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Abstract 10 

To assess the potassium catalytic influence on the kinetic behavior of non-oxidative 11 

biomass torrefaction, two woody biomass samples (Amapaí and Eucalyptus), as well as 12 

Miscanthus samples impregnated with three different K2CO3 concentrations (0.003M, 13 

0.006M, and 0.009M) were comprehensively studied. The solid thermal degradation 14 

kinetics were analyzed through thermogravimetric analysis in usual torrefaction 15 

conditions (275 °C during 68min and 10 °C.min-1 heating rate) and an original 16 

Potassium Responsive Numerical Path (PRNP). Therefore, a two-step reaction model 17 

with unified activation energies was integrated within a numerical method that considers 18 

the torrefaction severity influence for each potassium-loading content in all three 19 

biomasses. The proposed PRNP enables an accurate solid yield prediction (R2>0.9995). 20 

A strong (R2 between 0.91–0.99) and a significant (𝑝 ≤0.0463) linear correlation was 21 

highlighted between the potassium content in biomass, the increasing reaction rates, and 22 

pre-exponential factors. The solid and volatile product distribution depicted faster and 23 

marked degradation for solid pseudo-components and anticipated a higher volatile 24 

release. The catalytic torrefaction severity factor determination enabled correlating 25 

treatment severity and kinetic rates showing better correlations than K% for wood 26 

biomass. The accurate results are conducive to developing numerical models that are 27 

essential for assessing solid fuel upgrading under catalytic effect in torrefaction plants. 28 

Keywords: Torrefaction, potassium impregnation, catalytic effect, kinetic model, unified 29 
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activation energy, catalytic torrefaction severity factor. 30 

 31 

Index summary M         Molar concentration  

A           Feedstock      
PRNP Potassium responsive numerical 

path 

𝐴𝑜𝑖       Pre-exponential factor  R         Gas constant 

B         Intermediate solid 𝑅𝐶𝐶      Linear correlation coefficient  

𝐶          Solid residue R2        Coefficient of determination 

𝐶𝑂      Carbon monoxide 𝑇         Temperature 

𝐶𝑂2     Carbon dioxide 𝑡          Time (min) 

𝐶𝑇𝑆𝐹  Catalytic torrefaction severity factor 𝑇𝐻        Reaction temperature 

DTG    Derivative of thermogravimetric TGA Thermogravimetric analysis 

𝐸𝑎𝑖      Activation energy (J.mol-1) UAE    Unified Activation Energy 

FTIR   Fourier-transform Infrared spectroscopy 𝑉1        First step volatile product 

ICP-AES Inductively Coupled Plasma-Atomic       

Emission Spectrometry 

𝑉2        Second step volatile product 

 

K2CO3 Potassium carbonate 𝛼𝑐𝑎𝑡    Catalytic alpha 

𝐾%      Potassium content WL     Weight loss 

𝑘𝑖         Reaction rate 𝑌         Yield 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 
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1. Introduction 44 

Given the growing threat of climate change and the depletion of fossil-fuel sources, 45 

it is imperative to diversify the energy profile, whereby biomass represents one of the 46 

most appealing options as it is carbon-neutral [1]. Biomass as a renewable, non-fossil, 47 

and CO2 neutral solid fuel has several inherent challenges: high moisture and oxygen 48 

content, low energy density, its hydrophilic nature, and its highly variable composition 49 

and properties [2]. Biomass thermochemical conversion is a feasible pathway to 50 

overcome these issues [3]. Furthermore, the use of biomass can be enhanced through 51 

thermochemical processes, such as torrefaction, pyrolysis, and gasification, thus 52 

reducing unwanted by-products by process parameter optimization [2–5].  53 

Torrefaction is a thermal treatment usually conducted in non-oxidative or partially 54 

oxidative conditions where the biomass is mildly pyrolyzed at 200–300 °C seeking an 55 

upgraded solid fuel [6–8]. The literature reports torrefaction studies exploring the effects 56 

on the physicochemical properties of biomass [9,10], its solid and energy yields, and the 57 

increase in energy densification [11–14]. There is also evidence that the thermal 58 

treatment enhances the grindability, hydrophobicity, decay resistance, and storage 59 

performance of biomass [15–18]. As a consequence, the use of torrefied biomass may 60 

tackle agricultural purposes, such as soil amendment [19], and industrial applications, 61 

such as ironmaking, pyrolysis, liquefaction, gasification, combustion, ignitability, 62 

pollutant adsorption and the mitigation of environmental hazards [8,20–23]. 63 

Raw biomass naturally contains distinct amounts of alkali and alkaline earth metals 64 

depending on the species, the fraction of the biomass, and the soil [24]. Potassium is a 65 

well-known alkali catalyst in the thermal reactions of biomass [25]. Previous studies 66 

applied analytical techniques, such as thermogravimetric analyzer (TGA) and its 67 

derivative (DTG), X-ray diffraction analysis, pyrolysis–gas chromatography-mass 68 
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spectrometry (Py-GC/MS), and Fourier-transform Infrared spectroscopy (FTIR) to 69 

extensively analyze the catalytic effects of potassium on biomass thermochemical 70 

conversion processes [24,26–38]. 71 

Past studies suggested that potassium impregnation can intensify biomass thermal 72 

degradation processes by catalytically influencing the decomposition and char 73 

conversion mechanisms [24,26–28,31–38]. In addition, the catalytic effect of biomass 74 

with higher potassium contents could allow shorter residence times in future torrefaction 75 

plants as well as lower temperatures to obtain the desired solid yield [24,26,32,34].  76 

The thermal-degradation kinetic modeling has been extensively assessed to 77 

characterize the behavior in the thermal decomposition of woody biomass, describing the 78 

reaction pathway during torrefaction [25,39–44]. Regarding numerical modeling of 79 

lignocellulosic pyrolysis kinetic, generally, non-isothermal and isothermal kinetics are 80 

two basic modes. Several approaches to iso-thermal kinetics, such as one [45,46], two 81 

[25,42,47–53], multi-step [54–58], and multi-component [59] models have been 82 

developed. The literature also presents studies on the potassium content effect on 83 

Pyrolysis kinetics [58,60,61].  84 

 Guo et al. (2016) investigated the potassium impregnation effect (0.1, 0.3, and 0.5 85 

mol.kg-1) on the pyrolysis kinetics of pinewood through TGA and fixed bed reactor 86 

techniques and the Flynn-Wall-Ozawa numerical method [60]. The results revealed that 87 

biomass potassium impregnation leads to higher reactive activity that promotes biomass 88 

decomposition [60]. The activation energy was evaluated for different conversion rates 89 

𝛼 and, concerning the main reaction stage (0.3 < 𝛼 < 0.7), slight variations were 90 

evidenced for the activation energy. When 𝛼 varied between 0.2 and 0.8, the averaged 91 

activation energy was similar for different 𝐾% loading with 157.4, 160.3, and 157 92 

kJ.mol-1 for 0.1, 0.3, and 0.5 mol.kg-1, respectively [60]. 93 
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Lin et al. (2021) applied the rubberwood pyrolysis experimental results from [34] to 94 

explore the pyrolysis kinetics by an independent parallel reaction model describing the 95 

catalytic effect on the four pseudo-component [61]. Pyrolysis kinetics results showed 96 

that the highest K2CO3 concentration (0.012M) reduced the activation energy of 97 

cellulose, from 223.86 to 204.14 kJ.mol−1, whereas there was no noticeable effect on the 98 

activation energies of hemicelluloses and lignin [61]. 99 

Concerning biomass torrefaction kinetics, Di Blasi and Lanzetta (1997) [49] 100 

proposed a well-known reaction model to determine the isothermal kinetics. The two-101 

step model was widely explored to describe the behavior of various types of 102 

lignocellulosic biomasses, such as willow [50,62,63], wheat straw [47], beech, pine,  103 

wheat [48], spruce, and birch [51] submitted to different torrefaction conditions. In 104 

addition, a thermal sensitivity three-stage approach based on [49] was adopted to 105 

describe the behavior of poplar, fir [25,42,43], and Eucalyptus grandis degradation 106 

[52,53,64,65], showing prediction accuracy for a wide range of torrefaction parameters. 107 

Shoulaifar et al. (2016) modeled the thermal degradation reactions of spruce with 108 

distinct 𝐾% content by using a two-step reaction model based on four kinetic rate 109 

constants during torrefaction [26]. The study evidenced that the activation energies of 110 

each reaction step are quite similar despite the different K contents, whereas the pre-111 

exponential factors do vary with 𝐾% [26]. The results also showed that the mass loss of 112 

spruce biomass impregnated with different levels of 𝐾(%) could be modeled using the 113 

same activation energies but distinct pre-exponential factors for the kinetic rate 114 

constants; the so-called Unified Activation Energy (UAE) [26].  115 

Considering the two-step reaction mechanism, eight parameters (four activation 116 

energies and four pre-exponential factors) must be considered during each biomass and 117 

potassium impregnation modeling routine. Applying the UAE, Shoulaifar et al. (2016) 118 
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showed that a good prediction was obtained with a minor number of input parameters, 119 

simplifying the numerical routine for catalytic torrefaction. The UAE was performed by 120 

averaging the obtained activation energy values for five torrefaction temperatures (240, 121 

250, 260, 270, and 280 °C) considering spruce wood samples doped with different levels 122 

of K [26]. The model was validated against experimental TG curves of straw, spruce 123 

wood and bark, aspen, and miscanthus [26]. The results showed a good agreement 124 

between the model and experiments for analyzed biomasses, except for spruce bark [26].   125 

 Although notable results were reported on the impact of potassium impregnation on 126 

thermal degradation behavior for different thermochemical conversion routes (mainly 127 

based on gasification and fast pyrolysis processes), it is observed that few studies have 128 

been performed for torrefaction treatment. Moreover, the literature review found that 129 

only some studies have been performed for the kinetic modeling of biomass torrefaction 130 

under catalytic effect. Thus, knowledge in recognizing the kinetic mechanisms of 131 

catalytic torrefaction and accurately predicting thermal degradation behavior, and 132 

torrefied product properties of biomass impregnation by potassium, still remains limited. 133 

Therefore, to extend the knowledge on kinetic modeling prediction for catalytic 134 

torrefaction, this study investigates the thermal degradation kinetics in three different 135 

types of biomasses, proposing a novel potassium responsive numerical path (PRNP) in 136 

combination with the UAE. In addition, it shows the linear behavior of the predicted 137 

kinetic rates and pre-exponential factors with increasing potassium content with the 138 

application of two performance indicators; the catalytic torrefaction severity factor 139 

(CTSF) and the K%. 140 

Hence, the present work allows for characterizing the catalytic effect of three 141 

concentrations of potassium carbonate (K2CO3) impregnation on the non-oxidative 142 

torrefaction kinetics. The results provide the kinetic rates, solid yield prediction, the 143 
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linear correlation statistics between the pre-exponential factors 𝐴0𝑖 and 𝐾% content, the 144 

CTSF [30], and the solid and volatile product distribution. The results achieved are also 145 

valuable for assessing the impact of catalytic torrefaction on solid fuel upgrading and 146 

the produced volatiles. Therefore, providing essential insights on modeling optimization 147 

in the energy field for circular bioeconomy. 148 

2. Material and Methods 149 

2.1 Biomass feedstock and preparation 150 

This work was conducted on three biomass materials: Amapaí (Brosimum potabile 151 

Ducke) and a 7.5-year-old Eucalyptus hybrid clone (E. urophylla and E. camaldulensis) 152 

as woody species, was well as Miscanthus pellets as herbaceous species. The Eucalyptus 153 

material was selected because it is the most widely planted wood species in Brazil, with 154 

planted forest area of five million hectares [66,67]. The chosen Eucalyptus clone is 155 

prevalent and planted mainly for charcoal production. Miscanthus was selected because 156 

it is one of the most promising fast-growing second-generation types of biomass for 157 

energy purposes [68]. The third species, Amapaí, can be developed in Brazilian forest 158 

concession projects that seek to replace the predatory exploitation model with a 159 

sustainable management model [28]. In addition, the physical and chemical 160 

characterization of the Amapaí species is still little explored in the literature.  161 

Table 1 displays the results from the inorganic element analysis performed by the 162 

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES), as well as from 163 

the ultimate and proximate analyses of the raw biomass samples obtained in our previous 164 

work [28,32], which also include the procedure guidelines.  165 

Table 1 166 

2.2 Physical-chemical sample preparation 167 
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The raw materials were grounded and sieved by an 18-mesh screen (<1mm). After 168 

that, all samples were oven-dried (105 °C for 24h), demineralized, and impregnated with 169 

K2CO3 aqueous solutions of three different concentrations (0.003M, 0.006M and 170 

0.009M). The K2CO3 solution concentrations were defined according to the range in 171 

which the potassium loading effect in the torrefaction degradation kinetics is more 172 

pronounced [24]. The potassium content within biomass samples varied from 0% to 173 

0.53%, corresponding to the demineralized and diff erent K2CO3 concentrations.  Biomass 174 

samples were categorized corresponding to the K2CO3 concentration of the impregnation 175 

solution in which they were immersed [32]. The description on demineralization and 176 

impregnation processes is available in a previous study [32]. All samples used in this 177 

study are presented in Table 2, according to their K content (in %, dry basis).  178 

Table 2 179 

2.3 Thermo-gravimetric analyses (TGA) 180 

The thermogravimetric analysis (TGA) results of demineralized and potassium 181 

impregnated herbaceous (Miscanthus) and hardwoods (Amapaí and Eucalyptus) from 182 

[32] provided the material for this work. The thermo-gravimetric analyzer described in 183 

[32,69–71] was used to record (10-4 g precision balance) weight loss of samples 184 

throughout the torrefaction treatment under non-oxidative conditions (0.5 L.min-1 N2 185 

flow) [32]. In order to avoid diffusion limitations within the alumina crucible, about 100 186 

± 15 mg of samples were used for each experiment. All experiments were duplicated for 187 

each demineralized (control) and potassium-loaded biomass sample. Samples were first 188 

heated (10 °C.min-1) from 25 to 105 °C and isothermally kept for 30 min to ensure dry 189 

conditions before torrefaction [32]. After that, a 10 °C.min-1 heating rate was 190 

implemented until reaching the treatment temperature of 275 °C [32]. Isothermal 191 

torrefaction step was then carried out for 50 min.  192 
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The TGA was evaluated overtime 𝑡 for the 275 °C treatment temperatures and 193 

different potassium impregnation. The calculated solid yield 𝑌𝑒𝑥𝑝
275°𝐶

𝐾%
(𝑡) for the 194 

constantly weighted wood sample was determined by the ratio of dried weight before 195 

torrefaction 𝑤0 and the weight during torrefaction 𝑤𝑖(𝑡), according to Equation (1) 196 

[42,72].  197 

𝑌𝑒𝑥𝑝
275°𝐶

𝐾%
(𝑡) =

𝑤𝑖(𝑡)

𝑤0
× 100                          (1) 198 

2.4 Catalytic torrefaction severity factor (CTSF) 199 

The torrefaction literature presents the efficiency of biomass torrefaction processes by 200 

proposing severity indexes to discuss the variability of thermally modified biomass 201 

properties [73,74]. In this work, the parameter of the catalytic torrefaction severity index 202 

[30,75] is also introduced to assess the catalytic thermo-degradation phenomena during 203 

the torrefaction process. The CTSF is an operating condition-based index that aggregates 204 

the catalytic influence of 𝐾% and biomass sensitivity on the treatment severity. The 205 

detailed procedure for CTSF and catalytic alpha 𝛼𝑐𝑎𝑡 determination is exposed in 206 

previous work [30]. The CTSF is defined by the following Equations (2) and (3): 207 

𝐶𝑇𝑆𝐹𝐾%(𝑡) = 𝑙𝑜𝑔 [𝑡
𝛼𝑐𝑎𝑡 × 𝑒𝑥𝑝 (

𝑇𝐻

14.75
)]                                                                                          (2) 208 

𝛼𝑐𝑎𝑡 =  𝛼 + 𝐾(%)                                   (3) 209 

where 𝐾% is the potassium impregnation content (demi, 0.003M, 0.006M and 0.009M), 210 

𝑡 is the treatment time (min), 𝑇𝐻 is the reaction temperature (275 °C for this study), and 211 

𝛼𝑐𝑎𝑡 is the optimum value achieved when analyzing the coefficient of determination R2 212 

dependence when altering the 𝛼𝑐𝑎𝑡 time exponent [30,76]. The 𝛼𝑐𝑎𝑡 time exponential 213 

originates from the 𝛼 value modification by adding the potassium concentration to the 214 

original TSF 𝛼 value [74]. This modification enables maintaining the same linear 215 
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behavior introduced by the 𝐾% impregnation and accounts for the catalytic behavior and 216 

the other severity parameters (temperature, time, and feedstock sensitivity) [30]. 217 

The CTSF was selected as a performance indicator because it aggregates the key 218 

performance indicators (temperature, time, biomass nature, and catalysis) regarding 219 

torrefaction severity and is an index that only depends on the process parameters 220 

(established before experiments), enabling practical and accurate torrefaction 221 

performance prediction under catalytic effect [30]. 222 

2.5 Kinetic numerical modeling 223 

The numerical modeling was established based on the consecutive two-step reaction 224 

proposed by [49] and well-validated in previous work [48,50,51,53,77]. The two-step 225 

model was selected due to its precision and simplicity in predicting biomass torrefaction 226 

in a wide range of parameters [25,26,42,53]. The past study [42,53] employed the two-227 

step model within a three-stage approach, considering the sensitivity of torrefaction 228 

severity within the model’s convergence, optimizing simulation quality with reasonable 229 

computation time. The two-step consecutive reactions [49] were considered as Equations 230 

(4) and (5).  231 

1st reaction step:  {
𝐴
𝑘1
→𝐵

  𝐴
𝑘𝑉1
→ 𝑉1

              (4) 232 

2nd reaction step:  {
𝐵
𝑘2
→ 𝐶

  𝐵
𝑘𝑉2
→ 𝑉2

              (5) 233 

where 𝐴 is the feedstock (raw material), 𝐵 is the intermediate solid, and 𝐶 is the solid 234 

residue [49]. Experimentally, a decrease in weight loss is numerically established through 235 

the volatile 𝑉1 released during the first step and 𝑉2 during the second step [42]. The solid 236 

pseudo-component composition (𝐴, 𝐵, and 𝐶) must correspond to 100% of the predicted 237 
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solid yield at any time [53]. The first step accounts for the hemicelluloses degradation 238 

and the removal of extractives [49]. In parallel, the hemicelluloses, cellulose, and part of 239 

lignin degradation are considered by the second step [56].  240 

The calculation of the pseudo-components 𝑌𝑛,𝑐𝑎𝑙
(275°𝐶)

𝐾%
 with 𝑛 = 𝐴, 𝐵, 𝐶, 𝑉1, 𝑉2 for each 241 

potassium concentration 𝐾% was conducted with Equations (6–10). 242 

𝑌𝐴,𝑐𝑎𝑙
(275°𝐶)

𝐾%
(𝑡) =

𝑑𝑚𝐴(𝑡)

𝑑𝑡
= −(𝑘1 + 𝑘𝑉1)×𝑚𝐴(𝑡)                        (6) 243 

𝑌𝐵,𝑐𝑎𝑙
(275°𝐶)

𝐾%
(𝑡) = 

𝑑𝑚𝐵(𝑡)

𝑑𝑡
= 𝑘1 ×𝑚𝐴(𝑡)− (𝑘2 + 𝑘𝑉2)×𝑚𝐵(𝑡)           (7) 244 

𝑌𝐶,𝑐𝑎𝑙
(275°𝐶)

𝐾%
(𝑡) = 

𝑑𝑚𝐶(𝑡)

𝑑𝑡
= 𝑘2 ×𝑚𝐵(𝑡)              (8) 245 

𝑌𝑉1,𝑐𝑎𝑙
(275°𝐶)

𝐾%
(𝑡) = 

𝑑𝑚𝑉1(𝑡)

𝑑𝑡
= 𝑘𝑉1 ×𝑚𝐴(𝑡)                               (9) 246 

𝑌𝑉2,𝑐𝑎𝑙
(275°𝐶)

𝐾%
(𝑡) = 

𝑑𝑚𝑉2(𝑡)

𝑑𝑡
= 𝑘𝑉2 ×𝑚𝐵(𝑡)                                                                                                (10) 247 

The kinetic rate constants 𝑘𝑖 (min-1, 𝑖 = 1,2, 𝑉1, 𝑉2) are defined by the Arrhenius law 248 

as a function of the pre-exponential factor 𝐴0𝑖 (min-1), the activation energy 𝐸𝑎𝑖  249 

(kJ.mol- 1), and the temperature 𝑇(K), as displayed in Equation (11). The rates were 250 

determined by fitting experimentally measured TG profiles 𝑌𝑒𝑥𝑝
275°𝐶

𝐾%
(𝑡) to predicted 251 

curves 𝑌𝑠𝑜𝑙𝑖𝑑,𝑐𝑎𝑙
275°𝐶

𝐾%
(𝑡). 252 

𝑘𝑖 = 𝐴0𝑖 × 𝑒
−𝐸𝑎𝑖 𝑅𝑇⁄                          (11) 253 

where 𝑅 is the gas constant (J.mol-1.K-1). The numerical predicted solid 𝑌𝑠𝑜𝑙𝑖𝑑,𝑐𝑎𝑙
275°𝐶

𝐾%
(𝑡) 254 

and volatile 𝑌𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒,𝑐𝑎𝑙
275°𝐶

𝐾%
(𝑡) yields were established by the sum of the calculated 255 

pseudo-components for each 𝐾% with Equations (12) and (13). 256 

𝑌𝑠𝑜𝑙𝑖𝑑,𝑐𝑎𝑙
(275°𝐶)

𝐾%
(𝑡) = 𝑌𝐴,𝑐𝑎𝑙

(275°𝐶)

𝐾%
(𝑡)+ 𝑌𝐵,𝑐𝑎𝑙

(275°𝐶)

𝐾%
(𝑡)+ 𝑌𝐶,𝑐𝑎𝑙

(275°𝐶)

𝐾%
(𝑡)          (12) 257 
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𝑌𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒,𝑐𝑎𝑙
(275°𝐶)

𝐾%
(𝑡) = 𝑌𝑉1,𝑐𝑎𝑙

(275°𝐶)

𝐾%
(𝑡)+ 𝑌𝑉2,𝑐𝑎𝑙

(275°𝐶)

𝐾%
(𝑡)                                         (13) 258 

The numerical modeling using Matlab® was performed to determine all kinetic 259 

parameters, solid and volatile product distributions and the predicted yields [53].  260 

2.6 Potassium responsive numerical path (PRNP) 261 

Previous work analyzed the kinetic behavior by evaluating the activation energies for 262 

different potassium concentrations and specific pyrolysis conditions [58,60,61]. 263 

Regarding the temperature range of 200–300 °C (characteristic of torrefaction) and the 264 

potassium concentration limits of the present study, the reported results in [58,60,61]  265 

showed no noticeable (or even slight) variations in the obtained activation energies.  266 

Based on these findings, this work proposes an original potassium responsive 267 

numerical path (PRNP) to characterize the kinetic behavior of three biomasses 268 

impregnated with distinct potassium content. The proposed PRNP numerical path is 269 

structured based on two methods. The first is the three-stage approach, where the biomass 270 

thermal degradation sensitivity (due to torrefaction temperature) is considered for each 271 

step [42]. The second is the UAE, where the model is established using the same 272 

activation energies but distinct pre-exponential factors for the kinetic rate constants [26]. 273 

Thus, the reported catalytic effect promoted by K2CO3 [32]  (faster degradations and 274 

higher weight loss) is considered through the PRNP by pondering the degradation 275 

sensitivity promoted by each degree of potassium content in the biomass. As a 276 

consequence, the PRNP enables an even more accurate prediction using a minor number 277 

of kinetic parameters.  278 

The UAE was conducted considering unified activation energies for the three 279 

biomasses despite the distinct pre-exponential factors for each degree of potassium 280 

impregnation. The method is schematically illustrated in Figure 1. 281 
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Figure 1 282 

Firstly, the kinetic parameters were separately determined for each of the four 283 

potassium conditions in the first step. An initial parameter for the reaction rates is required 284 

for conducting the numerical prediction when applying the PRNP. Therefore, the reaction 285 

rates of Eucalyptus grandis torrefaction at 270 °C from a previous study were applied due 286 

to the similar biomass and treatment temperature [53,64], enabling the determination of 287 

kinetic rates of demineralized Eucalyptus hybrid clone with the numerical routine 288 

exposed in Section 2.5. 289 

The resulting kinetic rates of demineralized Eucalyptus hybrid clones were used as 290 

initial conditions for 0.003M potassium content, the 0.003M results for 0.006M, and the 291 

last for the 0.009M. This first routine describes the first step of the PRNP (green arrows 292 

in Figure 1). The kinetic rates obtained for demineralized Eucalyptus hybrid clones were 293 

used as initial parameters for demineralized Amapaí and Miscanthus. The first step was 294 

conducted for each biomass species separately. The attained results for each of the three 295 

biomasses showed similar activation energies of each reaction step, in agreement with 296 

[26].  297 

Before the second step, the UAE was applied by averaging the obtained activation 298 

energies [26] in the PRNP first step, defining one set of unified activation energies for the 299 

three biomasses. Finally, during the second step (red dashed arrows in Figure 1), the 300 

numerical kinetic modeling routine (Section 2.5) was again performed for each K% 301 

content and biomass species with the calculated set of unified activation energies, 302 

obtaining the final set of pre-exponential factors for each condition and biomass. 303 
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3. Results and discussions 304 

The obtained activation energies, pre-exponential parameters, as well as the R2 305 

between experimental and predicted curves from PRNP, are shown in Table 3. Figure 306 

2(a), (b), and (c) display experimental [32] and predicted values by the PRNP of the solid 307 

yield evolution during torrefaction for Amapaí, Eucalyptus, and Miscanthus, respectively. 308 

The sample weight was normalized (considered as 100%) at treatment temperature of 309 

170 °C (the temperature that characterizes the start of thermal degradation) since no 310 

considerable degradation occurred before this temperature was reached [25,42]. 311 

Therefore, in Figure 2, 𝑡 = 0 corresponds to the treatment time at which the temperature 312 

is 170 °C. As observed, the UAE performed within the PRNP obtained a highly accurate 313 

fit with correlation coefficients of R2≥0.9995 for all potassium impregnation levels and 314 

all three biomasses.  315 

Table 3 316 

The achieved unified activation energies, expressed in J.mol−1, for the first and second 317 

step, were 𝐸𝑎1 = 82307.1, 𝐸𝑎𝑉1 = 149275.2, 𝐸𝑎2 = 35491.1, and 𝐸𝑎𝑉2 = 124583.9, 318 

which is in line with the range obtained for Eucalyptus grandis in [53] and reported in the 319 

literature [50,78]. The originally proposed two-step model by [49] and [53] reports higher 320 

values for the first reaction step's activation energy when compared to the second step, 321 

which is in agreement with our results and indicates that the second step has a lower 322 

temperature dependency than the first step. When comparing volatile and solid activation 323 

energies, those for the volatile release (𝐸𝑎𝑉1 and 𝐸𝑎𝑉2) are higher than those for the solid 324 

conversion (𝐸𝑎1 and 𝐸𝑎2), corroborating with [25,49,52,53]. 325 

Figure 2 326 

3.1 Catalytic effect on the reaction rate competition 327 
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For a better interpretation of the competition rate between the occurring reactions, the 328 

calculated reaction rate constants (Table 3) are graphically displayed against the 𝐾% in 329 

Figure 2(d), (e), and (f) for Amapaí, Eucalyptus, and Miscanthus, respectively.  330 

For the three species, an increasing linear correlation between reaction rates and 331 

potassium content was obtained. Shoulaifar et al. (2016) reported that the pre-exponential 332 

factors of 𝑘1, 𝑘𝑉1 , and 𝑘𝑉2  have increasing linear correlations with the growing potassium 333 

content but decreased 𝑘2. Unlike [26], the results show an increased correlation between 334 

potassium content and 𝑘2, accelerating reactions when the 𝐾% increases. These results 335 

are in line with the experimental results that presented lower solid yields and 336 

intensification of non-condensable gas and water release for higher potassium contents 337 

[32,36,79]. 338 

The first step reaction rates 𝑘1 and 𝑘𝑉1 (mainly hemicellulose decomposition) become 339 

faster with higher 𝐾%, which is in line with [24,26]. Regarding the literature on 340 

torrefaction treatment, the evidenced ranking of reactions is 𝑘1 > 𝑘𝑉1 during the first step 341 

[25,42,49–51], corroborating with the results. The first step reaction rate behavior is in 342 

line with the pyrolysis kinetics of rubberwood [61], which showed a slight increase of 343 

reaction rates with the potassium concentration (0.004M, 0.008M, and 0.012M) during 344 

thermal degradation of the hemicelluloses. The obtained reaction rates in the first step 345 

also corroborate with the pyrolysis experiments from [80], which reported a slight 346 

increase of the hemicelluloses reaction temperature as the K2CO3 concentration 347 

increased.  348 

The second step reaction was ascribed mainly to cellulose, remaining hemicelluloses 349 

and part of lignin degradation [41]. The previous studies [25,42,43,53] reported that 𝑘2 is 350 

faster than 𝑘𝑉2 during the second step reaction for torrefaction treatment. For higher 351 
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temperatures (or torrefaction severity), 𝑘𝑉2 becomes as important as 𝑘2 [52,53]. In Figure 352 

2(d), (e), and (f), the catalytic effect on the second step is observed with faster 𝑘𝑉2 for 353 

higher potassium content in biomass, with 𝑘𝑉2 > 𝑘2 from 0.23 and 0.14 𝐾% for Amapaí 354 

and Miscanthus, respectively.  355 

Regarding Eucalyptus experiments, the 𝑘𝑉2 was faster for increasing catalytic content 356 

and, therefore, the torrefaction severity. Analyzing the TGA curves for Eucalyptus and 357 

separated cellulose component, the previous work [32] evidenced that the catalytic effect 358 

(anticipated degradation) increased for biomass impregnated by potassium, indicating 359 

that this behavior might be attributed to changes in cellulose decomposition induced by 360 

K2CO3. The results are in line with [53], which presented faster 𝑘𝑉2  with increasing 361 

torrefaction severity (temperature) for Eucalyptus. In addition, Chen et al. (2021) 362 

analyzed the two-step reaction model to predict the isothermal torrefaction kinetics of 363 

cellulose when applying TG-FTIR. Their results showed that, for higher severities of  364 

torrefaction, the related 𝑉2 formation associated with cellulose degradation is higher, 365 

corroborating with the faster 𝑘𝑉2 obtained under the potassium catalytic conditions [81]. 366 

Therefore, such a result can be related to Eucalyptus wood composition (Table 1) that 367 

presents higher cellulose content compared to the other two biomasses. 368 

Given the catalytic effect, with increased potassium content, a more important second 369 

step is thus obtained (Figure 2). This behavior is consistent with the experimental results 370 

[24,32], which showed an increased weight loss and therefore a greater volatile release 371 

and faster conversion rates, illustrated by the shift in the DTG peak for cellulose from 44 372 

to 24 min (from 275 to 262 °C). Studies [36,79] also indicated higher CO, CO2. and water 373 

release for experiments above 250 °C. The reaction rate behavior obtained with the PRNP 374 

in the second step is in line with the reported literature. 375 
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Comparing the reaction rates for impregnated samples (0.003, 0.006, and 0.009M) 376 

between species, the first step showed Amapaí > Eucalyptus > Miscanthus for 𝑘1 and 377 

Eucalyptus > Amapaí > Miscanthus for 𝑘𝑉1. Considering the second step, solid and 378 

volatile reaction rates (𝑘2 and 𝑘𝑉2) followed the same order for increasing potassium 379 

content retained in the biomass samples [24,32], showing that Amapaí > Miscanthus > 380 

Eucalyptus. 381 

3.2 Reaction rates and pre-exponential factor statistics 382 

Table 4 shows the correlation statistics for the reaction rates against the 𝐾% content. 383 

A strong linear correlation (R2 varying between 0.91 and 0.99) and statistical significance 384 

(𝑝-values < 0.0448) was emphasized for all the cases. The results show, for instance, that 385 

𝑘𝑖 = 𝐴 × 𝐾(%) + 𝐵 can correctly estimate the two-step reaction rates with 𝐾% content 386 

varying from 0–0.39, 0–0.53, and 0–0.40% for Amapaí, Eucalyptus, and Miscanthus, 387 

respectively.  388 

Table 4 389 

The obtained values for the pre-exponential factors (Table 3) are illustrated in Figures 390 

3 and 4. Based on the molecule collision theory, the pre-exponential factor is an important 391 

term correlated to the molecules’ rate of collision and their average velocity [61].  Hence,  392 

for a specific reaction, the higher the pre-exponential factor, the more frequent collisions 393 

would be observed for that reaction, and the reaction successfully occurs more often [61]. 394 

Higher pre-exponential factors were evidenced with increasing potassium content for 395 

both reaction steps and all biomasses. 396 

Figure 3 397 

Figure 4 398 

 The obtained linear correlation statistics for the pre-exponential factor’s linear 399 
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dependency of the potassium content are given in Table 5. Regarding Table 5, the PRNP 400 

resulted in an accurate linear correlation  (0.90<R2<0.99) with significance (𝑝 ≤0.0463) 401 

through increasing exponential factors with potassium content for the three biomasses, in 402 

agreement with [26]. Chemically, the high pre-exponential factor of a reaction may 403 

illustrate that the required reaction time is shorter for a given temperature or that the 404 

reaction occurs within a narrow temperature range [61]. The torrefaction experimental 405 

results [24,32] evidenced increased weight loss and faster conversions (anticipated DTG 406 

peaks) with higher K content, corroborating with the higher pre-exponential factor 407 

behavior. The correlations in Table 5 presented statistical significance for all the cases 408 

where the 𝑝-value was lower than 0.0463 and R2 between 0.91 and 0.99, considering the 409 

three potassium contents and all three biomasses. 410 

Table 5 411 

 412 

3.3 Catalytic torrefaction severity factor 413 

The CTSF was calculated to provide a useful performance indicator to be correlated 414 

with the obtained kinetic parameters. The obtained results for Amapaí and Eucalyptus 415 

CTSF from [30] were used in this analysis. Miscanthus CTSF was defined with the same 416 

modeling procedures. The obtained values for the 𝛼𝑐𝑎𝑡 and CTSF for the torrefied 417 

products are given in Table 6. For instance, woody biomasses had similar 𝛼𝑐𝑎𝑡, with 2.0 418 

for Amapaí and 1.9 for Eucalyptus, while 𝛼𝑐𝑎𝑡 of Miscanthus is 2.8, which is distinctly 419 

higher than those of the two previous hardwood species. 420 

Table 6 421 

The 𝛼𝑐𝑎𝑡 accounts for inherent biomass sensitivity and its potassium content [30,74]. 422 

Miscanthus presented higher 𝛼𝑐𝑎𝑡, which is in line with the experimental results for raw 423 
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biomass that shows higher weight loss with higher torrefaction severity for Miscanthus 424 

when compared to both woody biomasses [24,32].  425 

Figure 5(a), (b), and (c) displays the CTSF three-dimension surfaces of Amapaí, 426 

Eucalyptus, and Miscanthus, respectively. The CTSF values varied between 10.10 and 427 

12.73, 10 and 12.29, and 13.23 and 13.97 for Amapaí, Eucalyptus, and Miscanthus, 428 

respectively, which is in line with the retained potassium degree and natural sensitivity 429 

of the biomass samples. Figure 5(d), (e), and (f), as well as Table 7 illustrate the obtained 430 

strong linear correlation (0.918 < R2 < 0.987) between the CTSF and reaction rates and 431 

its statistical results. Comparing the calculated R2 of the reaction rates correlation, the 432 

CTSF presented slightly better correlations than 𝐾% for Amapaí and Eucalyptus. 433 

Concerning Miscanthus, the CTSF was superior only for the 𝑘𝑉2 correlation. The results 434 

show that the expression 𝑘𝑖 = 𝐴 × 𝐶𝑇𝑆𝐹 + 𝐵 (Table 7) provided statistically significant 435 

and accurate results. For instance, considering the applied potassium impregnation limits 436 

and explored biomasses, the CTSF can be used to predict the two-step reaction rates, 437 

which provides new insights and shows the usability of the operating condition-based 438 

index. 439 

Figure 5 440 

Table 7 441 

3.4 Solid pseudo-component distribution 442 

Figure 6 displays the solid 𝐴, 𝐵, and 𝐶, and volatile 𝑉1 and 𝑉2 pseudo-component 443 

evolution for Amapaí (a and b), Eucalyptus (c and d), and Miscanthus (e and f).  Figures 7 444 

and 8 display solid and volatile pseudo-component contour mapping, enabling a complete 445 

assessment regarding the effect of the potassium content. The raw properties and 𝐾% 446 

content impregnation (Tables 1 and 2), as well as the pre-exponential factors (Figures 3 447 
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and 4) and reaction rates (Table 3), assist the interpretation of the pseudo-component 448 

evolution.  449 

Figure 6 450 

Considering that the torrefaction severity increases with potassium content, faster and 451 

pronounced curves evidence the catalytic effect on the pseudo-component profiles, which 452 

is consistent with [25,51,53]. The potassium impregnation's catalytic influence on 453 

obtained solid product distribution is evidenced by an earlier and lower required time to 454 

complete degradation of feedstock 𝐴, followed by the faster formation and lower final 455 

values for intermediate solid 𝐵, and the earlier formation and higher final values of 𝐶 456 

residue.  457 

The complete degradation of 𝐴 was evidenced with up to 20 min anticipation for 458 

higher impregnation (0.009M). Figure 7 shows that 𝐴 was fully consumed for 459 

demineralized and impregnated samples within the torrefaction time range of 22–42min 460 

for Amapaí, 25–37min for Eucalyptus, and 26–46min for Miscanthus, with lower times 461 

for higher potassium content. This trend is in line with the kinetic rates (Figure 2) that 462 

show faster 𝑘1 for demineralized Eucalyptus, followed by Amapaí and Miscanthus. 463 

Meanwhile, for impregnated samples, the faster 𝑘1 was Amapaí > Eucalyptus > 464 

Miscanthus. 465 

Figure 7 466 

The solid intermediated 𝐵 presented lower final values for impregnated samples, 467 

which varied between 6.6 and 40.0% for Amapaí, 18 and 47.8% for Eucalyptus, and 13.6 468 

and 33.3% for Miscanthus. The catalytic behavior anticipated 𝐵 peaks for impregnated 469 

samples (0.009M) in 7 min for Amapaí and 6 min for both Eucalyptus and Miscanthus. 470 

For Amapaí and Miscanthus, the demineralized residue 𝐶 showed a small difference 471 

compared to 0.003M experiments, followed by greater extents for 0.006M and 0.009M 472 
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treatments. 𝐶 final values are in line with the 𝐾% content retained in biomass, with 473 

variations of 28.28–38.43%, 14.57–26.83, and 26.06–32.27% for Amapaí, Eucalyptus, 474 

and Miscanthus, respectively. 475 

Regarding the literature on two-step reaction kinetics, Bach et al. (2016) applied the 476 

model to evaluate torrefaction kinetics between 220 and 300 °C for spruce and birch 477 

biomasses [51]. Additionally, Lin et al. (2019) conducted the numerical analysis for 478 

poplar and fir torrefaction (200–230 °C) [25]. Moreover, Silveira et al. (2021) assessed 479 

Eucalyptus grandis torrefaction kinetics between 210 and 290 °C [53]. The authors 480 

reported that, for higher temperatures (higher torrefaction severity), the solid product 481 

distribution for all analyzed biomasses showed faster degradation and formation for 𝐴, 𝐵, 482 

and 𝐶 during torrefaction, in line with Figure 6.  483 

 484 

3.5 Volatile pseudo-component distribution 485 

Regarding the volatile pseudo-components (Figure 8), the potassium impact on the 486 

behavior of volatile release was conditional to the K-loading amount, in agreement with 487 

[25]. For the three biomasses, 𝑉1 was released earlier, achieving earlier final constant 488 

values for the impregnated samples. 𝑉1 attempted constant final values for impregnated 489 

and demineralized values between 19 and 35min for Amapaí, 23 and 32min for 490 

Eucalyptus, and 23 and 41min for Miscanthus.  491 

Figure 8 492 

The higher 𝐾(%) containing samples had an earlier 𝑉1 release than the demineralized 493 

samples. Knowing that 𝐵 formation occurs in parallel with 𝑉1 release, the impregnated 494 

samples (with earlier and pronounced 𝐵 peaks) had lower or similar 𝑉1 final yield 495 

compared to the demineralized samples. Considering Amapaí and Miscanthus, 𝑉1 496 

presented an earlier release but lower final constant values for impregnated samples 497 
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compared to the demineralized ones. Eucalyptus presented equal or lower peaks for 𝐵, 498 

resulting in anticipated 𝑉1 release, but similar final constant values.  499 

The previous studies [26,32,81] showed a higher thermal reactivity for cellulose and 500 

a consequent lower reactivity temperature, inducing an earlier decomposition with the 501 

presence of potassium. Therefore, regarding the pseudo-component evolution (Figure 6), 502 

the effect of potassium on the degradation kinetics in the second step reaction (formation 503 

and release of 𝐶 and 𝑉2) is clear and could be scribed mainly for celluloses decomposition 504 

[50].  505 

A previous study [53] reported that the significance of 𝑉2 increases with the 506 

torrefaction severity and gains importance over 𝑉1 for treatment above 275 °C, starting 507 

its formation at roughly 30 min and is exclusive to the Severe (275–300 °C) treatments. 508 

The potassium catalysis in 𝑉2 is evidenced with its earlier release (roughly 10 min of 509 

torrefaction) and the faster conversion for K-containing samples, following potassium 510 

content. 511 

 The kinetics and product distribution obtained in the present analysis is consistent 512 

with  the conducted torrefaction experiments that evidenced higher CO and CO2 yield 513 

changes during the torrefaction experiment [32], highlighting that the noticeable growth 514 

of 𝑉2 with increased K content during the second step reaction properly represents the 515 

catalytic effect. The results for the second step reaction and 𝑉2 growth are in line with the 516 

TG-FTIR results from [53], which showed an increase in CO and CO2 release with 517 

torrefaction severity. 518 

Section 3.2 describes that Amapaí, followed by Miscanthus and Eucalyptus, presented 519 

higher reaction rates for the second step. This result is evidenced by the higher formation 520 

of 𝑉2 and 𝐶 when comparing biomass species. The second volatile final values varied 521 
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from 15.5–43.7% for Amapaí, 19.6–38.2% for Miscanthus, and 19.7–37.6% for 522 

Eucalyptus, which is in line with the K-containing content in the biomass samples.  523 

4. Conclusion 524 

The K2CO3 biomass impregnation influence on the 275 °C torrefaction kinetics was 525 

investigated for Amapaí, Eucalyptus, and Miscanthus biomasses. The proposed PRNP 526 

enables an accurate solid yield prediction (R2>0.9995) that evaluates the induced catalytic 527 

effect of potassium on kinetic degradation. The kinetic modeling with PRNP resulted in 528 

unified activation energy values for the three biomasses and distinct pre-exponential 529 

factors for each K% content. The numerical results showed faster reaction rates, lower 530 

solid yields, and higher volatile yields, corroborating with the experimental results. A 531 

strong R2 (between 0.91 and 0.99) was obtained, as was a statically significant 532 

(𝑝 ≤0.0463) linear correlation for reaction rates and pre-exponential factor correlation 533 

with 𝐾% for all three biomasses. The CTSF was calculated and provided a useful 534 

performance indicator to predict kinetic parameters with slightly better linear 535 

correlations than the 𝐾% content for the Amapaí and Eucalyptus biomasses. In 536 

summary, the results are conducive to developing numerical models that consider fuel 537 

flexibility and torrefaction performance for solid fuel upgrading under catalytic 538 

conditions, while assessing the amount of recoverable and valuable volatiles. 539 
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Table 1. Chemical composition (in %, in dry basis) of raw Amapaí, Eucalyptus [28,32] 841 

and Miscanthus [28] biomasses by proximate, fiber, ultimate and mineral analyses.  842 

Feedstock Amapaí 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 19.4 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  

Oa 42.13 43.97  42.57  

Chemical formula CH1.36 O0.62 CH1.35 O0.66 CH1.42 O0.66 

HHV (MJ kg-1)b 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 <DLc 0.276 
a By difference O = 100 ─ (C + H + N + ash),  b Calculate [25], c DL: detection limit.  843 
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Table 2. K content (in %, dry basis) in demineralized and impregnated Amapaí,  849 

Eucalyptus  and Miscanthus biomasses, issued from ICP-AES analyses [32]. 850 

Species 𝐾(%)a  

Amapaí  

Demineralized 0.011 

0.003M K2CO3 0.229 

0.006M K2CO3 0.314 

0.009M K2CO3 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 K2CO3 0.280 

0.009M K2CO3 0.403 
a dry basis 851 
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Table 3. Kinetic parameters obtained with the PRNP, according to the biomass species 866 

and their potassium concentrations.  867 

 Reaction 𝐴 → 𝐵 𝐴 → 𝑉1 𝐵 → 𝐶 𝐵 → 𝑉2  

Species Kinetic constant  𝑘1 𝑘𝑉1 𝑘2 𝑘𝑉2 𝑅2 

 Concentration 

in K2CO3 
𝐸𝑎𝑖  82307.09 149275.20 35491.09 124583.90  

Amapaí Dem. 𝐴𝑜𝑖  1.73E+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. 𝐴𝑜𝑖  1.99E+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. 𝐴𝑜𝑖  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 

 𝐸𝑎𝑖: Activation energies (J.mol-1); 𝐴𝑜𝑖:pre-exponential factors (min-1) (𝑖 =  1, 2, 𝑉1 𝑎𝑛𝑑  𝑉2). 868 
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Table 4. Correlation statistics between reaction rates and the potassium content 𝐾(%) for 883 

Amapaí, Eucalyptus, and Miscanthus. The curve fit is of the form 𝑘𝑖 =  𝐴 × 𝐾(%) + 𝐵. 884 

  Reaction 

rate 

Correlation 

coef. (𝑅𝐶𝐶)a 

p-Value A B 𝑅2 

Amapaí 

  
𝑘1 

0.9791 

 
0.0021* 1.96E+00 -1.34E+00 0.9586 

𝑘𝑉1 
0.9578 

 
0.0041* 1.97E+00 -2.54E+00 0.9174 

𝑘2 
0.9765 

 

0.0235* 

 
1.72E+00 -4.81E+00 0.9535 

𝑘𝑉2 0.9548 0.0045* 3.20E+00 -5.15E+00 0.9117 

Eucalyptus  

  

𝑘1 0.9711 0.0289* 1.69E+00 -1.24E+00 0.9429 

𝑘𝑉1 0.9790 0.0209* 2.29+00 -2.22E+00 0.9585 

𝑘2 0.9552 0.0448* 2.53E+00 -5.37E+00 0.9124 

𝑘𝑉2 0.9928 0.0072* 2.77E+00 -5.04E+00 0.9857 

Miscanthus  

  

𝑘1 0.9949 0.0051* 2.35E+00 -1.66E+00 0.9897 

𝑘𝑉1 0.9847 0.0152* 2.16E+00 -2.59E+00 0.9697 

𝑘2 0.9819 0.0181* 1.24E+00 -4.74E+00 0.9641 

𝑘𝑉2 0.9827 0.0173* 2.59E+00 -4.97E+00 0.9657 
⁎  Denotes statistically significant p-values, a linear correlation coefficient. 885 
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 902 

Table 5. Correlation statistics between pre-exponential factor 𝐴0𝑖 (min-1) and the 903 

potassium content K(%) for  Amapaí, Eucalyptus, and Miscanthus. The curve fit is of the 904 

form 𝐴0𝑖 =  𝐴 × 𝐾(%) + 𝐵. 905 

  Reaction Correlation 

coef. (𝑅𝐶𝐶)a 

p-Value A B 𝑅2 

Amapaí 

  
𝐴 → 𝐵 

0.9983 

 
0.0016* 5.85E+07 1.71E+07 0.9968 

𝐴 → 𝑉1 
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 → 𝑉2 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 → 𝑉1 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 → 𝑉2 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 → 𝑉1 0.9537 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 → 𝑉2 0.9822 0.0178* 2.30E+10 4.71E+09 0.9646 
⁎  Denotes statistically significant p-values, a linear correlation coefficient. 906 
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 918 

 919 

 920 

Table 6. CTSF and 𝛼𝑐𝑎𝑡 according to the biomass species and potassium concentrations. 921 

 Amapaí Eucalyptus Miscanthus 

𝛼𝑐𝑎𝑡 2.0 1.9 2.8 

Demineralized 11.76 11.58 13.23 

0.003M 12.18 11.85 13.56 

0.006M 12.34 12.04 13.74 

0.009M 12.73 12.29 13.97 
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 939 

 940 

Table 7. Correlation statistics between reaction rates and the CTSF for Amapaí, 941 

Eucalyptus, and Miscanthus. The curve fit is of the form  942 

𝑘𝑖 =  𝐴 × 𝐶𝑇𝑆𝐹 + 𝐵. 943 

  Reaction 

rate 

Correlation 

coef. (𝑅𝐶𝐶)a 

p-Value A B 𝑅2 

Amapaí 

  
𝑘1 

0.9819 

 
0.0180* 1.04 -13.61 0.9643 

𝑘𝑉1 
0.9610 

 
0.0389* 1.05 -14.91 0.9236 

𝑘2 
0.9746 

 

0.0253* 

 
0.91 -15.52 0.9500 

𝑘𝑉2 0.9591 0.0408* 1.71 -25.26 0.9199 

Eucalyptus  

  

𝑘1 0.9713 0.0287* 0.90 -11.67 0.9434 

𝑘𝑉1 0.9794 0.0205* 1.23 -16.38 0.9593 

𝑘2 0.9580 0.0419* 1.35 -21.01 0.9178 

𝑘𝑉2 0.9935 0.0065* 1.47 -22.15 0.9870 

Miscanthus  

  

𝑘1 0.9935 0.0064* 1.23 -17.84 0.9871 

𝑘𝑉1 0.9826 0.0174* 1.24 -17.43 0.9655 

𝑘2 0.9783 0.0217* 0.64 -13.24 0.9571 

𝑘𝑉2 0.9831 0.0169* 1.35 -22.79 0.9664 
⁎  Denotes statistically significant p-values, a linear correlation coefficient. 944 
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 955 

 956 

Figure 01. Methodology for the potassium responsive numerical path (PRNP). 𝐸𝑎𝑖 957 

Activation energies (kJ.mol-1); 𝐴𝑜𝑖 pre-exponential factors (min-1) (𝑖 =958 

 1, 2, 𝑉1 𝑎𝑛𝑑  𝑉2). (2-column fitting) 959 
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 963 

Figure 02. Experimental and numerically predicted solid yields determined with PRNP 964 

for demineralized and potassium impregnated Amapaí (a), Eucalyptus (b), and 965 

Miscanthus (c). Competition rates considering 𝐾% for Amapaí (d), Eucalyptus (e), and 966 

Miscanthus (f). To be noted that here, 𝑡 = 0 corresponds to the treatment time at which 967 

the temperature is 170 °C. (2-column fitting) 968 
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 969 

Figure 03. Pre-exponential factors of demineralized and potassium impregnated samples 970 

(0.003, 0.006, 0.009M) as a function of potassium content (𝐾%) for first step reactions 971 

𝐴 → B and 𝐴 → 𝑉1 for Amapaí (a)(b), Eucalyptus (c)(d), and Miscanthus (e)(f). (2-972 

column fitting) 973 
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 975 

Figure 04. Pre-exponential factor constants of demineralized and potassium impregnated 976 

samples (0.003, 0.006, 0.009M) as a function of potassium content (𝐾%) for second step 977 

reactions 𝐵 → C and 𝐵 → 𝑉2 , for Amapaí (a,b), Eucalyptus (c, d), and Miscanthus (e, f). 978 

(2-column fitting) 979 
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 982 

Figure 05. Numerically predicted CTSF for demineralized and potassium impregnated 983 

Amapaí (a), Eucalyptus (b), and Miscanthus (c). Competition rates considering CTSF for 984 

Amapaí (d), Eucalyptus (e), and Miscanthus (f). To be noted that here, 𝑡 = 0 corresponds 985 

to the treatment time at which the temperature is 170 °C. (2-column fitting) 986 
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 988 

Figure 06. Solid and volatile pseudo-component evolution for demineralized and 989 

potassium impregnated samples of Amapaí (a, b), Eucalyptus (c, d), and Miscanthus (e, 990 

f). To be noted that here, 𝑡 = 0 corresponds to the treatment time at which the temperature 991 

is 170 °C. (2-column fitting) 992 
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 993 

Figure 07. Solid pseudo-component (𝐴, 𝐵 and 𝐶) contour mapping according to the 994 

biomass species and potassium concentrations. To be noted that here, 𝑡 = 0 corresponds 995 

to the treatment time at which the temperature is 170 °C. (2-column fitting) 996 
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 999 

Figure 08. Volatile pseudo-component (𝑉1 and 𝑉2) contour mapping according to the 1000 

biomass species and potassium concentrations. To be noted that here, 𝑡 = 0 corresponds 1001 

to the treatment time at which the temperature is 170 °C. (2-column fitting) 1002 
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