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The main highlights of this work are as follows, 

1. Process analysis of pyrolusite reduction by biomass pyrolysis is reported. 

2. Thermodynamic analysis confirmed the pyrolusite reduction by biomass pyrolysis. 

3. The kinetics and thermodynamics of reduction process were calculated. 

 

Highlights (for review)
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Abstract 

As an alternative energy source for fossil energy, use of biomass pyrolysis to reduce 

pyrolusite is of great significance for energy conservation, emission reduction and 

environmental protection. Kinetics and thermodynamics of reducing pyrolusite using biomass 

pyrolysis was studied using thermogravimetric analysis analysis. Five non-isothermal 

methods, Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose, Distributed Activation Energy 

Model, Starink and Friedman, were employed to calculate the pyrolysis kinetics and 

thermodynamic parameters. The results showed that pyrolusite reduction by biomass 

pyrolysis can be divided into four stages: drying stage (30-175 °C), rapid pyrolysis reduction 

stage (175-350 °C), slow pyrolysis reduction stage (350-680 °C) and char formation stage 

(680-900 °C). The apparent activation energy, reaction enthalpy, Gibbs free energy and 

entropy change of pyrolusite reduction by biomass pyrolysis was calculated ranges from 

170-180 kJ/mol, 164-174 kJ/mol, 136.97-137.25 kJ/mol and 45.67-61.91 J/mol·K, 

respectively. This work provides theoretical basis and practical guidance for the reduction of 

pyrolusite by waste corn stalk. 

Keywords: pyrolusite; waste biomass; thermodynamic analysis; mixed pyrolysis kinetics; 

non-isothermal models 

 

1. Introduction 

Energy is the most basic driving force for the development and economic growth of the 

whole world, and is the basis for human survival. Unfortunately, some of the world's 

conventional energy reserves can only last half a century (such as oil), the most can only 
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maintain a century or two (such as coal) of the needs of human survival (Guerrero et al., 2018; 

Jonasson et al., 2020; Mishra et al., 2020; Perez et al., 2018; Suganya, 2018). Therefore, it is 

urgent to develop clean and efficient conversion technology for alternative energy (Abnisa, 

2014; Li et al., 2021). Biomass has attracted more and more attention because of its benefits 

in reducing the consumption of fossil energy and the impact of global warming (Jeswani et al., 

2019; Rahpeyma & Raheb, 2019). It is a new resource that people pay close attention to in 

recent years, and biomass may play a relevant role in implementing sustainable routes that 

help to reduce carbon dioxide emissions. Biomass energy refers to a kind of precious 

renewable energy, which provides material resources with various abilities and powers for 

human production and life, and is an important material foundation of the national economy 

(Fillol et al., 2017). Biomass is mainly composed of cellulose, hemicellulose, and lignin 

(Jonasson et al., 2020; Liu et al., 2014; Lu, 2019; Stylianos D. Stefanidis, 2014). 

Thermochemical conversion technologies include biomass gasification, dry distillation, and 

rapid pyrolysis liquefaction technologies. Biomass can be converted into solid products, 

liquid products and gas products with reductive properties, as well as harmless waste by 

thermochemical conversion technology. Therefore, from the perspective of environmental 

protection, biomass pyrolysis process and its subsequent metallurgical application is an ideal 

technology for the utilisation of biomass energy resources.  

As an important industrial raw material, manganese is widely used in metallurgy, 

electronic batteries, light, chemical and other industries (Perez et al., 2018; Sun, 2018), At 

present, the main reduction method of manganese dioxide is carbothermic reduction roasting, 

which is relatively mature. However, it has high quality requirements for coal, and coal is a 
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non-renewable resource, which is not conducive to sustainable development. Tian et al. used 

high-quality coal as a reducing agent to reduce low-grade pyrolusite, and the reduction degree 

of pyrolusite was over 93% (Tian et al., 2009). Biomass coke and activated carbon powder as 

reducing agents were employed to reduction by Feng et al. Results shown biomass coke has a 

shorter reduction time and a reduction efficiency of 98% than activated carbon powder (Feng 

et al., 2015). Recently, many scholars have begun to study microwave as a heat source to 

reduce pyrolusite. Studies by Luo et al. have shown that adding 10% coal powder to 

pyrolusite, heating to 500 °C with microwave and reacting for 30 min. The reduction degree 

of pyrolusite was above 94%, which can realize the efficient leaching of manganese (Luo, 

2012). Li et al. proposed a method for reducing low-grade pyrolusite by microwave pyrolysis 

of walnut shells (Li et al., 2019), which provided a new idea for the reduction of pyrolusite by 

biomass. Biomass, as a cheap and easily available renewable resource, is used to reduce 

low-grade pyrolusite, which is of great significance for energy conservation, emission 

reduction, energy consumption, and greenhouse effect reduction. 

The pyrolysis process is carried out through a series of very complex competitive 

reactions and simultaneous reactions, so the exact mechanism of pyrolysis is still 

controversial. When studying the pyrolysis mechanism of biomass, considering the 

complexity of pyrolysis process, clear kinetic models with reasonable assumptions to describe 

the complex physical and chemical process under different working conditions were widely 

used. Different mathematical models have been established by scholars to study the pyrolysis 

characteristcs of biomass with thermogravimetric analysis technology, which is an effective 

and efficient method for studying the kinetics of biomass pyrolysis. Kissinger, distributed 
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activation energy and starink model have been widely employed to evaluate and explain the 

kinetics of the biomass pyrolysis because these models have several advantages, including 

simplicity and accuracy (Gao, 2018; Li, 2018; Patel et al., 2018). Currently, the two most 

important models for predicting the kinetics of biomass pyrolysis are the isothermal and the 

non-isothermal methods (Arshad, 2020). The non-isothermal model has a lower error range 

and requires less experimental data than isothermal model (Xu et al., 2020).  

The pyrolysis kinetic parameters were calculated by many researchers with 

thermogravimetric analysis technology. For instance, Mishra et al. studied the kinetic 

characteristics and pyrolysis behavior of waste biomass imza (NM) and Phyllanthus emblica 

(AM) (Mishra et al., 2020). Lin et al. established a kinetic model of bagasse, sludge and their 

mixture applied by distribution activation energy model (DAEM) (Lin et al., 2019). The 

non-isothermal thermogravimetric method was applied to investigate the pyrolysis kinetics of 

nine kinds of poplar genotype. The activation energy values obtained by two of 

iso-conversional methods, namely Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose 

(KAS), were similar (Rego et al., 2020). Li et al. revealed the mechanism of low-temperature 

reduction of high-iron Bayer process red mud by pine sawdust using thermogravimetric and 

kinetic analysis (Li et al., 2017). However, there are few reports on the thermodynamics and 

kinetics of pyrolusite reduction by biomass pyrolysis. Hence, this work extends the 

knowledge into the pyrolysis reduction mechanism of multi-component in the mixture of 

biomass and pyrolusite. 

In this study, the TG-DTG analysis method was used to analyze the co-pyrolysis 

reduction characteristics of waste straw and pyrolusite, and the kinetics and thermodynamics 
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of the process of pyrolusite reduction by biomass pyrolysis were studied. From the 

perspective of thermodynamics analysis, the possibility of pyrolusite reduction by biomass 

pyrolysis and the possible chemical reactions was confirmed. Five of iso-conversional 

methods, namely Friedman (FM), Kissinger-Akhira-Sunose (KAS), Flynn-Wall-Ozawa 

(FWO), Distributed activation energy model (DAEM) and Starink method s, were employed 

the co-pyrolysis reduction between waste straw and pyrolusite, aiming to study the 

thermodynamics and kinetics parameters. Based on the thermodynamics and kinetics analysis 

of pyrolusite reduction by biomass pyrolysis, important basic data were provided for the 

research and development of biomass thermochemical conversion technology and the 

reduction of pyrolusite. 

 

2. Materials and methods 

2.1. Materials 

The pyrolusite (ω(Mn)=28.81%) used in the study was taken from Zhongxing 

manganese company, Guangxi Province, China. After drying (105 °C), crushing and grinding, 

the fine powder with the particle size of 120 to 200 meshes was obtained. The measured 

median diameter (D50) of pyrolusite is 24.59 μm, as shown in Fig. 1. 

The biomass used in the study were the waste corn stalk (D50=141.46 µm), as shown 

in Fig. 1, received from Lian Yungang City, Jiangsu Province, China. The proximate analysis 

was performed with the National Standard of the People’s Republic of China 

(GB/T28731-2012) and Solid Biofuel Technical Specification of EU (CEN/TC355), and the 

elemental content study was executed in an elemental analyzer provided by Advanced 



7 
 

Analysis and measurement Center of Yunnan University. The analytical results were shown in 

Table 1. 

2.2. Characterization 

The characteristic test of pyrolusite reduction by biomass pyrolysis was carried out on a 

simultaneous thermal analyzer (SAT 449F3, NETZSCH, Germany). During the test, 

pyrolusite and biomass were put into the alumina crucible in a certain proportion (Bio%=10, 

20, 30, 40 and 50%), and high-purity nitrogen was introduced as protective gas (flow rate 100 

mL/min). The heating rate was 10 °C/min, and the temperature range was 30 to 900 °C. At the 

same time, the reduction of pyrolusite by biomass pyrolysis was further studied at three 

different heating rates of 10, 20 and 40 °C/min. Fourier-transform infrared spectroscopy (IS, 

Nicolet, USA) with a spectral region of 4000-400 cm-1 was employed to analyzed the biomass 

material and the pyrolysis products. The low-grade pyrolusite and the reduction products were 

confirmed by X-ray diffractometer (D8 ADVANCE A25X, Bruker, Germany). The 

microstructures of the reduction products at different temperatures were analyzed by a 

field-emission scanning electron microscope (XL30ESEM-TM, Philips, Netherlands). 

2.3. Thermodynamics analysis 

The thermodynamic parameters, reaction enthalpy, entropy and Gibbs free energy 

formula are provided as follows, 

−
𝐸

𝑅𝑇
+ ln 𝐴 = −

∆𝐺≠

𝑅𝑇
+ ln

𝑘𝐵𝑇

ℎ
 (1) 

∆𝐻≠ = 𝐸 − 𝑅𝑇 (2) 

∆𝐺≠ = ∆𝐻≠ − 𝑇∆𝑆≠ (3) 

where A is the frequency factor, (min−1), kB is Boltzmann constant (1.38×10-23 J K-1), and 
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h is Plank constant (6.626 × 10−34). 

2.4. Kinetic theory  

Based on the thermodynamic analysis of the pyrolusite reduction of biomass pyrolysis, 

the possibility of the reaction can be expected, and its kinetic mechanism will be discussed 

further below. 

The biomass pyrolysis reaction is generally regarded as a first-order reaction. The weight 

loss rate of biomass in the pyrolysis reaction can be expressed as: 

𝑑𝛼

𝑑𝑡
= 𝑘𝑓(𝛼) (4) 

α =
𝑚0 − 𝑚𝑡

𝑚0 − 𝑚𝑓
 (5) 

where α = conversion value, 𝑚0, 𝑚𝑡  and 𝑚𝑓 are the initial mass, the mass at a specific 

time and the final mass, respectively, k = reaction rate constant. It was assumed that the 

transformation of biomass into targeted products occurred in the single-step process; then the 

reaction rate (k) can be inscribed as: 

𝑘 = 𝐴exp(−
𝐸

𝑅𝑇
) (6) 

where E = activation energy, (kJ mol−1), A = pre-exponential factor, (min−1), R = Gas constant, 

(8.314 J mol−1 K-1, T = Absolute temperature, (K). 

Combining Eq. (1) and Eq. (3), the Eq. (4) can be obtained: 

𝑑𝛼

𝑑𝑇
=

𝑑𝛼

𝑑𝑡

𝑑𝑡

𝑑𝑇
=

𝐴

𝛽
𝑒𝑥𝑝(−

𝐸

𝑅𝑇
)𝑓(𝛼)  (7) 

where 𝛽 = the rate of heating. Separate the variables of Eq. (4) and integrate on both sides to 

obtain: 

g(𝛼) = ∫
𝑑𝛼

𝑓(𝛼)

𝛼

0

=
𝐴

𝛽
∫ exp (−

𝐸

𝑅𝑇
)

𝑇

𝑇0

𝑑𝑇 (8) 

where g(α) = conversion integral. 
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2.4.1. Friedman method (FM) 

Friedman (FM) model is the first and simplest iso-conversional model, the simplified 

FM model can be expressed as: 

ln (
𝑑𝛼

𝑑𝑡
) = ln[𝐴𝑓(𝛼)] −

𝐸𝑎

𝑅𝑇
 (9) 

The slope −𝐸𝑎 𝑅⁄  can be calculated by the linear plot between ln(𝑑𝛼 𝑑𝑡⁄ ) against 

1 𝑇⁄ . 

2.4.2. Flynn-Wall-Ozawa (FWO) 

Flynn-Wall-Ozawa (FWO), as an integral iso-conversional model, has been recognized 

as a more accurate estimation of activation energy. Under different heating rate β, the slope is 

−1.052𝐸𝑎/𝑅 can be calculated through the kinetic curve reflecting a linear relationship 

between ln 𝛽 and 1 𝑇𝛼⁄ . The simplified FWO model can be expressed as: 

ln 𝛽 = −1.052
𝐸𝑎

𝑅𝑇𝛼
+ ln (

𝐴𝐸𝑎

𝑅𝐺(𝛼)
) − 5.331 (10) 

2.4.3. Kissinger-Akahira-Sunose (KAS) 

The Kissinger-Akahira-Sunose model is the most widely used method for calculating 

kinetic parameters from non-isothermal thermogravimetric kinetic data. For the KAS model, 

the representative equation is Eq. (11). Under different heating rate β, the linear plot between 

ln(𝛽 𝑇𝛼
2⁄ ) versus 1 𝑇𝛼⁄  provided slope −𝐸𝑎 𝑅⁄ , So the activation energy and frequency 

factor can be obtained. 

ln (
𝛽

𝑇𝛼
2) = −

𝐸𝑎

𝑅𝑇𝛼
+ ln (

𝐴𝑅

𝐸𝑎𝐺(𝛼)
) (11) 

2.4.4. Distributed activation energy model (DAEM) 

Distributed activation energy model (DAEM) is an effective method to deal with the 

reaction behavior of complex systems including infinite parallel first-order reactions, and is 



10 
 

often used to describe complex processes such as biomass pyrolysis. The simplified DAEM 

model can be expressed as: 

ln (
𝛽

𝑇𝛼
2) = −

𝐸𝑎

𝑅𝑇𝛼
+ ln (

𝐴𝑅

𝐸𝑎
) + 0.6075 (12) 

2.4.5. Starink method 

The Starink method was generally considered more accurate in the process of biomass 

pyrolysis. Therefore, the Starink method was empolyed to study the kinetics of the pyrolysis 

reduction process, and the simplified model can be written as: 

ln (
𝛽

𝑇𝛼
1.8) = 𝐶 − 2.3111

𝐸𝑎

𝑅𝑇𝛼
 (13) 

 

3. Results and discussion 

3.1. Fourier transform infrared spectroscopy (FT-IR) 

FT-IR analysis was conducted to verify the conversion of biomass pyrolysis in the 

pyrolysis process. It can be observed that after the biomass pyrolysis, the peak at 3403.21cm-1 

is caused by the O-H stretching vibration, indicating the presence of alcohol or carboxylic 

acid compounds; The strong vibration peaks of C-H groups at 2958.39 and 1382.77 cm-1 

confirmed the existence of alkanes, alkenes or aromatic hydrocarbons. The peaks at 1458.95 

and 1382.77 cm-1 are due to bending vibration of Alkyl C-C bond, while the four peaks at 

1247.72, 1220.58, 1101.68 and 1060.19 cm-1 are assigned to C-O stretching vibration 

indicated presence of ether, ester, alcohol and phenolic compounds. The characteristic 

stretching vibration peaks of benzene ring C=C bond at 1599.73 and 1515.84 cm-1, and 

absorption peaks at 876.65, 834.28 and 754.06 cm-1 further indicate the existence of various 

aromatic compounds in the liquid tar product; The characteristic stretching vibration peaks 
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assigned to benzene ring C=C bond at 1599.73 and 1515.84 cm-1, and absorption peaks at 

876.65, 834.28 and 754.06 cm-1 further indicate the existence of various aromatic compounds 

in the liquid tar product; The appearance of strong absorption at 1716.14 cm-1 can be 

attributed to the C=O stretching vibration of the exsitence of aldehydes, ketones, acids or 

esters. The new characteristic peak at 748.17 cm-1 are designated to the O-H bending, 

demonstrating the existence of mono and polycyclic substituted aromatics compounds. 

3.2. Thermo-dynamic calculation 

Thermo-gravimetric analysis and thermo-dynamic calculation of the mixture of biomass 

and pyrolusite were carried out to deeply investigate whether the process of biomass pyrolysis 

and reduction of pyrolusite is feasible, and preliminarily study the mechanism of biomass 

pyrolytic reduction of pyrolusite. The mixture of biomass and pyrolusite (bio% = 40%) was 

analyzed by thermo-gravimetry at a heating rate of 10 °C/min, as shown in Fig. 2(a). Small 

molecular products mainly including reducing volatiles (carbon monoxide (CO), hydrogen 

(H2), methane (CH4)) and a small amount of biochar (C) were generated through biomass 

pyrolysis in the atmosphere of inert gas. Therefore, the reduction process of pyrolusite by 

carbon mon oxide (CO) and biochar (C) was studied, and the relationship between Gibbs free 

energy and temperature was calculated by Factsage 7.0, as shown in Fig. 2(b) and Fig. 2(c) 

It can be seen from Fig. 2(a) that the process of low-grade pyrolysite reduction by 

biomass pyrolysis can be roughly divided into three stages, namely drying stage, activated 

pyrolysis reduction stage and carbon reduction stage. The temperature ranges of drying stage, 

activation pyrolysis reduction stage and carbon reduction stage were 30 to 175 °C, 175 to 

650 °C and 650 to 900 °C, respectively. Free water, bound water and light hydrocarbon in 
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biomass and pyrolusite were removed in the drying stage. Thermogravimetric analysis 

showed that the TGA curve of the mixture decreased significantly during the activation 

pyrolysis reduction stage (175 to 650 °C). Ranjeet et al. confirmed the decomposition of 

hemicellulose and cellulose at 180 to 300 °C and 300 to 480 °C (Mishra et al., 2020). Li et al. 

confirmed that a large amount of volatile gas components (CO, CO2, H2, CH4, etc.) and 

biochar (C) were generated between 150 to 480 °C attributed to the pyrolysis of hemicellulose 

and cellulose (Li et al., 2019). The results shown that at this stage, the gas-solid reaction 

related to the quality change began to occur due to the interaction between the reducing 

volatile gas produced by the pyrolysis of the biomass and the pyrolusite. According to Fig. 

2(b), MnO2 can be reduced to MnO by CO in the whole temperature range (30 to 900 °C). 

Therefore, the main gas-solid reaction, i.e. MnO2→Mn2O3→Mn3O4→MnO reaction (Zhang, 

2013a; Zhang, 2013b), can occur between 175 °C and 650 °C in the activation pyrolysis 

reduction stage. In addition, a small amount of Fe2O3 can be reduced to Fe3O4 by CO. 

According to Fig. 1(a) and Fig. 1(c), for solid-solid reaction, Mn3O4 and Fe2O3 begin to be 

reduced by biochar (C) to produce MnO and Fe3O4, and the minimum temperatures were 

284.0 °C and 322.6 °C, respectively. The TGA curve by Li et al. confirmed that the maximum 

weight loss peak at 320 °C was caused by the reduction of Mn3O4 to MnO (Li et al., 2019). 

Therefore, according to Fig. 2(a), it can be seen that around 340.5 °C, there was a drop in the 

TGA curve and a peak in the DTG curve, which was mainly attributed to the reduction of 

Mn3O4 and Fe2O3. Regardless of the reduction of pyrolusite by CO and C, the thermodynamic 

Gibbs free energy diagram shown that compared with the reduction process 

((Fe2O3→Fe3O4→FeO)), manganese oxide was more easily reduced by CO and C to 
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low-valent oxides. With the increase of temperature, the pyrolysis reduction reaction entered 

the carbon reduction stage (650 to 900 °C), in which a large amount of biochar (C) began to 

accumulate. The mechanism of pyrolysis reduction changed from gas-solid reaction to 

solid-solid reaction. The unreacted MnO2, Mn2O3, Mn3O4 and Fe2O3 continued to take part in 

the carbon reduction reaction. In addition, the materials (MnO, Fe3O4 and FeO) that failed to 

participate in the reaction also began to react in the high-temperature region due to the 

increase of temperature. Fig. 2(b) shows that when the temperature was higher than 701.5 °C, 

CO was generated and continued to participate in the gas-solid reaction due to the reaction of 

biochar (C) with CO2. Fig. 2(c) shows that when the temperature was higher than 681.7 °C 

and 720.4 °C, Fe2O3 was reduced by biochar (C) to form Fe3O4 and Fe3O4 was reduced to 

form elemental metal Fe. Combined with Fig. 2, considering the pressure caused by 

impurities in the subsequent leaching process, to ensure the effective recovery of manganese 

and avoid the production of FeO, it is recommended to set the pyrolysis reduction temperature 

between 175 °C and 682 °C. The thermodynamic Gibbs free energy diagram of the reduction 

of pyrolusite by biomass pyrolysis shows that this reduction reaction process can be carried 

out. According to the analysis of the thermogravimetric curve, the mechanism of the process 

of reducing pyrolusite by the biomass was initially obtained. 

3.3. Thermo-gravimetric analysis 

To further confirm that the process and mechanism of reducing pyrolusite by biomass 

pyrolysis, thermogravimetric analysis (TGA) on the mixture of waste corn stalk and 

pyrolusite in different proportions (bio%=10, 20, 30, 40 and 50%) were conducted. Fig. 3 

shows the TGA-DTG curves of different proportions of ratios of biomass content (bio%=10, 
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20, 30, 40 and 50%). The weight loss rate of the system gradually changes with the increase 

of the biomass content, and the changing trend of the system was the same during the 

pyrolysis reduction process. The interval between the increase in biomass content from 40 to 

50% and the 30 to 40% weight loss rate was significantly shortened due to the over 

production of biochar caused by 50% biomass content. Therefore, the most appropriate 

biomass percentage for reducing pyrolusite by biomass should be between 30% and 50%. 

According to the thermogravimetric curve of the mixture of waste corn stalks and pyrolusite 

(Fig. 3), the thermal weight loss process can be roughly divided into four stages, namely the 

drying stage, the fast pyrolysis reduction stage, the slow pyrolysis reduction stage and the 

carbonization stage and the temperature ranges of the four stages were 30 to 175 °C, 175 to 

350 °C, 350 to 650 °C and 650 to 900 °C, respectively. The first stage (30 to 175 °C) was the 

drying stage, resulting in free water and bound water escape from the surface of biomass and 

pyrolusite and some depolymerization reactions and a slow glass transition phenomenon 

occurred. Glass transition refers to the transition between the high elastic state and the glass 

state. From the molecular structure, the glass transition is a relaxation phenomenon of the 

amorphous part of the polymer from the frozen state to the thawed state. When biomass 

undergoes glass transition, its physical and mechanical properties change drastically; The cell 

structure changed, and functional groups including free radicals, carboxyl groups, and peroxy 

hydroxyl appeared, and a small amount of hydrogen (H2) was produced (Mehrabian et al., 

2012), which the total mass loss was 4 to 6%; When the temperature was above 240 °C, the 

thermogravimetric process of pyrolusite reduction by biomass entered the fast pyrolysis 

reduction stage, and the weight loss rate of the mixtures in this stage was the largest. Di Blasi 
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et al. confirmed the decomposition of hemicellulose at 225 to 325 ° C (Di Blasi, 2008), and 

Ranjeet Kumar Mishra et al. also proved that the peaks observed at 236 ° C and 293 °C 

confirmed the decomposition of hemicellulose, because hemicellulose has a characteristic 

decomposition in the lower temperature range (200 to 340 °C) (Mishra et al., 2020). 

According to the current research on hemicellulose cleavage pathway, the cleavage of 

hemicellulose was firstly broken by C1-O5 to obtain the straight-chain sugar structure (R) 

with aldehyde group at one end. Then C-C cleavage and reforming reaction were carried out 

to form reductive products (CO, H2 and a small amount of acetic acid). Among them, MnO2 

was reduced to Mn2O3 (MnO2→Mn2O3), part of Mn2O3 was reduced to Mn3O4 

(Mn2O3→Mn3O4) and Fe2O3 in pyrolusite was partly reduced to Fe3O4 by CO; The third stage 

(350 to 680 °C): According to reports, cellulose and lignin decompose in the temperature 

range of 325 to 375 °C and 417 to 607 °C, respectively. Biochar (mainly C) also began to 

form at this stage and participated in solid-solid reduction, and Mn3O4 and Fe2O3 began to be 

reduced to low-valent metal oxides; As the temperature rises, the pyrolysis reduction entered 

the fourth stage (680 to 900 °C), the C-O and C-H bonds were further broken, and the volatile 

matter remaining in the charcoal was discharged. As the deep volatile matter diffuses to the 

outer layer, fixed carbon was finally formed. As shown in Fig. 3, it was shown as a small drop 

in the TGA curve and a small peak in the DTG curve near 680 °C. At this stage, Mn3O4 was 

mainly reduced to MnO, part of the unreduced Mn2O3 was continuously reduced to Mn3O4, 

and the biochar formed by biomass pyrolysis further reduces Fe3O4 and CO2 produced in the 

closed system was reduced by C to form CO volatilization, resulting in quality loss, thus 

showing a small peak on the DTG curve. 
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3.4. Effect of heating rates 

Fig. 4 shows the TGA-DTG curves with a biomass percentage of 40% at different 

heating rates. Under non-isothermal conditions, the pyrolysis reduction characteristics of 

pyrolusite reduced by biomass at three different heating rates (10, 20, and 40 °C/min) were 

studied. As the heating rate increased from 10 to 40 °C min-1, although the corresponding time 

for the sample to reach the final set temperature decreased, the heat transfer hysteresis effect 

became more obvious. Therefore, the TGA-DTG curves of the samples showed a trend of 

moving to the high temperature side, and the temperature Tmax corresponding to the maximum 

weight loss peak of DTG increased from 340.5 to 345.3 °C, respectively. It can be seen from 

Fig. 2 that around 680 °C, Mn3O4 is reduced, and some unreduced Mn2O3 is continuously 

reduced to low-valent manganese compounds. The reduction of Fe3O4 was further enhanced 

by biochar formed from biomass pyrolysis and the CO produced in the closed system by C 

reduction, thus showing a small peak on the DTG curve. The temperature Tmax corresponding 

to the weight loss peak of DTG lags from 668.4 to 708.2 °C, respectively. The heating rate of 

10 °C/min can make the heat stay in the mixture of biomass and pyrolusite for a long time 

compared to 40 °C/min, which is beneficial to the pyrolysis of biomass and the reduction of 

pyrolusite. At a higher heating rate, the volatile substances generated by biomass pyrolysis are 

discharged with nitrogen before participating in the reaction, and the time for the interaction 

between the pyrolusite and the biomass is reduced, so the residual mass is reduced. In 

addition, the peak values of the DTG curves under the three different heating rates were also 

quite different. The maximum weight loss rate of biomass reduction of pyrolusite increased 

from 7.92 to 14.46 %/min. Therefore, the mixed powder of biomass and pyrolusite contributes 
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to the reduction of pyrolusite at a lower heating rate. 

3.5. Kinetic and thermodynamic analysis 

Based on five non-isothermal models, namely FWO, KAS, DAEM, Starink and FM, the 

kinetics and thermodynamics of the mixtures under different heating rates were analyzed. It 

must be mentioned that most studies on the mechanism of biomass pyrolysis were based on 

the calculation of apparent activation energy Ea and pre-exponential factor A. Hence, further 

solving its thermodynamic parameters, activation enthalpy, Gibbs free energy, and activation 

entropy, can help us to reveal the mechanism of the pyrolusite reduction by biomass pyrolysis. 

The kinetic and thermodynamic parameters of activated pyrolysis reduction stage were 

calculated by FWO, KAS, DAEM, Starink and FM methods. The results were shown in Table 

2 and Fig. 5.  

As shown in Table 2, the apparent activation energy Ea and the pre-exponential factor A 

were calculated using FWO, KAS, DAEM, Starink and FM methods to perform linear 

regression fitting, and it was observed that the average apparent activation energy were 180. 

04, 180.33, 170.58, 179.70 and 209.25 kJ/mol, respectively. And the average pre-exponential 

factors were 5.62E+16, 5.95E+16, 8.41E+15, 5.25E+16 and 4.24E+16 s−1, respectively. 

Notably, the average apparent activation energy calculated using FWO, KAS and Starink 

methods was about 180 kJ/mol, while the values calculated by the FM method was 209.25 

kJ/mol. In addition, it is significantly obvious from Fig. 5(b) that the pre-exponential factor A 

calculated by FM method was three orders of magnitude larger than the other four methods. 

Taking results calculated by FM method into account, we conclude that the average activation 

energy of pyrolytic reduction of pyrolusite is 170.58 to 180.33 kJ/mol. It can be seen from 
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Table 2 that the average fitting coefficients (R2>0.91) of the FWO, KAS, DAEM and Starink 

methods were all very high, indicating that the selected model conforms to the pyrolysis 

reduction process. It can be seen from Fig. 5(a) that the apparent activation energy of 

pyrolusite reduction by biomass fluctuates with the conversion rate, indicating that there are 

complex multi-step reactions, including parallel reaction, competitive reaction and continuous 

reaction. When the conversion value was less than 0.3, the apparent activation energy 

increases as the conversion value increases, resulting from the pyrolysis reaction of 

hemicellulose. The conversion value was between 0.3 and 0.6, the apparent activation energy 

(Ea) fluctuated slightly, indicating that cellulose became the main component of pyrolytic 

reduction of pyrolusite. Once the conversion value was greater than 0.6, lignin has reached 

the temperature conditions for pyrolysis, resulting in lower apparent activation energy.  

Interestingly, the apparent reaction activation energy diagram (Fig. 5(a)), the reaction 

enthalpy diagram (Fig. 5(c)), and the Gibbs free energy diagram (Fig. 5(d)) show the same 

trend, however, the entropy change diagram (Fig. 5(e)) is inverted. It can be seen from Table 2 

that the Gibbs free energy of the five non-isothermal models is greater than zero (∆G≠＞0), 

indicating that the process of reducing pyrolusite by biomass pyrolysis is not spontaneous, but 

requires external energy to be thermally decomposed. The average Gibbs free energy 

calculated according to FWO, KAS, DAEM, Starink and FM models were 136.98, 136.97, 

137.25, 136.99 and 137.02 kJ/mol, respectively. The average Gibbs free energy obtained by 

these five methods has little change, and the Gibbs free energy is between 136.97 kJ/mol and 

137.25 kJ/mol, showing that the Gibbs free energy calculated by these five methods is 

accurate and reliable. The average activation enthalpies of FWO, KAS, DAEM, Starink and 
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FM models were 174.94, 175.72, 176.10, 165.85 and 199.01 kJ/mol, respectively. resulting 

that the pyrolusite reduction by biomass pyrolysis is an endothermic reaction under an inert 

gas nitrogen environment. Activation entropy refers to the microscopic changes in the 

material structure during the activation process to a certain extent. A negative value of entropy 

indicates that the degree of disorder of the bond dissociation product is lower than that of the 

reactant, while a positive value is the opposite. As a measure of system chaos, the larger the 

value, the more disorderly of the system, but the less orderly. From Table 2, the average 

activation entropies of FWO, KAS, DAEM, Starink and FM were 61.43 J/mol·K, 61.91 

J/mol·K, 45.67J/mol·K, 60.87 J/mol·K and 59.07 J/mol·K, respectively. 

3.6. Phase composition analysis 

The crystal structure of pyrolusite reduction by corn stalk at different temperatures was 

characterized by XRD, and the reduction degree of pyrolusite at differents temperatures for 

30min were studies when the mass ratio of biomass was 30%. The XRD pattern results 

indicate that the intermediate products of MnO2 in the pyrolusite reduction by biomass were 

Mn2O3 and Mn3O4, and the products were MnO. From these pyrolysis reduction experiments, 

the four progressive reduction stages of MnO2 can be clearly perceived as MnO2→Mn2O3→

Mn3O4→MnO. As can be seen from Fig. 7(b), the reduction temperature has significant 

influence on the reduction degree of the pyrolusite. At 600 °C, the reduction degree of 

pyrolusite reached 93.2%. Therefore, corn stover can be applied as an ideal reducing agent to 

replace traditional coal to reduce pyrolusite. 

3.7. Microstruction characterization 

High-resolution scanning electron microscope (SEM) images were employed to study 
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the microstructure of pyrolusite at different reduction temperatures. It can be seen that cracks 

of different sizes appear on the surface of low-grade pyrolusite at different temperatures, 

indicating that temperature has a significant effect on the reduction of low-grade pyrolusite. 

No cracks were observed on the surface of the low-grade pyrolusite at 300 °C, indicating that 

the MnO2 on the surface of the pyrolusite was reduced by the biomass. At 400 °C, it can be 

observed that the small cracks on the surface began to form, indicating reducing gas can pass 

through these pores to further reduce Mn2O3, Mn3O4 and MnO2 to MnO. Above 500 °C, it can 

be noticed that the cracks on the surface of the particles were obviously wide and deep, and 

the pyrolusite particles were gradually disintegrated attributed to diffusion of volatile gases 

generated by the biomass pyrolysis. 

 

4. Conclusions 

Based on the thermodynamic diagram of pyrolusite reduction by waste corn stalk, the 

pressure of subsequent leaching and impurity removal process was analyzed and 

comprehensively considered to ensure the effective recovery of manganese and avoid the 

generation of FeO. Therefore, the experimental temperature of pyrolusite reduction by 

biomass pyrolysis was set between 175 °C and 682 °C. FWO, KAS, DAEM, Starink and FM 

methods were used to calculate the thermodynamic and kinetic parameters. On the basis of 

these results we concluded that the apparent activation energy, reaction enthalpy, Gibbs free 

energy and entropy change of pyrolusite reduction by biomass pyrolysis. 
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Table captions 

Table 1 Main ultimate analysis and proximate analysis results of waste corn stalk powder 

(%). 

Table 2 Kinetic and thermodynamic parameters calculation of FWO, KAS, DAEM, Starink 

and FM models. 
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Figure captions 

Fig. 1. Particle size distributions of pyrolusite and corn stover powder. 

Fig. 2. TG-DTG analysis of a mixture of 40% biomass and pyrolusite at 10 °C min-1 heating 

rate (a) and ∆Gθ-T diagram of pyrolusite reduced by biomass pyrolysis. (b) Carbon monoxide 

reduction reaction; (c) Carbon reduction reaction. 

Fig. 3. Thermo-gravimetric analysis curve of mixed ratio of waste corn stalk and pyrolusite. (a) 

TGA curves; (b) DTG curves. 

Fig. 4. Thermo-gravimetric analysis curve of different heating rate under mixed powder with 

biomass percentage of 40 %. (a) TG curves; (b) DTG curves. 

Fig. 5. Kinetic and thermodynamic parameters with respect to conversion value. (a) average 

apparent activation energy (Ea); (b) average Pre-exponential factor (A); (c) average 

enthalpy of reaction (∆H≠); (d) average Gibbs free energy (∆G≠); (e) average entropy change 

(∆S≠). 
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Table 1 Main ultimate analysis and proximate analysis results of waste corn stalk powder (%). 

Ultimate analysis   Proximate analysis 

Cad Had Oad Nad Sad Moisture Volatiles Fixed carbon Ash 

45.22 6.05 40.62 1.06 0.16 13.92 62.95 19.20 3.93 
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Table 2 Kinetic and thermodynamic parameters calculation of FWO, KAS, DAEM, Starink 

and FM models. 

Model Conversion 

Ea (kJ 

mol-1) 

A 

(s-1) 

∆H≠ 

(kJ mol-1) 

∆G≠ 

(kJ mol-1) 

∆S≠ 

(J mol-1K-1) 

R2 

FWO 

0.1 127.99 1.59E+12 122.89 138.73 -25.63 0.9908 

0.2 138.19 1.25E+13 133.09 138.33 -8.48 0.9908 

0.3 193.34 8.03E+17 188.24 136.61 83.54 0.9727 

0.4 200.17 3.14E+18 195.07 136.43 94.89 0.9905 

0.5 209.74 2.12E+19 204.64 136.19 110.76 0.9325 

0.6 196.66 1.56E+18 191.56 136.52 87.38 0.9963 

0.7 199.56 2.78E+18 194.46 136.45 93.87 0.9906 

0.8 174.71 1.93E+16 169.61 137.13 52.56 0.8694 

Average 180.04 5.62E+16 174.94 136.98 61.43 0.9667 

KAS 

0.1 125.29 9.21E+11 120.19 138.84 -30.18 0.9894 

0.2 135.65 7.49E+12 130.55 138.43 -12.75 0.9894 

0.3 193.40 8.13E+17 188.30 136.61 83.64 0.7925 

0.4 193.97 9.11E+17 188.87 136.59 84.42 0.9894 

0.5 210.22 2.33E+19 205.12 136.18 111.55 0.9195 

0.6 215.80 7.09E+20 210.70 136.04 121.10 0.9951 

0.7 198.24 2.14E+18 193.14 136.48 91.68 0.9894 

0.8 170.06 7.61E+15 164.96 137.27 44.81 0.8489 

Average 

 

180.33 5.95E+16 

 

175.23 136.97 

 

61.91 

 

0.9392 
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DAEM 

0.1 133.29 4.65E+12 128.19 138.52 -22.28 0.9894 

0.2 132.65 4.09E+12 127.55 138.55 -22.65 0.9894 

0.3 190.40 4.46E+17 185.30 136.69 73.74 0.7925 

0.4 180.97 6.77E+16 175.87 136.95 58.33 0.9894 

0.5 192.22 6.42E+17 187.12 136.64 77.38 0.9195 

0.6 185.80 1.78E+17 180.70 136.81 67.51 0.9951 

0.7 190.24 4.32E+17 185.14 136.69 73.69 0.9894 

0.8 159.06 8.37E+14 153.96 137.61 21.96 0.8489 

Average 170.58 8.41E+15 165.48 137.25 45.67 0.9392 

Starink 

0.1 124.62 8.04E+11 119.52 138.87 -38.16 0.9895 

0.2 136.62 9.11E+12 131.52 138.39 -11.12 0.9895 

0.3 194.39 9.91E+17 189.29 136.58 85.29 0.7945 

0.4 190.98 5.01E+17 185.88 136.67 79.63 0.9895 

0.5 211.27 2.88E+19 206.17 136.15 113.30 0.7950 

0.6 208.87 1.78E+19 203.77 136.21 109.32 0.9280 

0.7 199.41 2.70E+18 194.31 136.45 93.62 0.9895 

0.8 171.44 1.01E+16 166.34 137.23 47.10 0.8512 

Average 179.70 5.25E+16 174.60 136.99 60.87 0.9158 

FM 

0.1 133.33 4.69E+12 128.23 138.52 -16.65 0.9982 

0.2 166.39 3.64E+15 161.26 137.38 38.69 0.9889 

0.3 235.81 3.81E+21 230.71 135.59 153.92 0.9272 

0.4 237.37 5.19E+21 232.27 135.56 155.76 0.9299 
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0.5 240.59 9.85E+21 235.80 135.49 161.83 0.9680 

0.6 249.90 6.27E+22 244.80 135.29 177.20 0.9664 

0.7 249.92 6.29E+22 244.82 135.29 177.23 0.8564 

0.8 165.58 3.10E+15 160.48 137.41 35.92 0.9453 

Average 209.25 4.24E+16 173.52 137.02 59.07 0.9475 
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Fig. 1. Particle size distributions of pyrolusite and corn stalk powder. 

 

 



33 
 

 

(a) 

 

(b) 
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(c) 

Fig. 2. TG-DTG analysis of a mixture of 40% biomass and pyrolusite at 10 °C min-1 heating 

rate (a) and ∆Gθ-T diagram of pyrolusite reduced by biomass pyrolysis. (b) Carbon monoxide 

reduction reaction; (c) Carbon reduction reaction. 

  



35 
 

 

(a) 

 

(b) 

Fig. 3. Thermo-gravimetric analysis curve of mixed ratio of waste corn stalk and pyrolusite. (a) 

TGA curves; (b) DTG curves. 
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(a) 

 

(b) 

Fig. 4. Thermo-gravimetric analysis curve of different heating rate under mixed powder with 

biomass percentage of 40 %. (a) TG curves; (b) DTG curves. 
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(a) 

 

(b) 
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(c) 

 

(d) 



39 
 

 

(e) 

Fig. 5. Kinetic and thermodynamic parameters with respect to conversion value. (a) average 

apparent activation energy (Ea); (b) average Pre-exponential factor (A); (c) average 

enthalpy of reaction (∆H≠); (d) average Gibbs free energy (∆G≠); (e) average entropy change 

(∆S≠). 
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