the test
[49]. To investigate the effect of torrefaction temperature and
MWD on the biomass’ porosity, the percentage change in
BET parameters is calculated for all obtained BET parameters.

Equations (16) and (17) are for the effect of torrefaction tem-
perature at the same drying method and for the MWD effect at
the same torrefaction temperature, respectively.

%Chang € | Temperature

BET t —BET t
_ parameters, parameter,s, x 100, (16)
BET parameter,s,

% Change|ywp

_ BET parametery;y,,~BET parameter,
B BET parameterp,

x 100. (17

3 Results and discussion
3.1 Effect of drying method on the kinetic parameters

The kinetic parameters are extracted from the TGA/DTG (ther-
mogravimetric analysis/first derivative of thermogravimetric
function) curves provided in the authors’ previous work [19].

A sample calculation curve for these kinetic characteristic
parameters along with DDTG (Second derivative of thermo-
gravimetric function) is shown in Fig. 1 for RS-MWD-250.
The same calculations are made for the rest of the 16 samples.

The maximum slope inflectional points at the onset and
offset sides could be obtained using the peaks of the DDTG.
Tangent lines are drawn to the peak width lines of DTG and
their intersection with the horizontal axis results in the onset
and offset temperatures, respectively. Then, the peak width
could be determined. The DTG peak position defines Tpcax
and DTGy «.

The position of the peak on the horizontal temperature axis
determines which component is decomposed. Hemicellulose
decomposes between 220 and 300 °C, cellulose between 275
and 350 °C and lignin has a wider range between 160 and
900 °C [43, 50, 51].

The onset temperature, peak temperature, offset tempera-
ture, and peak width are explained according to ISO 11357-
1:2010-03 standard as follows [31, 46]:

*  Tonset 18 the extrapolated onset temperature for the peak
which is the designed intersection point of the extrapolat-
ed baseline and the inflectional tangent at the beginning of
the melting or crystallization peak. The inflectional point
is the point of maximum slope on the rising side of the
peak which corresponds to the maximum value of the
second derivative (DDTG) at the onset side.

*  Tpeak 1S the peak temperature which marks the point at
which the largest deviation of the decomposition rate from
the baseline is measured.

*  DTG,a is the maximum decomposition rate of the peak.
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Fig. 1 Sample calculation for the
kinetic characteristic properties
for RS-MWD-250
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o Ty 18 the extrapolated offset temperature for the peak
which is the designed intersection point of the extrapolat-
ed baseline and the inflectional tangent at the end of the
melting or crystallization peak. The inflectional point is
the point of maximum slope on the falling side of the peak
which corresponds to the maximum value of second de-
rivative (DDTG) at the offset side.

* Peak width is the temperature interval between the onset
and offset temperature points.

The onset temperature is less dependent on heating rate and
sample mass than the peak temperature. It should remain un-
changed when the peak temperature shifts due to changing
heating rate or sample preparation. Thus, this value could be used
for comparison of different thermal events. The peak temperature
is highly dependent on the sample crystallinity, crystal size, sam-
ple preparation, and heating rate, which makes this value unreli-
able for comparison. The offset temperature depends on the lo-
cation of both the onset and peak temperatures. So, any change in
the heating rate results in shifting the offset temperature and
changes the peak’s width as found in numerous results in the
literature [22, 26, 29, 35, 52-54].

The kinetic characteristic properties of the samples are shown
in both Figs. 2 and 3. It is shown in Fig. 2 that as the torrefaction
temperature increases, the onset and offset temperatures and the
peak width are increased. This indicates higher decomposition’s
starting and ending temperatures as along with the duration for
severely torrefied samples at 300 °C.

At 250 °C torrefaction, MWD delayed the start of decom-
position for RS, SC, and CS, while it made RH decompose
earlier than its CD sample as shown in Fig. 2a. MWD delayed
the end of decomposition for RH, SC, and CS, while a slight
advance was monitored for RS as shown in Fig. 2b. The com-
bination of the effect of MWD on the Ty,q and Ty resulted
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Temperature (°C)

in the shown effect in Fig. 2¢ for the peak width. At 250 °C,
MWD was shown to have a scattered effect on peak width.
While at 300 °C, MWD led to a pronounced reduction in peak
width for the woody biomass (CS). This different behavior at
250 °C could be attributed to the different percentages of the
hemicellulose and cellulose contents in these biomasses which
only start decomposing at this temperature. However, at
300 °C torrefaction, all hemicellulose is to be decomposed,
and cellulose starts decomposing which results in a consistent
result for all biomasses. In conclusion, MWD decreased the
onset and offset temperatures as well as the peak width for all
biomasses which are torrefied at 300 °C.

Both mildly torrefied (250 °C) RS and CS have the highest
values of peak width. This shows that although they start and
end the decomposition stage earlier than the other two bio-
masses, they take longer time and temperature range to de-
compose. This indicates that RS and CS contain higher re-
maining levels of crystalline cellulose which is easier to de-
compose and lower remaining levels of amorphous lignin af-
ter the torrefaction at 250 °C. This agrees with the previous
results which revealed that RS and CS have higher crystallin-
ity values than RH and SC at 250 °C [19].

Figure 3 shows the peak temperature and maximum de-
composition rate of the peak for different torrefied biomasses
conventionally and microwave dried. It is found that as the
torrefaction temperature increases, the peak temperature in-
creases, while the absolute DTG, decreases, regardless of
the drying method. This reduction in DTGy, reduces the
peak’s severity. This is attributed to the release of more vola-
tiles, the almost complete decomposition of the hemicellulose,
and the reduction of the remaining amounts of cellulose and
lignin when severely torrefied at 300 °C [19, 55].

At 250 °C torrefaction, MWD increased both the absolute
value of DTGk and Tpeax for RS, SC, and CS, while the
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Fig. 2 The effect of MWD on T (@), Tomer (b), and Peak width (c) on the torrefied biomass

opposite occurred for RH. This can be attributed to the larger
particle size of the RH, as it already had initial smaller size so
it wasn’t ground like the other biomasses [19]. At 250 °C
torrefaction, RH-MWD had a larger surface area than RH-
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L
X
g
5400 .
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CD due to the violent rupturing of the inner passages from
MWD which resulted in releasing more hemicellulose during
the torrefaction from RH-MWD. This subsequently reduced
the hemicellulose component of the peak which reduced T set
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Fig. 3 The effect of MWD on (a) the peak temperature and (b) the max DTG value for the selected biomasses
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as shown in Fig. 2a and reduced 7eq and DTG, At 300 °C
torrefaction, MWD decreased T,cac for all biomasses, de-
creased the absolute value of DTG, for RS and CS only,
and increased DTG,,,, for RH and SC.

Figure 4 shows the Y versus 1/T for all samples with their
linear fit at the value of reaction order n which has the highest
R? value using both DA and CR methods. These values of n
and R are listed in Table 1. The reaction order that provided
the best fit is in the range from 0.8 to 1.3 and from 1.7 to 2 for
DA and CR methods, respectively. Torrefaction at 250 °C had
reaction orders of less than one, whereas at 300 °C, the reac-
tion order is one or more. CR method results have higher R
values ranging between 0.943 and 0.974, while DA method
has lower R” values ranging between 0.856 and 0.967.

Figure 5 shows the kinetic properties (E and In(A)) for the
torrefied biomass using both the DA method as in Fig. 5a, ¢
and the CR method as in Fig. 5b, d, respectively. The activa-
tion energy and pre-exponential factor values obtained from
Coats and Redfern method are larger than their respective

CD MWD
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values from the direct Arrhenius method which agrees with
the results from the literature [26, 31-33, 35]. The values of £
calculated by CR equals a minimum of 1.6 times the values
using DA method for CS-CD-300 and a maximum of 2.25
times for SC-CD-250. While these values are a minimum of
1.47 for CS-CD-300 and a maximum of 2.15 for SC-CD-250
in the results of In(A). It is clear from Fig. 5 that as the
torrefaction temperature increases, both £ and A decrease
which is reasonable because the higher the torrefaction tem-
perature, the more broken bonds by thermal treatment, the less
energy required to start the reaction [37, 56].

At 250 °C torrefaction, MWD increased both £ and A for
RS, SC, and CS, while the opposite occurred for RH regard-
less of the kinetic model used. This can be attributed to the
lower hemicellulose content in RH-MWD-250 than RH-CD-
250 from the violent rupturing of MWD which make it have
less components to devolatilize. This makes it easier to react
thus having lower E. At 300 °C torrefaction and with CR
method only, the above applies for all samples. While for

CD MWD
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Fig.4 Y-1/Tcurves (Eq. (11) for DA and Eq. (14) for CR) with their linear fit at the best fit n value (shown in Table 1) for (a) rice straw, (b) rice husk, (c)

sugarcane bagasse, and (d) cotton stalks
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Table 1 Kinetic parameters from

Arrhenius and graphical methods Biomass Torrefaction Drying Method Arrhenius Coats and Redfern
temp. (°C)
n R n R
RS 250 CD 0.9 0.927 1.9 0.968
MWD 0.9 0.946 1.8 0.974
300 CD 1.0 0.890 1.8 0.954
MWD 1.0 0.896 1.8 0.951
RH 250 CD 0.9 0.938 1.9 0.971
MWD 0.9 0.929 1.9 0.969
300 CD 1.2 0.881 2.0 0.952
MWD 1.1 0.889 2.0 0.953
SC 250 CD 0.8 0.961 1.9 0.973
MWD 0.8 0.967 1.7 0.976
300 CD 1.1 0.860 1.9 0.946
MWD 1.0 0.888 1.9 0.949
CS 250 CD 0.9 0.936 1.9 0.970
MWD 0.9 0.931 1.9 0.971
300 CD 1.3 0.856 2.0 0.943
MWD 1.1 0.860 2.0 0.944
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Fig. 5 Kinetic properties (£ and In(A)) of the torrefied biomass using the DA method (a and c) and the CR method (b and d)
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DA method, it applies only for RS, RH, and SC. However, for
CS, MWD reduced both A and E.

RS-CD-300 has the lowest values of £ and In(A) which are
77.3 and 143 kJ/mol, and 13.4 and 22.9 min' according to DA
and CR methods, respectively. This means that RS-CD-300 is the
easiest one to react, and it requires the lowest amount of external
temperature and time to start decomposing. This is attributed to the
very high crystallinity of 50.79% for the RS-CD-300 extracted
from [19], and it totally agrees with the work of Bhuiyan et al.
[57] where they found that the more crystalline the material, the
easier it reacts. Also, RS-CD-300 has the largest peak width of
230.1 °C as stated in Fig. 2. This means that it decomposes over a
wide range of temperatures and has a large span making it easier to
decompose. SC-MWD-250 has the maximum values of £ and
In(A) of 199 and 412.3 kJ/mol, and 38.1 and 76.2 min"" according
to DA and CR methods, respectively. This indicates that it requires
the highest external temperature and the longest time to react. This
can be related to two reasons. The first is that it is amorphous with
very low crystallinity of 4.8765%. The second is related to the
elemental analysis of the SC-MWD-250. It has the second lowest
amount of carbon content of 59.1% and the largest amount of
oxygen content of 34.9% based on dry ash free analysis. It also
has the second lowest HHV of 23.49 MJ/kg after RS-MWD-250.
The low carbon and high oxygen contents make the sample less
reactive thus having the highest values of activation energy and
pre-exponential constant. Also, SC-MWD-250 has the lowest
peak width of 68.6 °C only as shown in Fig. 2. This indicates that
it decomposes over a very narrow temperature range making it
harder to decompose.

The data from Fig. 2 and Fig. 5 can be correlated together
relating the activation energy with the peak width. They show
that as the peak width increases, the activation energy and the
pre-exponential factor decreases except only for CS-MWD-
300 and CS-CD-300. This can be correlated to the woody
nature of the cotton stalks which makes its behavior to micro-
wave drying different from the other agricultural biomasses.

3.2 DTA results

The DTA test provides information regarding the heat flow either
to or from the biomass during its pyrolysis indicating whether the
reaction is endothermic or exothermic. Figure 6 shows the DTA
results for all samples. Figure 6 confirms that the degradation
reaction of the biomass is endothermic because of the resulting
negative values. There exist mainly three peaks for almost all the
samples. The first endothermic peak occurred at approximately
100200 °C due to the evaporation of the moisture content and
interlayer crystal water [15], overlapping with the early stages of
the hemicellulose decomposition. It is noticed that the higher the
first peak, the more the moisture content of the sample. This first
peak is the highest for all biomasses due to the high heat of
evaporation of the water.

@ Springer

The second one is in the range from 250400 °C and is
attributed to the complete hemicellulose and partial cellulose
degradation which accompanies the release of volatiles [58,
59]. The second peak for all samples is higher for mildly
torrefied samples at 250 °C than the severely torrefied samples
at 300 °C regardless of the drying method. This totally agrees
with the above kinetic results because the remaining amount
of hemicellulose significantly decreases at higher torrefaction
temperatures resulting in lower heat peaks. Figure 6 shows
that for RS, RH, and SC, the second peak is always lower
when torrefied at 300 °C regardless of the drying method.
This indicates that they have lower hemicellulose content.
Whereas for CS, due to its woody nature, CS-MWD-300 has
higher remaining hemicellulose content than CS-CD-250 as
shown from the first peak in Fig. 6d. Figure 6 shows that
MWD conserves more hemicellulose inside the biomass when
they are consequently torrefied compared to CD except only
for severely torrefied RH; however, the difference is minor.

The third peak starts from approximately 500-800 °C. This
peak accounts for the degradation of the remaining cellulose
and lignin in the remaining char [58]. At 250 °C torrefaction,
MWD increases the cellulose and lignin contents of RS and
RH, while it decreases them for SC and CS. At 300 °C
torrefaction, MWD increases the lignin contents for RS and
SC, hence, the wide temperature reactivity span [60], while it
decreases them for RH and CS.

Figure 7 shows the total heat flow during each sample’s
decomposition across the temperature range from 0 to 800 °C.
It is calculated by integrating the area under each of the DTA
curves shown in Fig. 6. The value of heat flow varied from
one biomass to another due to different moisture, hemicellu-
lose, cellulose, and lignin contents. It is evident that all MWD
samples require more heat to decompose compared to their
respective CD ones regardless of the torrefaction temperature.
This is due to the aggressive nature of MWD which ruptures
the inner passages of the biomass. This creates larger voids
inside the samples which reduces the coefficient of heat trans-
fer inside the sample making it require more heat input to fully
decompose. The ruptured surface also increases the overall
surface area of the samples making it lose more heat to the
surrounding and increasing the overall heat input to the sam-
ple. All samples torrefied at 300 °C require an amount of total
heat lower than the ones torrefied at 250 °C except only for
CS-MWD-300 due to its woody nature.

3.3 BET results

The effect of torrefaction temperature (relative to
250 °C) and drying method on the BET parameters as
percent change are presented in Fig. 8a, b, respectively.
These percentages are calculated for each one of the
three BET parameters presented in Table 2 for both
RS and CS as mentioned in section 2.4.
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Fig. 6 DTA results for (a) Rice Straw, (b) Rice Husk, (c) Sugarcane Bagasse and (d) Cotton Stalks

For CS, MWD decreased all these BET parameters, regard-
less of the torrefaction temperature. At 250 °C torrefaction for
CS, MWD did not show significant effect on the BET param-
eters due to the stiff woody nature of the CS and its low
crystallinity as shown in Fig. 8b. At 300 °C torrefaction,
MWD had a more noticeable effect; however, the percentage
decrease in the BET characteristics was much less than RS.
This decrease was 5, 61, and 63% for the BET surface area,
mean pore diameter, and the total pore volume, respectively.
This indicates that MWD increases the porosity of RS making
it more suitable for adsorption applications and for soil reme-
diation. The higher surface area to weight ratio means more
available adsorption sites per mass [42]. However, it
should not be used as fuel because it will have high
moisture uptake which will reduce its quality in addition
to its lower carbon content and heating value as stated
in the authors’ previous work [19]. In the case of CS,
MWD decreases its porosity and increases its heating
value and carbon content making it better suited as fuel.

It is noticed that as the torrefaction temperature in-
creases, the absolute values of the BET surface area
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Fig. 7 Total heat flow for biomass decomposition
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Fig. 8 The percentage change in the BET parameters of the RS and CS due to (a) effect of torrefaction temperature at the same drying method and (b)

effect of MWD at the same torrefaction temperature

and the total pore volume increase, while the mean pore
diameter decreases. This is true for all the samples re-
gardless of the drying method except only for the total
pore volume for the MWD torrefied CS as seen in
Fig. 8a. This negative temperature coefficient can be
attributed to the woody nature of the CS which reduced
the overall pore volume at higher torrefaction tempera-
tures. For the same torrefaction temperature, the BET
behavior of RS which represents agricultural biomass
to MWD is the opposite to the behavior of CS which
represents the woody biomass. This is clearly seen in
Fig. 8b. For RS, MWD increased the BET surface area
by 27 and 7.5%, mean pore diameter by 300 and 480%
and the total pore volume by 410 and 524% for mildly
and severely torrefied samples, respectively. This high
percentage increase can be attributed to the very high
crystallinity of the RS [19].

4 Conclusion

The effect of microwave drying and torrefaction temper-
ature on the produced biochar from rice straw, rice
husk, sugarcane bagasse, and cotton stalks has been
investigated; the results revealed numerous effects on
the biochar’s kinetic parameters and physical structure.
As the torrefaction temperature increases, the onset, off-
set and peak temperatures, and the peak width increase
regardless of the drying method, while the absolute
maximum decomposition rate DTG,,,x decreases.
MWD increases both Ty,e and Tope; When torrefied
at 250 °C, while the opposite occurs at 300 °C. MWD
reduces the peak width at all torrefaction temperatures
for RS, SC, and CS, while the opposite occurs for RH.
At 250 °C torrefaction temperature, MWD increased
both the absolute value of DTGuax and Tpeac for RS,
SC, and CS, while the opposite occurs for RH. At
300 °C torrefaction, MWD decreased Tpeax for all

Table 2 BET surface area and

characteristics of pore structure Biomass Torrefaction Drying BET surface area Mean pore Total pore volume
for RS and CS temp. (°C) method A BET diameter (p/po=0.99)
g o (cmg ™)
RS 250 CD 1.044 106.37 0.028
MWD 1.329 4269 0.142
300 CD 2.004 67.87 0.034
MWD 2.155 394.2 0.212
CS 250 CD 0.455 265.29 0.030
MWD 0.441 264.77 0.029
300 CD 0.948 170.63 0.040
MWD 0.904 65.43 0.015
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biomasses, decreased the absolute value of DTG,,,, for
RS and CS only and increased DTG,,,, for RH and SC.

Direct Arrhenius (DA) and Coats and Redfern (CR)
methods are used to calculate the activation energy and
pre-exponential factor. The best fit reaction order is in
the range from 0.8 to 1.3 and from 1.7 to 2 for DA and
CR methods, respectively. All activation energy and pre-
exponential factor values obtained from CR method are
larger than their respective values from the DA method.
As the torrefaction temperature increases, both £ and A
decrease. At 250 °C torrefaction, MWD increased both
E and A for RS, SC, and CS, while the opposite oc-
curred for RH regardless of the kinetic model used. The
same happened when torrefied at 300 °C with CR meth-
od only. Whereas, both A and E decreased with DA
method for CS-MWD-300. RS-CD-300 is the easiest
one to react as it has the lowest values of E£ and
In(A), while SC-MWD-250 is the hardest as it has the
maximum values of £ and In(A).

From the DTA results, MWD kept more hemicellu-
lose inside all biomasses at each torrefaction tempera-
ture except only to the severely torrefied RH. MWD
increased the total heat flow required to decompose all
the samples, regardless of the torrefaction temperature.
As the torrefaction temperature increases, the total heat
flow decreases for RS, RH, and SC, while it increases
for CS due to its woody nature.

MWD increased the porosity of RS making it most suited
to be used as activated carbon for adsorption applications or as
a soil fertilizer. On the other hand, MWD decreased the po-
rosity of CS making it most suited as fuel. As the torrefaction
temperature increases, BET surface area and the total pore
volume increased, while the mean pore diameter decreased
regardless of the drying method.
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