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Abstract

To assess the potassium catalytic influence on the kinetic behavior of non-oxidative
biomass torrefaction, two woody biomass samples (Amapai and Eucalyptus), as well as
Miscanthus samples impregnated with three different K2COgz concentrations (0.003M,
0.006M, and 0.009M) were comprehensively studied. The solid thermal degradation
Kinetics were analyzed through thermogravimetric analysis in usual torrefaction
conditions (275 °C during 68min and 10 °C.min? heating rate) and an original
Potassium Responsive Numerical Path (PRNP). Therefore, a two-step reaction model
with unified activation energies was integrated within a numerical method that considers
the torrefaction severity influence for each potassium-loading content in all three
biomasses. The proposed PRNP enables an accurate solid yield prediction (R%>0.9995).
A strong (R? between 0.91-0.99) and a significant (p <0.0463) linear correlation was
highlighted between the potassium content in biomass, the increasing reaction rates, and
pre-exponential factors. The solid and volatile product distribution depicted faster and
marked degradation for solid pseudo-components and anticipated a higher volatile
release. The catalytic torrefaction severity factor determination enabled correlating
treatment severity and Kinetic rates showing better correlations than K% for wood
biomass. The accurate results are conducive to developing numerical models that are

essential for assessing solid fuel upgrading under catalytic effect in torrefaction plants.

Keywords: Torrefaction, potassium impregnation, catalytic effect, kinetic model, unified
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30 activation energy, catalytic torrefaction severity factor.

31
Index summary M Molar concentration
A Feedstock FF)’;::IP Potassium responsive numerical
A,i  Pre-exponential factor R Gas constant
B Intermediate solid Rq-  Linear correlation coefficient
C Solid residue R? Coefficient of determination
CO  Carbon monoxide T Temperature
C0, Carbon dioxide t Time (min)
CTSF Catalytic torrefaction severity factor Ty Reaction temperature
DTG Derivative of thermogravimetric TGA Thermogravimetric analysis
E,i  Activation energy (J.mol?) UAE Unified Activation Energy
FTIR Fourier-transform Infrared spectroscopy  V; First step volatile product
ICP-AES Inductively Coupled Plasma-Atomic 1, Second step volatile product
Emission Spectrometry
K>CO3z Potassium carbonate aqqc Catalytic alpha
K%  Potassium content WL  Weight loss
k; Reaction rate Y Yield
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1. Introduction

Given the growing threat of climate change and the depletion of fossil-fuel sources,
it is imperative to diversify the energy profile, whereby biomass represents one of the
most appealing options as it is carbon-neutral [1]. Biomass as a renewable, non-fossil,
and CO- neutral solid fuel has several inherent challenges: high moisture and oxygen
content, low energy density, its hydrophilic nature, and its highly variable composition
and properties [2]. Biomass thermochemical conversion is a feasible pathway to
overcome these issues [3]. Furthermore, the use of biomass can be enhanced through
thermochemical processes, such as torrefaction, pyrolysis, and gasification, thus

reducing unwanted by-products by process parameter optimization [2-5].

Torrefaction is a thermal treatment usually conducted in non-oxidative or partially
oxidative conditions where the biomass is mildly pyrolyzed at 200-300 °C seeking an
upgraded solid fuel [6-8]. The literature reports torrefaction studies exploring the effects
on the physicochemical properties of biomass [9,10], its solid and energy yields, and the
increase in energy densification [11-14]. There is also evidence that the thermal
treatment enhances the grindability, hydrophobicity, decay resistance, and storage
performance of biomass [15-18]. As a consequence, the use of torrefied biomass may
tackle agricultural purposes, such as soil amendment [19], and industrial applications,
such as ironmaking, pyrolysis, liquefaction, gasification, combustion, ignitability,

pollutant adsorption and the mitigation of environmental hazards [8,20-23].

Raw biomass naturally contains distinct amounts of alkali and alkaline earth metals
depending on the species, the fraction of the biomass, and the soil [24]. Potassium is a
well-known alkali catalyst in the thermal reactions of biomass [25]. Previous studies
applied analytical techniques, such as thermogravimetric analyzer (TGA) and its

derivative (DTG), X-ray diffraction analysis, pyrolysis—gas chromatography-mass
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spectrometry (Py-GC/MS), and Fourier-transform Infrared spectroscopy (FTIR) to
extensively analyze the catalytic effects of potassium on biomass thermochemical

conversion processes [24,26-38].

Past studies suggested that potassium impregnation can intensify biomass thermal
degradation processes by catalytically influencing the decomposition and char
conversion mechanisms [24,26-28,31-38]. In addition, the catalytic effect of biomass
with higher potassium contents could allow shorter residence times in future torrefaction
plants as well as lower temperatures to obtain the desired solid yield [24,26,32,34].

The thermal-degradation kinetic modeling has been extensively assessed to
characterize the behavior in the thermal decomposition of woody biomass, describing the
reaction pathway during torrefaction [25,39-44]. Regarding numerical modeling of
lignocellulosic pyrolysis kinetic, generally, non-isothermal and isothermal Kinetics are
two basic modes. Several approaches to iso-thermal kinetics, such as one [45,46], two
[25,42,47-53], multi-step [54-58], and multi-component [59] models have been
developed. The literature also presents studies on the potassium content effect on

Pyrolysis kinetics [58,60,61].

Guo et al. (2016) investigated the potassium impregnation effect (0.1, 0.3, and 0.5
mol.kg?) on the pyrolysis kinetics of pinewood through TGA and fixed bed reactor
techniques and the Flynn-Wall-Ozawa numerical method [60]. The results revealed that
biomass potassium impregnation leads to higher reactive activity that promotes biomass
decomposition [60]. The activation energy was evaluated for different conversion rates
a and, concerning the main reaction stage (0.3 < a < 0.7), slight variations were
evidenced for the activation energy. When a varied between 0.2 and 0.8, the averaged
activation energy was similar for different K% loading with 157.4, 160.3, and 157

kJ.mol* for 0.1, 0.3, and 0.5 mol.kg™?, respectively [60].
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Lin et al. (2021) applied the rubberwood pyrolysis experimental results from [34] to
explore the pyrolysis kinetics by an independent parallel reaction model describing the
catalytic effect on the four pseudo-component [61]. Pyrolysis Kinetics results showed
that the highest K>COz concentration (0.012M) reduced the activation energy of
cellulose, from 223.86 to 204.14 kJ.mol™!, whereas there was no noticeable effect on the

activation energies of hemicelluloses and lignin [61].

Concerning biomass torrefaction kinetics, Di Blasi and Lanzetta (1997) [49]
proposed a well-known reaction model to determine the isothermal kinetics. The two-
step model was widely explored to describe the behavior of various types of
lignocellulosic biomasses, such as willow [50,62,63], wheat straw [47], beech, pine,
wheat [48], spruce, and birch [51] submitted to different torrefaction conditions. In
addition, a thermal sensitivity three-stage approach based on [49] was adopted to
describe the behavior of poplar, fir [25,42,43], and Eucalyptus grandis degradation

[52,53,64,65], showing prediction accuracy for a wide range of torrefaction parameters.

Shoulaifar et al. (2016) modeled the thermal degradation reactions of spruce with
distinct K% content by using a two-step reaction model based on four Kinetic rate
constants during torrefaction [26]. The study evidenced that the activation energies of
each reaction step are quite similar despite the different K contents, whereas the pre-
exponential factors do vary with K% [26]. The results also showed that the mass loss of
spruce biomass impregnated with different levels of K (%) could be modeled using the
same activation energies but distinct pre-exponential factors for the Kinetic rate
constants; the so-called Unified Activation Energy (UAE) [26].

Considering the two-step reaction mechanism, eight parameters (four activation
energies and four pre-exponential factors) must be considered during each biomass and

potassium impregnation modeling routine. Applying the UAE, Shoulaifar et al. (2016)
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showed that a good prediction was obtained with a minor number of input parameters,
simplifying the numerical routine for catalytic torrefaction. The UAE was performed by
averaging the obtained activation energy values for five torrefaction temperatures (240,
250, 260, 270, and 280 °C) considering spruce wood samples doped with different levels
of K [26]. The model was validated against experimental TG curves of straw, spruce
wood and bark, aspen, and miscanthus [26]. The results showed a good agreement

between the model and experiments for analyzed biomasses, except for spruce bark [26].

Although notable results were reported on the impact of potassium impregnation on
thermal degradation behavior for different thermochemical conversion routes (mainly
based on gasification and fast pyrolysis processes), it is observed that few studies have
been performed for torrefaction treatment. Moreover, the literature review found that
only some studies have been performed for the kinetic modeling of biomass torrefaction
under catalytic effect. Thus, knowledge in recognizing the kinetic mechanisms of
catalytic torrefaction and accurately predicting thermal degradation behavior, and

torrefied product properties of biomass impregnation by potassium, still remains limited.

Therefore, to extend the knowledge on kinetic modeling prediction for catalytic
torrefaction, this study investigates the thermal degradation kinetics in three different
types of biomasses, proposing a novel potassium responsive numerical path (PRNP) in
combination with the UAE. In addition, it shows the linear behavior of the predicted
Kinetic rates and pre-exponential factors with increasing potassium content with the
application of two performance indicators; the catalytic torrefaction severity factor

(CTSF) and the K%.

Hence, the present work allows for characterizing the catalytic effect of three
concentrations of potassium carbonate (K>.COs) impregnation on the non-oxidative

torrefaction kinetics. The results provide the kinetic rates, solid yield prediction, the
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linear correlation statistics between the pre-exponential factors A,i and K% content, the
CTSF [30], and the solid and volatile product distribution. The results achieved are also
valuable for assessing the impact of catalytic torrefaction on solid fuel upgrading and
the produced volatiles. Therefore, providing essential insights on modeling optimization

in the energy field for circular bioeconomy.

2. Material and Methods
2.1  Biomass feedstock and preparation

This work was conducted on three biomass materials: Amapai (Brosimum potabile
Ducke) and a 7.5-year-old Eucalyptus hybrid clone (E. urophylla and E. camaldulensis)
as woody species, was well as Miscanthus pellets as herbaceous species. The Eucalyptus
material was selected because it is the most widely planted wood species in Brazil, with
planted forest area of five million hectares [66,67]. The chosen Eucalyptus clone is
prevalent and planted mainly for charcoal production. Miscanthus was selected because
it is one of the most promising fast-growing second-generation types of biomass for
energy purposes [68]. The third species, Amapai, can be developed in Brazilian forest
concession projects that seek to replace the predatory exploitation model with a
sustainable management model [28]. In addition, the physical and chemical

characterization of the Amapai species is still little explored in the literature.

Table 1 displays the results from the inorganic element analysis performed by the
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES), as well as from
the ultimate and proximate analyses of the raw biomass samples obtained in our previous

work [28,32], which also include the procedure guidelines.

Table 1

2.2  Physical-chemical sample preparation
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The raw materials were grounded and sieved by an 18-mesh screen (<1mm). After
that, all samples were oven-dried (105 °C for 24h), demineralized, and impregnated with
K2COs aqueous solutions of three different concentrations (0.003M, 0.006M and
0.009M). The K2COs solution concentrations were defined according to the range in
which the potassium loading effect in the torrefaction degradation Kkinetics is more
pronounced [24]. The potassium content within biomass samples varied from 0% to
0.53%, corresponding to the demineralized and diff erent K.COz concentrations. Biomass
samples were categorized corresponding to the K.COs concentration of the impregnation
solution in which they were immersed [32]. The description on demineralization and
impregnation processes is available in a previous study [32]. All samples used in this

study are presented in Table 2, according to their K content (in %, dry basis).
Table 2
2.3 Thermo-gravimetric analyses (TGA)

The thermogravimetric analysis (TGA) results of demineralized and potassium
impregnated herbaceous (Miscanthus) and hardwoods (Amapai and Eucalyptus) from
[32] provided the material for this work. The thermo-gravimetric analyzer described in
[32,69-71] was used to record (10“g precision balance) weight loss of samples
throughout the torrefaction treatment under non-oxidative conditions (0.5 L.min? N;
flow) [32]. In order to avoid diffusion limitations within the alumina crucible, about 100
+ 15 mg of samples were used for each experiment. All experiments were duplicated for
each demineralized (control) and potassium-loaded biomass sample. Samples were first
heated (10 °C.min™) from 25 to 105 °C and isothermally kept for 30 min to ensure dry
conditions before torrefaction [32]. After that, a 10 °C.mint heating rate was
implemented until reaching the treatment temperature of 275 °C [32]. Isothermal

torrefaction step was then carried out for 50 min.
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The TGA was evaluated overtime t for the 275 °C treatment temperatures and

different potassium impregnation. The calculated solid yield Yezx7p5°CK% (t) for the

constantly weighted wood sample was determined by the ratio of dried weight before
torrefaction w, and the weight during torrefaction w;(t), according to Equation (1)

[42,72].

Y275°C (4) = WW—(OD x 100 1)

exp K%

2.4 Catalytic torrefaction severity factor (CTSF)

The torrefaction literature presents the efficiency of biomass torrefaction processes by
proposing severity indexes to discuss the variability of thermally modified biomass
properties [73,74]. In this work, the parameter of the catalytic torrefaction severity index
[30,75] is also introduced to assess the catalytic thermo-degradation phenomena during
the torrefaction process. The CTSF is an operating condition-based index that aggregates
the catalytic influence of K% and biomass sensitivity on the treatment severity. The
detailed procedure for CTSF and catalytic alpha a.,; determination is exposed in

previous work [30]. The CTSF is defined by the following Equations (2) and (3):

CTSFyo,(t) = log [t“cat X exp( Th )] (2)

14.75
Acar = @ + K(%) (3)

where K% is the potassium impregnation content (demi, 0.003M, 0.006M and 0.009M),
t is the treatment time (min), T is the reaction temperature (275 °C for this study), and
@qqr 1S the optimum value achieved when analyzing the coefficient of determination R?
dependence when altering the a.,; time exponent [30,76]. The a.,; time exponential
originates from the a value modification by adding the potassium concentration to the

original TSF a value [74]. This modification enables maintaining the same linear
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behavior introduced by the K% impregnation and accounts for the catalytic behavior and

the other severity parameters (temperature, time, and feedstock sensitivity) [30].

The CTSF was selected as a performance indicator because it aggregates the key
performance indicators (temperature, time, biomass nature, and catalysis) regarding
torrefaction severity and is an index that only depends on the process parameters
(established before experiments), enabling practical and accurate torrefaction

performance prediction under catalytic effect [30].

2.5  Kinetic numerical modeling

The numerical modeling was established based on the consecutive two-step reaction
proposed by [49] and well-validated in previous work [48,50,51,53,77]. The two-step
model was selected due to its precision and simplicity in predicting biomass torrefaction
in a wide range of parameters [25,26,42,53]. The past study [42,53] employed the two-
step model within a three-stage approach, considering the sensitivity of torrefaction
severity within the model’s convergence, optimizing simulation quality with reasonable
computation time. The two-step consecutive reactions [49] were considered as Equations

(4) and (5).

1%t reaction step: { Ky, 4)

2" reaction step: { b ®)

where A is the feedstock (raw material), B is the intermediate solid, and C is the solid
residue [49]. Experimentally, a decrease in weight loss is numerically established through
the volatile V; released during the first step and V, during the second step [42]. The solid

pseudo-component composition (4, B, and ) must correspond to 100% of the predicted

10
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solid yield at any time [53]. The first step accounts for the hemicelluloses degradation
and the removal of extractives [49]. In parallel, the hemicelluloses, cellulose, and part of

lignin degradation are considered by the second step [56].

n,cal

The calculation of the pseudo-components Y(275°C)K0/ withn = A, B, C,V,,V, for each

potassium concentration K% was conducted with Equations (6-10).

(275°C) _dmu(®) _
Vical o, @ = =g~ = —(k1 + ky,) X my () (6)
275°C d (3]
Ve )K%(t) = 2= =y xmy(®) — (k2 + ky,) X mp(0) (7)
Vioar oD = T2 = ka X mp(0) (8)
Cceal ko dt 2 B
Y(275°C) (t) — dmyq(t) — k X m (t) (9)
Vy,cal K% dt Vi A
(275°C) _ dmy;(t) _
YVZ,cal K%(t) - dt - sz X mB(t) (10)

The kinetic rate constants k; (min, i = 1,2,V;,V,) are defined by the Arrhenius law
as a function of the pre-exponential factor A,i (min?), the activation energy E,i
(kJ.mol 1), and the temperature T(K), as displayed in Equation (11). The rates were

determined by fitting experimentally measured TG profiles Y32x71,5°CK% (t) to predicted

275°C
CUIVes Ysotid,cat o, (t).

k; = Agi X e Eal/RT (11)

where R is the gas constant (J.mol"t.K'Y). The numerical predicted solid 1’52(,7li5d°f‘;a,K%(t)

H 275°C
and volatile Y;oiatite,cat o,

(t) yields were established by the sum of the calculated
pseudo-components for each K% with Equations (12) and (13).

(275°C) _ (275°0) (275°C) (275°C)
solid,calK%(t) - YA,cal K%(t) + YB,cal K%(t) + YC,cal K%(t) (12)

11
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Veotatitocatyo, (D = ¥rocat o, O+ hieat o (13)

volatile,cal o, Vy,cal K%

The numerical modeling using Matlab® was performed to determine all Kinetic

parameters, solid and volatile product distributions and the predicted yields [53].

2.6 Potassium responsive numerical path (PRNP)

Previous work analyzed the kinetic behavior by evaluating the activation energies for
different potassium concentrations and specific pyrolysis conditions [58,60,61].
Regarding the temperature range of 200-300 °C (characteristic of torrefaction) and the
potassium concentration limits of the present study, the reported results in [58,60,61]

showed no noticeable (or even slight) variations in the obtained activation energies.

Based on these findings, this work proposes an original potassium responsive
numerical path (PRNP) to characterize the kinetic behavior of three biomasses
impregnated with distinct potassium content. The proposed PRNP numerical path is
structured based on two methods. The first is the three-stage approach, where the biomass
thermal degradation sensitivity (due to torrefaction temperature) is considered for each
step [42]. The second is the UAE, where the model is established using the same
activation energies but distinct pre-exponential factors for the kinetic rate constants [26].
Thus, the reported catalytic effect promoted by K.CO3 [32] (faster degradations and
higher weight loss) is considered through the PRNP by pondering the degradation
sensitivity promoted by each degree of potassium content in the biomass. As a
consequence, the PRNP enables an even more accurate prediction using a minor number

of kinetic parameters.

The UAE was conducted considering unified activation energies for the three
biomasses despite the distinct pre-exponential factors for each degree of potassium

impregnation. The method is schematically illustrated in Figure 1.

12
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Figure 1

Firstly, the kinetic parameters were separately determined for each of the four
potassium conditions in the first step. An initial parameter for the reaction rates is required
for conducting the numerical prediction when applying the PRNP. Therefore, the reaction
rates of Eucalyptus grandis torrefaction at 270 °C from a previous study were applied due
to the similar biomass and treatment temperature [53,64], enabling the determination of
kinetic rates of demineralized Eucalyptus hybrid clone with the numerical routine

exposed in Section 2.5.

The resulting Kinetic rates of demineralized Eucalyptus hybrid clones were used as
initial conditions for 0.003M potassium content, the 0.003M results for 0.006M, and the
last for the 0.009M. This first routine describes the first step of the PRNP (green arrows
in Figure 1). The Kinetic rates obtained for demineralized Eucalyptus hybrid clones were
used as initial parameters for demineralized Amapai and Miscanthus. The first step was
conducted for each biomass species separately. The attained results for each of the three
biomasses showed similar activation energies of each reaction step, in agreement with

[26].

Before the second step, the UAE was applied by averaging the obtained activation
energies [26] in the PRNP first step, defining one set of unified activation energies for the
three biomasses. Finally, during the second step (red dashed arrows in Figure 1), the
numerical kinetic modeling routine (Section 2.5) was again performed for each K%
content and biomass species with the calculated set of unified activation energies,

obtaining the final set of pre-exponential factors for each condition and biomass.

13
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3. Results and discussions

The obtained activation energies, pre-exponential parameters, as well as the R?
between experimental and predicted curves from PRNP, are shown in Table 3. Figure
2(a), (b), and (c) display experimental [32] and predicted values by the PRNP of the solid
yield evolution during torrefaction for Amapai, Eucalyptus, and Miscanthus, respectively.
The sample weight was normalized (considered as 100%) at treatment temperature of
170 °C (the temperature that characterizes the start of thermal degradation) since no
considerable degradation occurred before this temperature was reached [25,42].
Therefore, in Figure 2, t = 0 corresponds to the treatment time at which the temperature
is 170 °C. As observed, the UAE performed within the PRNP obtained a highly accurate
fit with correlation coefficients of R2>0.9995 for all potassium impregnation levels and

all three biomasses.
Table 3

The achieved unified activation energies, expressed in J.mol™, for the first and second
step, were E,1 = 82307.1, E,V, = 149275.2, E,2 = 35491.1, and E,,V, = 124583.9,
which is in line with the range obtained for Eucalyptus grandis in [53] and reported in the
literature [50,78]. The originally proposed two-step model by [49] and [53] reports higher
values for the first reaction step's activation energy when compared to the second step,
which is in agreement with our results and indicates that the second step has a lower
temperature dependency than the first step. When comparing volatile and solid activation
energies, those for the volatile release (E,V; and E,V,) are higher than those for the solid

conversion (E,1 and E,2), corroborating with [25,49,52,53].
Figure 2

3.1  Catalytic effect on the reaction rate competition

14
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For a better interpretation of the competition rate between the occurring reactions, the
calculated reaction rate constants (Table 3) are graphically displayed against the K% in

Figure 2(d), (e), and (f) for Amapai, Eucalyptus, and Miscanthus, respectively.

For the three species, an increasing linear correlation between reaction rates and
potassium content was obtained. Shoulaifar et al. (2016) reported that the pre-exponential
factors of k4, ky,, and ky, have increasing linear correlations with the growing potassium
content but decreased k,. Unlike [26], the results show an increased correlation between
potassium content and k,, accelerating reactions when the K% increases. These results
are in line with the experimental results that presented lower solid yields and
intensification of non-condensable gas and water release for higher potassium contents
[32,36,79].

The first step reaction rates k; and ky, (mainly hemicellulose decomposition) become
faster with higher K%, which is in line with [24,26]. Regarding the literature on
torrefaction treatment, the evidenced ranking of reactions is k; > ky, during the first step
[25,42,49-51], corroborating with the results. The first step reaction rate behavior is in
line with the pyrolysis kinetics of rubberwood [61], which showed a slight increase of
reaction rates with the potassium concentration (0.004M, 0.008M, and 0.012M) during
thermal degradation of the hemicelluloses. The obtained reaction rates in the first step
also corroborate with the pyrolysis experiments from [80], which reported a slight
increase of the hemicelluloses reaction temperature as the K>COs concentration

increased.

The second step reaction was ascribed mainly to cellulose, remaining hemicelluloses
and part of lignin degradation [41]. The previous studies [25,42,43,53] reported that k is

faster than ky, during the second step reaction for torrefaction treatment. For higher
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temperatures (or torrefaction severity), ky, becomes as important as k, [52,53]. In Figure
2(d), (e), and (f), the catalytic effect on the second step is observed with faster k, for
higher potassium content in biomass, with k., > k, from 0.23 and 0.14 K% for Amapai

and Miscanthus, respectively.

Regarding Eucalyptus experiments, the k, was faster for increasing catalytic content
and, therefore, the torrefaction severity. Analyzing the TGA curves for Eucalyptus and
separated cellulose component, the previous work [32] evidenced that the catalytic effect
(anticipated degradation) increased for biomass impregnated by potassium, indicating
that this behavior might be attributed to changes in cellulose decomposition induced by
K2CQOs. The results are in line with [53], which presented faster k,, with increasing
torrefaction severity (temperature) for Eucalyptus. In addition, Chen et al. (2021)
analyzed the two-step reaction model to predict the isothermal torrefaction kinetics of
cellulose when applying TG-FTIR. Their results showed that, for higher severities of
torrefaction, the related V, formation associated with cellulose degradation is higher,
corroborating with the faster k;, obtained under the potassium catalytic conditions [81].
Therefore, such a result can be related to Eucalyptus wood composition (Table 1) that

presents higher cellulose content compared to the other two biomasses.

Given the catalytic effect, with increased potassium content, a more important second
step is thus obtained (Figure 2). This behavior is consistent with the experimental results
[24,32], which showed an increased weight loss and therefore a greater volatile release
and faster conversion rates, illustrated by the shift in the DTG peak for cellulose from 44
to 24 min (from 275 to 262 °C). Studies [36,79] also indicated higher CO, CO>. and water
release for experiments above 250 °C. The reaction rate behavior obtained with the PRNP

in the second step is in line with the reported literature.
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Comparing the reaction rates for impregnated samples (0.003, 0.006, and 0.009M)
between species, the first step showed Amapai > Eucalyptus > Miscanthus for k; and
Eucalyptus > Amapai > Miscanthus for ky, . Considering the second step, solid and
volatile reaction rates (k, and ky,) followed the same order for increasing potassium
content retained in the biomass samples [24,32], showing that Amapai > Miscanthus >

Eucalyptus.

3.2  Reaction rates and pre-exponential factor statistics

Table 4 shows the correlation statistics for the reaction rates against the K% content.
A strong linear correlation (R? varying between 0.91 and 0.99) and statistical significance
(p-values < 0.0448) was emphasized for all the cases. The results show, for instance, that
k; = A X K(%) + B can correctly estimate the two-step reaction rates with K% content
varying from 0-0.39, 0-0.53, and 0-0.40% for Amapai, Eucalyptus, and Miscanthus,

respectively.
Table 4

The obtained values for the pre-exponential factors (Table 3) are illustrated in Figures
3 and 4. Based on the molecule collision theory, the pre-exponential factor is an important
term correlated to the molecules’ rate of collision and their average velocity [61]. Hence,
for a specific reaction, the higher the pre-exponential factor, the more frequent collisions
would be observed for that reaction, and the reaction successfully occurs more often [61].
Higher pre-exponential factors were evidenced with increasing potassium content for
both reaction steps and all biomasses.
Figure 3
Figure 4

The obtained linear correlation statistics for the pre-exponential factor’s linear
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dependency of the potassium content are given in Table 5. Regarding Table 5, the PRNP
resulted in an accurate linear correlation (0.90<R?<0.99) with significance (p <0.0463)
through increasing exponential factors with potassium content for the three biomasses, in
agreement with [26]. Chemically, the high pre-exponential factor of a reaction may
illustrate that the required reaction time is shorter for a given temperature or that the
reaction occurs within a narrow temperature range [61]. The torrefaction experimental
results [24,32] evidenced increased weight loss and faster conversions (anticipated DTG
peaks) with higher K content, corroborating with the higher pre-exponential factor
behavior. The correlations in Table 5 presented statistical significance for all the cases
where the p-value was lower than 0.0463 and R? between 0.91 and 0.99, considering the
three potassium contents and all three biomasses.

Table 5

3.3  Catalytic torrefaction severity factor

The CTSF was calculated to provide a useful performance indicator to be correlated
with the obtained kinetic parameters. The obtained results for Amapai and Eucalyptus
CTSF from [30] were used in this analysis. Miscanthus CTSF was defined with the same
modeling procedures. The obtained values for the a.,; and CTSF for the torrefied
products are given in Table 6. For instance, woody biomasses had similar a,;, with 2.0
for Amapai and 1.9 for Eucalyptus, while a.,; of Miscanthus is 2.8, which is distinctly

higher than those of the two previous hardwood species.
Table 6

The a4 accounts for inherent biomass sensitivity and its potassium content [30,74].

Miscanthus presented higher a.,;, which is in line with the experimental results for raw
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biomass that shows higher weight loss with higher torrefaction severity for Miscanthus

when compared to both woody biomasses [24,32].

Figure 5(a), (b), and (c) displays the CTSF three-dimension surfaces of Amapai,
Eucalyptus, and Miscanthus, respectively. The CTSF values varied between 10.10 and
12.73, 10 and 12.29, and 13.23 and 13.97 for Amapai, Eucalyptus, and Miscanthus,
respectively, which is in line with the retained potassium degree and natural sensitivity
of the biomass samples. Figure 5(d), (e), and (f), as well as Table 7 illustrate the obtained
strong linear correlation (0.918 < R? < 0.987) between the CTSF and reaction rates and
its statistical results. Comparing the calculated R? of the reaction rates correlation, the
CTSF presented slightly better correlations than K% for Amapai and Eucalyptus.
Concerning Miscanthus, the CTSF was superior only for the k,, correlation. The results
show that the expression k; = A X CTSF + B (Table 7) provided statistically significant
and accurate results. For instance, considering the applied potassium impregnation limits
and explored biomasses, the CTSF can be used to predict the two-step reaction rates,
which provides new insights and shows the usability of the operating condition-based

index.
Figure 5
Table 7

3.4  Solid pseudo-component distribution

Figure 6 displays the solid A, B, and C, and volatile V; and V, pseudo-component
evolution for Amapai (a and b), Eucalyptus (¢ and d), and Miscanthus (e and f). Figures 7
and 8 display solid and volatile pseudo-component contour mapping, enabling a complete
assessment regarding the effect of the potassium content. The raw properties and K%

content impregnation (Tables 1 and 2), as well as the pre-exponential factors (Figures 3
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and 4) and reaction rates (Table 3), assist the interpretation of the pseudo-component
evolution.
Figure 6

Considering that the torrefaction severity increases with potassium content, faster and
pronounced curves evidence the catalytic effect on the pseudo-component profiles, which
is consistent with [25,51,53]. The potassium impregnation's catalytic influence on
obtained solid product distribution is evidenced by an earlier and lower required time to
complete degradation of feedstock A, followed by the faster formation and lower final
values for intermediate solid B, and the earlier formation and higher final values of C
residue.

The complete degradation of A was evidenced with up to 20 min anticipation for
higher impregnation (0.009M). Figure 7 shows that A was fully consumed for
demineralized and impregnated samples within the torrefaction time range of 22—42min
for Amapai, 25-37min for Eucalyptus, and 26—46min for Miscanthus, with lower times
for higher potassium content. This trend is in line with the kinetic rates (Figure 2) that
show faster k; for demineralized Eucalyptus, followed by Amapai and Miscanthus.
Meanwhile, for impregnated samples, the faster k; was Amapai > Eucalyptus >
Miscanthus.

Figure 7

The solid intermediated B presented lower final values for impregnated samples,
which varied between 6.6 and 40.0% for Amapai, 18 and 47.8% for Eucalyptus, and 13.6
and 33.3% for Miscanthus. The catalytic behavior anticipated B peaks for impregnated
samples (0.009M) in 7 min for Amapai and 6 min for both Eucalyptus and Miscanthus.

For Amapai and Miscanthus, the demineralized residue C showed a small difference

compared to 0.003M experiments, followed by greater extents for 0.006M and 0.009M
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treatments. C final values are in line with the K% content retained in biomass, with
variations of 28.28-38.43%, 14.57-26.83, and 26.06-32.27% for Amapai, Eucalyptus,
and Miscanthus, respectively.

Regarding the literature on two-step reaction kinetics, Bach et al. (2016) applied the
model to evaluate torrefaction kinetics between 220 and 300 °C for spruce and birch
biomasses [51]. Additionally, Lin et al. (2019) conducted the numerical analysis for
poplar and fir torrefaction (200-230 °C) [25]. Moreover, Silveira et al. (2021) assessed
Eucalyptus grandis torrefaction kinetics between 210 and 290 °C [53]. The authors
reported that, for higher temperatures (higher torrefaction severity), the solid product
distribution for all analyzed biomasses showed faster degradation and formation for 4, B,

and C during torrefaction, in line with Figure 6.

3.5  Volatile pseudo-component distribution

Regarding the volatile pseudo-components (Figure 8), the potassium impact on the
behavior of volatile release was conditional to the K-loading amount, in agreement with
[25]. For the three biomasses, V/; was released earlier, achieving earlier final constant
values for the impregnated samples. V; attempted constant final values for impregnated
and demineralized values between 19 and 35min for Amapai, 23 and 32min for
Eucalyptus, and 23 and 41min for Miscanthus.

Figure 8

The higher K (%) containing samples had an earlier V; release than the demineralized
samples. Knowing that B formation occurs in parallel with V; release, the impregnated
samples (with earlier and pronounced B peaks) had lower or similar V; final yield
compared to the demineralized samples. Considering Amapai and Miscanthus, V;

presented an earlier release but lower final constant values for impregnated samples
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compared to the demineralized ones. Eucalyptus presented equal or lower peaks for B,
resulting in anticipated V; release, but similar final constant values.

The previous studies [26,32,81] showed a higher thermal reactivity for cellulose and
a consequent lower reactivity temperature, inducing an earlier decomposition with the
presence of potassium. Therefore, regarding the pseudo-component evolution (Figure 6),
the effect of potassium on the degradation Kinetics in the second step reaction (formation
and release of C and V) is clear and could be scribed mainly for celluloses decomposition

[50].

A previous study [53] reported that the significance of V, increases with the
torrefaction severity and gains importance over V; for treatment above 275 °C, starting
its formation at roughly 30 min and is exclusive to the Severe (275-300 °C) treatments.
The potassium catalysis in V, is evidenced with its earlier release (roughly 10 min of
torrefaction) and the faster conversion for K-containing samples, following potassium

content.

The kinetics and product distribution obtained in the present analysis is consistent
with the conducted torrefaction experiments that evidenced higher CO and CO: vyield
changes during the torrefaction experiment [32], highlighting that the noticeable growth
of V7, with increased K content during the second step reaction properly represents the
catalytic effect. The results for the second step reaction and V,, growth are in line with the
TG-FTIR results from [53], which showed an increase in CO and CO: release with

torrefaction severity.

Section 3.2 describes that Amapai, followed by Miscanthus and Eucalyptus, presented
higher reaction rates for the second step. This result is evidenced by the higher formation

of V, and C when comparing biomass species. The second volatile final values varied
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4.

from 15.5-43.7% for Amapai, 19.6-38.2% for Miscanthus, and 19.7-37.6% for

Eucalyptus, which is in line with the K-containing content in the biomass samples.

Conclusion

The K.COs biomass impregnation influence on the 275 °C torrefaction kinetics was
investigated for Amapai, Eucalyptus, and Miscanthus biomasses. The proposed PRNP
enables an accurate solid yield prediction (R?>0.9995) that evaluates the induced catalytic
effect of potassium on kinetic degradation. The kinetic modeling with PRNP resulted in
unified activation energy values for the three biomasses and distinct pre-exponential
factors for each K% content. The numerical results showed faster reaction rates, lower
solid yields, and higher volatile yields, corroborating with the experimental results. A
strong R? (between 0.91 and 0.99) was obtained, as was a statically significant
(p <0.0463) linear correlation for reaction rates and pre-exponential factor correlation
with K% for all three biomasses. The CTSF was calculated and provided a useful
performance indicator to predict kinetic parameters with slightly better linear
correlations than the K% content for the Amapai and Eucalyptus biomasses. In
summary, the results are conducive to developing numerical models that consider fuel
flexibility and torrefaction performance for solid fuel upgrading under catalytic

conditions, while assessing the amount of recoverable and valuable volatiles.
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Table 1. Chemical composition (in %, in dry basis) of raw Amapai, Eucalyptus [28,32]

and Miscanthus [28] biomasses by proximate, fiber, ultimate and mineral analyses.

Feedstock Amapai Eucalyptus  Miscanthus
Proximate analysis

Ash 0.85 0.35 2.91

Fiber analysis

Hemicelluloses 11.3 13.7 27.7
Cellulose 51.2 58.6 45.0

Lignin 30.4 194 11.4

Other 7.1 8.3 15.9
Ultimate analysis

C 51.01 49.96 48.56

H 5.78 5.60 5.73

N 0.23 0.13 0.22

o? 42.13 43.97 42.57
Chemical formula CHu136 Oos2  CHu135 Ooss  CHa.42 Qo6
HHV (MJ kg1)P 20.03 19.63 19.24
Inorganic elements by ICP-AES

K 0.086 0.027 0.379

Na 0.026 0.012 0.013

P 0.014 0.003 0.0320

Ca 0.179 <DL°® 0.276

2By difference O = 100 — (C + H + N + ash), °Calculate [25], ¢ DL: detection limit.
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849 Table 2. K content (in %, dry basis) in demineralized and impregnated Amapai,
850  Eucalyptus and Miscanthus biomasses, issued from ICP-AES analyses [32].

Species K (%)*?
Amapai
Demineralized 0.011
0.003M K>CO3 0.229
0.006M K2CO3 0.314
0.009M K,CO3 0.527
Eucalyptus
Demineralized 0.009
0.003M K2CO3 0.149
0.006M K2CO3 0.253
0.009M K2CO3 0.387
Miscanthus
Demineralized 0.017
0.003M K2CO3 0.182
0.006M K>CO3 0.280
0.009M K2CO3 0.403

851  2dry basis

852

853

854

855

856

857

858

859

860

861

862

863

864

865
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Table 3. Kinetic parameters obtained with the PRNP, according to the biomass species
and their potassium concentrations.
Reaction A—-B A-V, B-C B-V,
Species Kinetic constant k4 ky, k, ky, R?
Concentration E,i 82307.09 149275.20 35491.09 124583.90
in K2COs
Amapali Dem. A,i 173E+07 1.27E+13 2.10E+01 3.72E+09 0.9995
0.003M 3.06E+07 2.06E+13 2.58E+01 1.10E+10 0.9998
0.006M 3.64E+07 2.96E+13 3.52E+01 1.39E+10 0.9999
0.009M 4 73E+07 3.39E+13 4.97E+01 1.95E+10 0.9999
Eucalyptus Dem. A,i 199E+07 1.79E+13 1.02E+01 4.74E+09 0.9999
0.003M 2.56E+07 2.54E+13 1.88E+01 7.47E+09 0.9999
0.006M 3.40E+07 3.61E+13 2.28E+01 1.03E+10 0.9998
0.009M 3.66E+07 4.12E+13 2.71E+01 1.34E+10 0.9998
Miscanthus Dem. A,i 1.39E+07 1.35E+13 2.20E+01 5.32E+09 0.9998
0.003M 1.93E+07 1.84E+13 2.48E+01 8.05E+09 0.9999
0.006M 2.67E+07 2.12E+13 3.04E+01 1.20E+10 0.9998
0.009M 3.37E+07 3.18E+13 3.48E+01 1.38E+10 0.9997

E,i: Activation energies (J.mol?); A,i:pre-exponential factors (min?) (i = 1,2,V; and V,).
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Table 4. Correlation statistics between reaction rates and the potassium content K (%) for
Amapai, Eucalyptus, and Miscanthus. The curve fit is of the form k; = A X K(%) + B.

Amapai

Eucalyptus

Miscanthus

Reaction Correlation  p-Value A B R?
rate coef. (R¢c)?
K, 09791 0.0021* 196E+00 -1.34E+00 0.9586
ky, 09578 0.0041* 1.97E+00 -2.54E+00 0.9174
*
L e 002357 1728400 -481E+00 09535
2
ky,  0.9548 0.0045*  3.20E+00 -5.15E+00 0.9117
ky 0.9711 0.0289*  1.69E+00 -1.24E+00  0.9429
ky, ~ 0.9790 0.0209%*  2.29+00  -2.22E+00  0.9585
k, 0.9552 0.0448* 2.53E+00 -5.37E+00 0.9124
ky, 0.9928 0.0072* 2.77E+00 -5.04E+00 0.9857
ky 0.9949 0.0051* 2.35E+00 -1.66E+00  0.9897
ky,  0.9847 0.0152* 2.16E+00 -2.59E+00 0.9697
k, 0.9819 0.0181* 1.24E+00 -4.74E+00 0.9641
ky,  0.9827 0.0173* 2.59E+00 -4.97E+00 0.9657

* Denotes statistically significant p-values, 2 linear correlation coefficient.
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Table 5. Correlation statistics between pre-exponential factor A,i (min) and the
potassium content K(%) for Amapai, Eucalyptus, and Miscanthus. The curve fit is of the
form Agi = A X K(%) + B.

Reaction Correlation  p-Value A B R?
coef. (R¢c)?
Amapal a-p 09983 0.0016% 5.85E+07 171E+07  0.9968
A-V, 0.9675 0.0325* 4.29E+13 1.26E+13 0.9359
*

B-C 0.9617 0.0383 5.69E+01 1.75E+01  0.9249
B-V, 0.9973 0.0027* 3.07E+10 3.76E+09  0.9946
Eucalyptus A —> B  0.9749 0.0251* 4.67E+07 1.97E+07  0.9504
A—-V; 0.9856 0.0144* 6.46E+13 1.73E+13  0.9713
B—->C 0.9858 0.0141* 4.42E+01 1.09E+01  0.9719
B -V, 0.9982 0.0018* 2.31E+10 4.36E+09  0.9963
Miscanthus A - B  0.9857 0.0142* 5.22E+07 1.19E+07  0.9717
A-V, 009537 0.0463* 4.54E+13 1.12E+13 0.9095
B->C 0.9752 0.0247* 3.43E+01 2.04E+01  0.9511
B -V, 0.9822 0.0178* 2.30E+10 4.71E+09  0.9646

* Denotes statistically significant p-values, 2 linear correlation coefficient.
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Table 6. CTSF and a4 according to the biomass species and potassium concentrations.

Acat ) _
Demineralized

0.003M
0.006M
0.009M

Amapai  Eucalyptus Miscanthus
2.0 1.9 2.8

11.76 11.58 13.23
12.18 11.85 13.56
12.34 12.04 13.74
12.73 12.29 13.97
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Table 7. Correlation statistics between reaction rates and the CTSF for Amapai,

Eucalyptus, and  Miscanthus. The curve fit is of the form
k; = A X CTSF + B.
Reaction Correlation  p-Value A B R?
rate coef. (R¢c)?
Amapal k, 09819 0.0180* 1.04 -13.61 0.9643
ky, 09610 0.0389* 1.05 -14.91 0.9236
974 .0253*
5 0.9746 0.0253% g1 115,52 0.9500
ky, 0.9591 0.0408* 1.71 -25.26 0.9199
Eucalyptus kq 0.9713 0.0287* 0.90 -11.67 0.9434
ky, 0.9794 0.0205* 1.23 -16.38 0.9593
k, 0.9580 0.0419* 1.35 -21.01 0.9178
ky, 0.9935 0.0065* 1.47 -22.15 0.9870
Miscanthus ky 0.9935 0.0064* 1.23 -17.84 0.9871
ky, 0.9826 0.0174* 1.24 -17.43 0.9655
k, 0.9783 0.0217* 0.64 -13.24 0.9571
ky, 0.9831 0.0169* 1.35 -22.79 0.9664

* Denotes statistically significant p-values, 2 linear correlation coefficient.
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Figure 02. Experimental and numerically predicted solid yields determined with PRNP
for demineralized and potassium impregnated Amapai (a), Eucalyptus (b), and
Miscanthus (c). Competition rates considering K% for Amapai (d), Eucalyptus (e), and
Miscanthus (). To be noted that here, t = 0 corresponds to the treatment time at which

the temperature is 170 °C. (2-column fitting)
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Figure 03. Pre-exponential factors of demineralized and potassium impregnated samples
(0.003, 0.006, 0.009M) as a function of potassium content (K%) for first step reactions
A - Band A - V; for Amapai (a)(b), Eucalyptus (c)(d), and Miscanthus (e)(f). (2-
column fitting)
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Figure 04. Pre-exponential factor constants of demineralized and potassium impregnated

samples (0.003, 0.006, 0.009M) as a function of potassium content (K%) for second step

reactions B — C and B — V, , for Amapai (a,b), Eucalyptus (c, d), and Miscanthus (e, ).

(2-column fitting)

41



982

983
984
985
986

987

(a) (d) Amapai
0 ——
| y=139x-17.45 .--m
12.5+ 12.5 1 b R=09% __@---F
L (=
2 o2 f e
| - y = 1.43x - 19.09
& 4 =3 F R2=0.95
E 13 115 .8 3 | y=124x-19.10
O E 4 [ R=-o0s PP 3
11 S~ = \ 0_,.,.,:.:558 ............
11 E [ @O
10.5+ =1 ST & T~ y=228x-3149
105 . | R?=091
053" - Ok, Aky Ok, Ok,
0 50 60 10 _7 1 2
K(%) 010 20 F0 e (min) 114 116 118 120 122 124
CTSF
¢) Eucalyptus
Yp
-I l}’l:|0|66|XI.I8I99I 1T 1 rr1rrrrr I—I T
125 ] L Re=090 . g--8- a
12 2 I r//r%/A
s = L y=0.89x - 12.78
72 3t R2=0.93
n & y=1.09% - 17.92
~ -4 r R2=097 PR ©
105 = - PR o °
E S el
10 roo N y=1013x-17.28
-6 R2=10.92
9.5 ; T Ok, Ak, Ok, Ok,
11.6 11.8 12.0 12.2 124 12.6 12.8
CTSF
0 (f) Miscanthus
L y=123x-17.86 a
L 2= - --="
135 -1 FR=099 S
L g---
3 22 A/A/A/\A
= - y=112x - 17.43
g -3 R2=0.96
125 = 3 i y=0.64x - 13.24
< o4t R2=0.96
12 E | D -0"""'::8: .......... z
115 -5 i Ny =135x-2283
: R2=0.97
6 -
11 P T Oky Ak‘,.1 Ok, <>kV2

13.0 13.2 13.4 13.6 13.8 14.0 14.2
CTSF

: 2
K (%) 0 10" Time (min)

Figure 05. Numerically predicted CTSF for demineralized and potassium impregnated
Amapai (a), Eucalyptus (b), and Miscanthus (c). Competition rates considering CTSF for
Amapai (d), Eucalyptus (e), and Miscanthus (f). To be noted that here, t = 0 corresponds

to the treatment time at which the temperature is 170 °C. (2-column fitting)
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Figure 06. Solid and volatile pseudo-component evolution for demineralized and
potassium impregnated samples of Amapai (a, b), Eucalyptus (c, d), and Miscanthus (e,
f). To be noted that here, t = 0 corresponds to the treatment time at which the temperature
is 170 °C. (2-column fitting)
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Figure 07. Solid pseudo-component (4, B and C) contour mapping according to the

biomass species and potassium concentrations. To be noted that here, t = 0 corresponds

to the treatment time at which the temperature is 170 °C. (2-column fitting)
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