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Abstract 

Understanding of the release mechanism of potassium from biomass is crucial to address the 

detrimental ash-related issues that are suffered widely in biomass boilers. However, currently 

available experimental methods only allow the analysis of overall amount of potassium release; 

the profiles of released potassium species are still unknown. This study develops a new two-

step kinetic model, which integrates the potassium release along with biomass devolatilisation 

and the reactions of potassium species in the environment of near real biomass combustion. 

The model enables the quantification of potassium species released from biomass during 

combustion over a broad range of temperatures. The modelling results indicate that, the 

majority forms of potassium are KOH and KCl, their amounts could reach as high as 2.6×10-5 

mol/g biomass and 4.3×10-5 mol/g biomass, respectively. With the temperature increasing up 

to 1400K, K2SO4 suddenly becomes the third significant potassium species with an amount of 

1.8×10-5 mol/g biomass. Intermediate species are greatly involved in the release of potassium, 

at the initial stage, KCl and KOH are very likely to be homogeneously combined as (KCl)2 and 

(KOH)2; while KO and KO2 are two mostly important intermediate species that are involved 

in the potassium transitions throughout the biomass combustion process. Those intermediate 

species, however, show a significant effect on the formations of KCl and KOH, but less on 

K2SO4 formation. The developed model is capable to forecast the potassium release from 

various types of biomass feedstock, thus promoting solutions that can effectively address 

alkali-related biomass combustion challenges.  
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1. Introduction 

Biomass is a renewable resource that derives from biological materials, such as trees, plants 

and solid wastes [1]. The utilization of biomass as fuels in heat and power generation is a 

promising method to ease the dependence on fossil fuels. Nowadays, direct combustion of 

biomass is an important and mature technology for biomass utilization. Due to its CO2-neutral 

nature, burning biomass could reduce the net CO2 emission per unit heating value by 93% 

compared with that of coal [2]. However, ash-related problems (e.g., fouling, slagging and 

corrosion on heat transfer surfaces) and bed agglomeration [3, 4] remain as a major challenge 

to burning biomass and restrict its extensive use [5]. Potassium along with sulphur and chlorine 

are among the main ash-forming elements that cause such issues [6], which become especially 

extreme when burning herbaceous and agricultural residues (straw) as well as fast-growing 

non-food crops and wood species, those feedstock contain high contents of potassium [7]. In 

addition, potassium is one of the key nutrients required for plant growth, due to the enormous 

consumption of biomass materials, the loss of large amounts of nutrients in soil negatively  

affects the sustainability of ecosystem [8]. To prevent ash-related problems and understand the 

potassium cycle in the soil, the release of potassium during the combustion of biomass have 

been studied intensively.  

The release behaviour of potassium from biomass has been studied by tracking its composition 

in either gas products or in remaining solids. ICP-MS/OES is usually applied to analyse the 

digested solid residues to obtain the remaining elemental potassium, therefore to determine the 

released elemental potassium. Tchoffor et. al. [6, 9] investigated the release of potassium, 

chlorine and sulphur from forest residues and wheat straw during combustion and gasification 

via the analysis of ash residues by inductively coupled plasma-optical emission spectrometry 

(ICP-OES). The study revealed that the extent of potassium release from biomass mainly 
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depends on the ash composition of the fuel and its speciation in the fuel matrix; the complete 

combustion of char is likely to result in severe ash-related problems, much greater than the 

combustion of virgin fuel. van Lith et. al. [10, 11] applied ICP-OES and graphite furnace 

atomic absorption spectroscopy (GF-AAS) to quantify the release of inorganic elements from 

the combustion of woody material, and concluded that the release of potassium is strongly 

dependent on both the temperature and the fuel composition. Time-resolved optical diagnostic 

techniques have also been used to directly observe the release of potassium during the 

pyrolysis/combustion process. For example, Fatehi et al. [12] used laser-induced breakdown 

spectroscopy (LIBS) to measure the release of elemental potassium during biomass gasification, 

and the same technique was also used to characterise the alkali species released from co-firing 

of coal and biomass blends [13]. Meanwhile, collinear photo fragmentation and atomic 

adsorption spectroscopy (CPFAAS) was used  to detect the release of potassium during the 

biomass combustion in a single particle reactor [14]. Most recently, Weng et al. [15] developed 

a quantitative approach to measure the release of atomic potassium using an infrared diode 

laser spectroscopy (IDLS). These studies experimentally revealed the release mechanism of 

potassium: (i) organically associated and loosely bonded potassium can be released at the 

devolatilisation stage; however, this accounts for less than 10% of the initial amount of 

potassium inherent the biomass; (ii) as temperature increases, large amounts of potassium are 

released in the char oxidation phase, mainly from char-bonded potassium and inorganic 

potassium; (iii) KCl, KOH and K2SO4 are the main species released during the thermal 

conversion of biomass; (iv) after char burnout, potassium minerals and compounds (e.g., K-

Al-Si) remain stable in the solid residues [16]. 

Apart from experiments, modelling is another useful tool to investigate the potassium release. 

Models have been developed in an attempt to describe the release profiles of potassium during 

the thermal conversion of biomass. Fatehi et al. [12, 17] proposed a model to calculate the 
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release rates of potassium during the gasification of biomass particles, in which the release rate 

of potassium follows a first order Arrhenius expression, with A=2.5×105 s-1 and Ea=266 kJ/mol. 

Glarborg et al. [18] investigated the formation mechanism of gaseous alkali sulphates during 

biomass combustion process and proposed a kinetic model to simulate the release profiles, in 

which the transformations of alkali are proceeded by a number of molecule-molecule reactions 

to display ionic behaviour. Most recently, Zhang et al. [19] developed a model to predict the 

release of potassium from biomass ash tablet in different sizes and validated by the experiment 

tests. The results illustrated that the model can be generalized to describe the release behaviour 

of any nutrient and can be used to optimize the production of controlled-release fertilizer. In 

order to obtain a better prediction of the release of potassium during the devolatilisation stage, 

a two-step kinetic model was developed by Liu. et al. [20], and kinetic parameters determined 

for corn straw during the combustion are: A=2.2 s-1, Ea=64.8 kJ/mol for the first step and 

A=15.3 s-1, Ea=62.8 kJ/mol for the second step, respectively.  

Knowing the release performance of potassium species at different stages can offer insight into 

the transition mechanism of potassium along with other significant ash-forming elements. The 

yields of released potassium species under various conditions can be useful in making a quick 

and accurate judgement as to what extent those species would be released and the seriousness 

of the slagging and fouling issues initiated by alkali species. This knowledge could be used to 

advance the biomass boiler design and thus mitigate ash-related problems. However, due to the 

limitation of current analytical methods, existing experiments and models can only allow the 

detection and prediction of a time-resolved release of overall elemental/atomic potassium, but 

fail to predict the yields of all potential potassium species and their formation routes. To date, 

Wei et al. reported the only research that attempted to predict the release of alkali metals and 

its related elements from the combustion of various biomass materials using FactSage [3]; the 

results successfully predicted the main released potassium species quantitatively and 
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qualitatively. Nevertheless, this method is fully based on the equilibrium approach with 

assumptions of a high-enough reacting temperature and long-enough reacting time, which 

cannot provide dynamic information with the increasing of temperature. Wei’s model requires 

the input of elemental compositions (i.e. C, H, and O) of biomass, which is less representative 

than its major chemical components (i.e. cellulose, hemicellulose and lignin). Consequently, a 

numerical model that can comprehensively predict the release profiles of potassium species 

during biomass thermal conversion is highly desired. 

In this work, a devolatilisation model of lignocellulosic biomass has been developed to predict 

the release organic gaseous products. The results from the devolatilisation model will be then 

introduced as input to the subsequent combustion model, and then the kinetically-controlled 

release of potassium species associated with the reaction path of all potential potassium species 

at a giving temperature will be acquired. Through the simulation, the release of potassium 

under different conditions can be obtained quantitatively and qualitatively. This model enables 

the development of a comprehensive potassium release mechanism, and is an effective tool to 

assess the release inhibition approaches in future. 

2. Theory and method 

During the combustion process, devolatilisation is the initial step at which gas products are 

primarily devolatilized [21]. Subsequently, the combustion of gas-phase species and char 

oxidation occur [22]. In this study, a two-step model is used, which focuses on the 

devolatilisation and the gas-phase combustion stages, in order to predict the type and amount 

of released potassium species in gas phase.  

The gas species released from biomass at a given operating condition can be estimated from 

the devolatilisation model, which uses chemical components cellulose, hemicellulose and 

lignin as initial input to represent biomass materials, rather than the commonly used 



6 
 
 

compositional elements. Their distinct thermal characteristics can be used to provide a 

generalised description of the decomposition of different biomass materials [23]. In addition, 

the devolatilisation model can be linked with the release of potassium, sulphur, and chlorine, 

in which release rates of those elements are kinetically controlled according to reported results 

[20]. In the subsequent combustion stage, a zero-dimensional combustion model is used to 

describe all possible kinetic reactions among gas species. The combustion model is kinetically 

controlled, which includes reactions among carbon, hydrogen and oxygen species, as well as 

the reactions among potassium, chlorine and sulphur species. This makes the combustion 

model suitable for the study of release of ash-forming elements for different combustion 

scenarios. The model provides a detailed reaction path of different potassium species during 

combustion, along with the associated reaction rates and species concentrations. As biomass 

materials can be distinctively described using chemical components [24], this model can 

extended to study the release performance of potassium from various types of lignocellulosic 

biomass. A schematic of the methodology of the devolatilisation and combustion network is 

depicted in Figure 1.  
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Figure 1. Schematic of the network 

2.1 Devolatilisation model 

It is assumed that the decomposition of the three chemical components are independent through 

a multistep, branched mechanism of first-order reactions, and the lumped kinetic mechanisms 

that used in this model are extracted from the reference [21]. In summary, when the initial mole 

fractions of these major chemical components of a type of biomass material are known, it is 

possible to predict the devolatilisation process and to obtain the released gas species. 

The decomposition of biomass is often regarded as a function of the conversion: 

𝛼 =
𝑚0−𝑚𝑡

𝑚0−𝑚𝑟
                                                                          (1) 

where m0 is the initial weight of the sample, mt is the mass at time t, and mr is the remaining 

biomass. The rate of biomass devolatilisation with respect to the temperature is expressed as:  

𝑑𝛼

𝑑𝑇
=

1

𝛽
∗ 𝑘(𝑇) ∗ 𝑓(𝛼)                                                                   (2) 

where 𝛽is the heating rate, f(α) is the reaction model, T is the absolute temperature, k(T) is the 

conversion rate constant and assumed to follow Arrhenius behaviour.  
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2.2 Release kinetics of potassium, sulphur, and chlorine 

The experimental data of the release profiles of potassium, sulphur and chlorine during the 

combustion of wheat straw were extracted from the literature [25]. Assuming a first order 

reaction model for release, the kinetic parameters were estimated and summarised in Table 1. 

This enables the calculation of the amounts of elemental potassium, sulphur and chlorine to be 

released at a given temperature. 

Table 1. Summary of the kinetic parameters 

 K S Cl 

Ea, kJ/mol 55.43 26.65 22.82 

A, s-1 1.50×10-01 2.80×10-02 4.10×10-02 

2.3 Combustion model 

The reaction rates and the yields of species are determined by the reaction kinetics. Combustion 

characteristics are driven by the reaction paths with many reactions and intermediate species. 

In this study, the kinetics module is employed in this part to simulate the combustion process 

of all the gaseous after the devolatilisation in Cantera 2.4.0. General steps to model combustion 

in Cantera are:  

(1) Define solution objectives for the potential reactants  

In this study, a modified reaction mechanisms M-GRI30.Mech is used as the solution objective, 

which includes the oxidation of hydrocarbon, as well as the combustion of potassium, sulphur 

and chlorine species. There are 77 species and 420 reactions that are involved in this study, 

including 325 reactions of hydrocarbon that are originally from GRI30.Mech [26], which is a 

detailed combustion model of the hydrocarbon including their elementary reactions and is 

developed by the University of California at Berkeley and sponsored by the Gas Research 

Institute. The rest of the 95 reactions are the detailed combustion models of potassium, sulphur 

and chlorine species which are taken from the literature [18, 27, 28]. 
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(2) Define the reactor type for the system 

In this model, an Ideal-Gas-Consist-Pressure-Reactor is chosen to simulate the combustion of 

gas species released from biomass devolatilisation including potassium species. The reactor is 

a homogeneous, constant pressure, zero-dimensional reactor. It corresponds to an extensive 

thermodynamic controlled volume, and all state variables are homogeneously distributed inside 

the reactor. The system is unsteady; all states are functions of temperature or time. In particular, 

chemical reactions leading to the transient state changes are possible. Meanwhile, 

thermodynamic equilibrium is assumed to be present throughout the reactor at all moments of 

time. In this study, it is assumed that all the gas species behave like ideal gas. Those gas species 

will go through mass, species and energy conservations and the governing equations for these 

conversions are: 

 Mass conversion: The total mas mass within the reactor changes as a result of flow through 

the its inlets and outlets, and production of homogeneous phase species on the reactor walls: 

𝑑𝑚

𝑑𝑡
= ∑ 𝑚𝑖𝑛 −  ∑ 𝑚𝑜𝑢𝑡 + 𝑚𝑤𝑎𝑙𝑙𝑜𝑢𝑡𝑖𝑛                                          (6) 

where m is the mass of the contents, t is the time, and wall denotes the reactor walls.  

 Species conversion: The rate at which species n is generated through homogeneous phase 

reactions is Vwn*Wn, and the total rate at which species n is generated is: 

𝑚𝑛,𝑔𝑒𝑛 = 𝑉𝑤𝑛
∗ 𝑊𝑛 +  𝑚𝑛,𝑤𝑎𝑙𝑙                                               (7) 

The rate of change in the mass of each species is: 

𝑑(𝑚𝑌𝑛)

𝑑𝑡
=  ∑ 𝑚𝑖𝑛 ∗ 𝑌𝑛.𝑖𝑛𝑖𝑛 −  ∑ 𝑚𝑜𝑢𝑡 ∗ 𝑌𝑛 +𝑜𝑢𝑡 𝑚𝑛,𝑔𝑒𝑛                         (8) 

Expanding the derivative on the left hand side and substituting the equation for dm/dt, then the 

equation for each homogeneous phase species can be presented as:  
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𝑚
𝑑𝑌𝑛

𝑑𝑡
=  ∑ 𝑚𝑖𝑛 ∗ (𝑌𝑛,𝑖𝑛 −𝑖𝑛 𝑌𝑛) + 𝑚𝑛,𝑔𝑒𝑛 − 𝑌𝑛 ∗ 𝑚𝑤𝑎𝑙𝑙                       (9) 

where Wn is the molecular weight if species n, Yn is the mass fractions for each species 

(dimensionless). 

 Energy conversion: The solution of the energy equation is disabled in this study, so that the 

temperature holds at the initial time of the system. The reactor is an ideal gas constant pressure 

reactor, as for the ideal gas reactor, the total enthalpy as a state variable with the temperature 

is replaced by writing the total enthalpy in terms of the mass fractions and temperature: 

𝐻 = 𝑚 ∗ ∑ 𝑌𝑛 ∗ ℎ𝑛(𝑇)𝑛                                                       (10) 

𝑑𝐻

𝑑𝑡
= ℎ ∗

𝑑𝑚

𝑑𝑡
+ 𝑚 ∗ 𝑐𝑝 ∗

𝑑𝑇

𝑑𝑡
+ 𝑚 ∗  ∑ ℎ ∗𝑛  

𝑑𝑌𝑛

𝑑𝑡
                                      (11) 

Substituting the corresponding derivatives yields an equation for the temperature: 

𝑚 ∗ 𝑐𝑝 ∗
𝑑𝑇

𝑑𝑡
= −𝑄 −  ∑ ℎ𝑛 ∗ 𝑚𝑛,𝑔𝑒𝑛 +  ∑ 𝑚𝑖𝑛 ∗ (ℎ𝑖𝑛 −𝑖𝑛 ∑ ℎ𝑛 ∗𝑛 𝑌𝑘,𝑖𝑛)𝑛            (12) 

where H represent the total enthalpy of the reactor contents, and Q is the total rate of heat 

transfer though all walls.   

2.4 Initial inputs and set up 

The quantities of the major components varying between different biomass materials, and the 

initial amounts of potassium, sulphur and chlorine greatly influence the release profiles of the 

potassium related species. Wheat straw is selected biomass material in this study, as it contains 

high potassium content [7]. A fitting method from literature [29] is used to calculate the initial 

amounts of the major components (cellulose, hemicellulose and lignin) in wheat straw, while 

the initial amounts of H2O, potassium, sulphur and chlorine are taken from literature [25]. The 
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characteristics of wheat straw are list in Table 2, and the initial inputs are summarised in Table 

3.  

In this study, wheat straw is combusted with air at stoichiometric condition with 5.38g air/g of 

wheat straw. The reaction programme is set up as the following: The reaction starts from 

devolatilisation stage, and the initial temperature is 300K; the heating rate is 20K/min; the final 

temperature is ranged from 600K-1400K, with 100K interval. After the devolatilisation stage, 

the devolatilized gas species will occur the combustion at each final temperature, with the 

residence time of 600s.   

Table 2. Characteristics of wheat straw 

Compositions Fraction, wt % 

C db 45.20 

H db 5.25 

O db 41.20 

S db 0.17 

Cl db 0.27 

Moisture (as received) 9.0 

Ash db 5.0 

K db 1.20 

Cellulose db 43.10 

Hemicellulose db 24.10 

Lignin db 32.80 

                                               *db = dry basic 

Table 3. Initial inputs  

Biomass Oxidizer 

 Cellulose Hemicellulose Lignin H2O K S Cl O2 

Mole/ g 

biomass 
2.5×10-3 2.1×10-3 8.3×10-4 5.0×10-3 3.1×10-4 5.3×10-5 7.6×10-5 3.91×10-2 

* based on 1g of wheat straw 

2.5 Validation 

In this work, the model is validated in two stages: (i) validation of the C-O-H gas species from 

the devolatilisation model and (ii) validation of potassium species from the combustion model. 

Since the devolatilized gas species are important to the later combustion stage, the accuracy of 

the predictions of the devolatilisation stage is crucial.  As shown in Figure 2, the sum of all 



12 
 
 

products are equal to their initial inputs. Gas production increases with increasing temperature, 

but the solid products decrease with increasing temperature.  The results show a similar trend 

to our previous experimental study [23] on the pyrolysis of mixtures of cellulose, hemicellulose 

and lignin, which was used to mimic the pyrolysis process of wheat straw; the results are also 

presented in Figure 2.  At 400K, the released volatile matter occupies less than 20%, while this 

value increase to about 30% when the temperature reaches 600K.  As temperature is increased 

to 800K, large amounts of volatile matter are released, which accounts for more than 60% of 

the initial material.  Then as temperature increases, the release of volatile matter become 

constant. 

     

Figure 2. Distribution of the products after devolatilisation 

Comparing the experimental and predicted results, we can see that when the temperature is 

lower than 800K, the experimentally measured amounts of released volatile matter are lower 

than the predictions of the model.  At low temperatures like 400K, the moisture content is the 

main source of the released volatile matter; the samples used in the experiment having little 

moisture content, however, the predicted results assume a higher value of initial moisture 

content.  When temperature is higher than 800K, the release of volatile matter from the 
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experiments is higher than predicted.  This is because the samples that were used in the test are 

in high purity, which means that they have less ash and mineral content than natural wheat 

straw. However, the mechanism used in this model includes several reactions of heavy 

molecule liquid and solid species, thus leading to less released volatile matter compared to the 

experiments. 

After combustion, the predicted results of the released KCl and HCl are compared with the 

work of Wei et al. [3], which used FactSage to perform equilibrium thermodynamic analysis 

to determine the release of potassium species, as shown in Figure 3.  It is notable in Figure 3 

that the results from the reference are higher than that from this paper.  As indicated in Table 

4, the initial input of K and Cl in the reference are higher than that in this study, especially Cl, 

which would cause the higher amount of the released KCl and HCl.  Also, according to Wei et 

al., the method requires a long enough residence time to reach the equilibrium, which is only 

600s in this study; the longer the residence time, the greater the released potassium.  Apart 

from the difference between the reaction conditions, the initial input in the reference is 

elemental compositions in the reference, while it is the major chemical components that used 

in this paper.  The reaction mechanisms are different, thus would cause the difference between 

the amounts of the released gas species during the combustion process. Despite the above 

differences, the predicted results in this paper show a good agreement with the reference. 

According to the reference, the release peaks of KCl and HCl are appear at 1200K and 1000K, 

respectively, which are the same as the predicted results. Also, when the temperature exceeds 

1200K, the released amount of KCl becomes flat and consistent, while after 1000K, the release 

of HCl start to decrease.  This agrees well with that of Ref. [3].  In summary, the similar trends 

illustrate that the predicted results from this model are reasonable and reliable. 
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Figure 3. Comparison of results between this work (solid lines) and the Ref. [3]  (dashed-dotted lines). 

Table 4 Initial Input  

Initial Input, mol This work Ref [3] 

K 307 329 
Cl 76 132 

3. Results and discussion 

3.1 The release profiles of the potassium species 

There are 13 potassium species† included in this model, however, not all of them are released 

in significant quantities, instead they would like to react as important intermedium products, 

which can help to store and covert potassium to the major released species. So in this part, the 

quantity results are divided into two parts: the release profiles of major species and intermediate 

species. And the results of total released amount (mol) of different species based on 1g of wheat 

straw are summarised in Figure 4 and 5. 

3.1.1 Major potassium species 

During the combustion of biomass, potassium is mainly released in the forms of KOH, KCl 

and K2SO4 [4, 9, 30]. Besides, the existence of chloride, especially HCl, would facilitate the 

                                                           
† K, KO, KO2, KSO2, KSO3, KOH, KCl, KH, KSO3Cl, (KOH)2, (KCl)2, KHSO4, K2SO4 
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release of potassium [16, 31], so the release profile of HCl is crucial to the release study of 

potassium. Figure 4 presents the changes of total amount of released major potassium species 

with the change of final temperature.  

 

Figure 4. Release profiles of major species  

As indicated in Figure 4, the release of HCl starts at 700K, reaching its peak amount at 1000K, 

with 2.7×10-05 mol, and then starting to decrease. Above 1200K, the release of HCl becomes 

negligible. The release of KCl in large amount starts at 900K, followed by a sharp increase to 

3.6×10-05 mol at 1200K, then the increasing slow down, and finally reaches 4.3×10-05 mol at 

1400K; while the major release of KOH starts at 1200K, and reaches its peak amount at 1300K, 

with 2.6×10-05 mol. Chlorine is normally released at low temperatures in the form of HCl [32], 

mainly from ion-exchange reactions with suitable functional groups in the organic matrix [11]; 

however, the dominant chlorine species found in biomass is in the form of KCl, which remains 

stable in the solid state until temperature reaches about 900-1000K [33]. Above this 

temperature range, the sublimation of KCl becomes of dominate path to the release of 

potassium and chlorine. The presence of KOH is negligible compared to the amount of KCl 

and HCl at temperatures below 1200K, due to the release of large amounts of HCl. KOH is 

mainly converted to KCl via R1, which is also reflected by the high amount of released KCl, 

apart from its sublimation, the major contributor of potassium in the gas is the generated KCl. 
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When the temperature exceeds 1200K, only minor amounts of HCl is released, KOH, however, 

without the consumption of HCl, starts to be released sharply, during which, the amount of 

released KCl becomes constant.   

The released amount of K2SO4 is negligible when temperature below 1400K, while jumps to 

about 1.8×10-05 mol at 1400K, still lower than that of KCl, with 4.3×10-05 mol but similar to 

that of KOH, with 1.9×10-05 mol. K2SO4 is thermally stable at low temperature, as temperature 

increase to 1400K, K2SO4 will be evaporated and released gradually [10] from the biomass and  

becoming one of the major released species of potassium at high temperatures.  

In summary, the dominate potassium species found in the gas phase is KCl, which represents 

more than half of the released potassium contents, and the release of KCl is mainly from the 

sublimation and through the R1. The release of KOH starts after the complete dechlorination, 

because the reaction between potassium and water vapour which is governed by the thermal 

decomposition of carbonates [25]. K2SO4 will not be released until a sufficiently high 

temperature is reached, and its release is dominated by evaporation. The  predicted formation 

performances of those three major species agreed well with that concluded from the 

experimental studies [11, 12, 14, 33].   

3.1.2 Intermediate potassium species 

During the devolatilisation, the loosely bonded potassium will be first released in the form of 

K+, and then reacts with other organic and inorganic species, besides, the inherent inorganic 

potassium salts would also interact with other components during the thermal conversions. 

These are all involved with the important intermediate products, which would determine the 

release rate and species of potassium. Since the intermediate species might be thermally 

unstable and the reactions could take place within a very short time, it is therefore difficult to 

get a detailed profile of release rates and amounts of the intermediate products. Thus, the result 
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from Cantera becomes very crucial since it can provide information about these intermediate 

species. The amounts of several important intermediate species according to the literature [18] 

are summarised, and the changes of the total amounts of these species with the change of 

temperatures are presented in Figure 5(a-c).  

    

(a)                                                                           (b) 

    

(c)                                                                         

Figure 5. Release profiles of intermediate potassium species 

Figure 5(a) indicates two intermediate potassium species during the combustion which appears 

the most and in large amounts: (KCl)2 and (KOH)2. Below 1000K, (KCl)2 has larger amount 

than that of KCl, indicating that KCl is more likely to bond to each other and to form (KCl)2 

when temperature is relatively low, meaning potassium is mainly released in the form of (KCl)2 
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at this temperatures, and the amount of (KCl)2 reaches its peak at 1100K with 3.7×10-6 mol. 

However, as temperature increases, (KCl)2 starts to dissociate to form KCl, along with the 

reaction in R1, boosts the release of KCl when temperature exceeds 1100K; when the 

temperature exceeds 1200K, as the release of KCl slowed down, the amount of (KCl)2 

decreases as well. The amount of (KOH)2 (as shown in secondary axis) is negligible compared 

to the rest of the major potassium species in the figure, but it appears at the same time the 

release of KOH starts to increase, indicating that KOH undergoes the same route as KCl does: 

at the initial release stage, KOH tends to associate with each other to form (KOH)2, unlike 

(KCl)2, the formed (KOH)2 is in a small amount and might be thermally stable at high 

temperature. Nevertheless, due to the low concentration of KOH, the association rate might be 

much slower than the release rate of KOH, leading to the much lower amount of (KOH)2 in the 

gaseous, but it reaches its peak amount at the same temperature as KOH, which is 1300K, 

however, with only 1.0×10-08 mol.  

The formation of large amounts of (KCl)2 and (KOH)2 illustrate the homogeneous reactions of 

same potassium species could be taken place. Therefore, the release of potassium chloride and 

hydrate species should follow the summarised sequences:  

K → KCl +KCl → (KCl)2 → KCl Seq. 1 

K→ KOH + KOH → (KOH)2 → KOH Seq. 2 

Figure 5(b) indicates that nearly no potassium-sulphide species are released at low temperature, 

but when the temperature exceeds 1200K, the potassium sulphate begins to be released. The 

release profiles of KSO2 and KSO3 are almost identical, and all in small amounts, reach the 

highest amount at 1400K, with 2.6×10-18 mol and 4.6×10-17 mol respectively. The results 

indicate that KSO2 and KSO3 are more likely to react with other species during the release 

process, and to form more stable species, like K2SO4, according to R2 and R3. This also can 

be proved by Figure 5(c), at temperatures above 1200K, large amounts of KO and KO2 are 
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released, but the curves become constant after 1300K, when KSO2 and KSO3 start to release 

sharply. KHSO4 starts to be released in large amount at the same temperature as that of KSO2 

and KSO3, and reaches to its highest amount of 6.0×10-18 mol at 1400K. Apart from the directly 

release of KHSO4 at high temperature, the reaction that follows R4 might be another source 

which leads to the sharp increase of the release of KHSO4; this is also reflected by Figure 4(a), 

when temperature exceeds 1300K, the released amount of KOH decreases.  

Figure 5(c) illustrates the release profiles of KO and KO2, which are negligible below1200K. 

But the amount of KO2 is always higher than that of KO, especially when temperature beyond 

1200K, the difference of amounts between KO and KO2 becomes huge. When the 

concentration of oxygen is sufficient, K is more likely to convert to KO2 via R5 and further 

react with oxygen to generate KO following R6. At lower temperatures, KO can also react with 

SO2, H2O and HCl to obtain KSO3, KOH and KCl, following R7-9. However, as the 

temperature is raised, the decreasing release of SO2, H2O and HCl slow the depletion of KO, 

which then leads to the release of KO in larger amount.  

KOH + HCl → KCl +H2O                                                                                                        R 1 

KSO2 + KO2 → K2SO4 R 2 

KSO3 + KO → K2SO4 R 3 

KOH + SO3 → KHSO4 R 4 

K+ O2 → KO2                                                                                                                           R 5 

KO2+ O → KO + O2                                                                                                                 R 6 

KO + SO2 → KSO3                                                                                                                   R 7 

KO + H2O → KOH + OH                                                                                                        R 8 

KO + HCl → KCl                                                                                                                     R 9 

2KOH + SO3 → K2SO4 + H2O                                                                                               R 10 
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KCl +KOH + SO3 → K2SO4 +HCl                                                                                         R 11 

A generalized reaction path of potassium during combustion is summarised below in Figure 6.  

The reaction routes vary with temperatures, as well as the rates of different reactions; these 

detailed routes will be discussed below.  

 

Figure 6. Generalized reaction path of potassium 

From the Figure 6 and the above quantitative results, it could be summarised that the 

intermediate species are all released in minor fractions during the combustion process, which 

are thoroughly involved in the potassium transition and play a crucial role to generate the 

species KOH, KCl and K2SO4. This suggests the generation of detrimental potassium species 

(like KCl, KOH and K2SO4) might be mitigated if a suitable method could be developed to 

inhibit the formation of intermediate species. As the intermediate products have yet been 

detected experimentally [18], it is of great interest to obtain information from this model to 

guide the design of future experiments. 

3.2 The reaction paths of potassium species  

The reaction path followed by potassium is generated by the simulation at each temperature.  

The results can be divided according to their final temperatures into low (600-800K), medium 

(900-1100K) and high (1200-1400K) temperature ranges.  Figures 7-9 illustrate how potassium 
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transforms between different species during the combustion process at different conditions, 

and the values on the arrows in the graphs are the rates at which species are formed from other 

species, measured in kmol m-3 s-1.  The shade of the arrow represents the occupation of the 

reaction among the overall reaction rate.  

3.2.1 Low temperature rage (600-800K) 

At low temperatures, only a limited amount of potassium is released, which mainly comes from 

the loosely bonded and organically associated potassium. As we can see in Figure 7, at 600K, 

there is only one major transition, which is the reaction between KCl and KOH; the reactions 

of the other potassium species all occur at low rates.  At 700K, apart from the major transition 

of KOH → KCl, the intermediates species KO and KO2 and their transitions to KOH and KCl 

start to become more significant, and the same result can also be observed at 800K, with even 

higher reaction rates, since the temperature increased, more released gas species and potassium 

would be involved into the reactions, which increase the rates of reactions.  

   

      600K                                                               

 

                  700K 800K 

 

Figure 7: Reaction path diagrams of potassium in the low temperature range.  

With the increase of temperature, the rest of the potassium species and their transitions are 

negligible compared to the transition among KOH, KCl, KO and KO2, as shown in Figure 7. 
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As discussed in section 3.1, HCl starts to release at 700K, which causes the depletion of 

generated KOH to form KCl. Besides, as temperature increases, more loosely bonded 

potassium and organically associated potassium are released, which can be oxidized or react 

with other hydroxide species to form intermediate species, such as KO and KO2. Also, (KOH)2 

and (KCl)2 start to appear at 700K and gradually become one of the major species that KOH 

and KCl are transferred to. This agrees well with Figure 5(a): (KCl)2 is the main released 

potassium species at temperatures below 800K, followed by the KCl.  Besides, no K2SO4 can 

be observed according to Figure 7; instead, the transition routes of potassium to KHSO4, KSO2 

and KSO3 are noticeable, but all in small reaction rates, indicating that the formation of 

potassium-sulphide species may start in the early stage of combustion, but the transition and 

release of stable potassium sulphate (K2SO4) is favoured by higher temperatures.  

As discussed before, at this temperature range, almost no inorganic potassium is released, so 

the reaction path above mainly reveals the potential transition routes of potassium after it 

dissociates from loosely connected bond and organic matrix.  

3.2.2 Medium temperature range (900-1100K) 

In Figure 8, as temperature increases, the transition routes become more complex. More 

transfer paths are involved during the combustion process, among which, KCl and KOH are 

still the end of most of the routes. Within this temperature range, due to the release of large 

amounts of HCl, the consumption of KOH to form KCl is still the one of the major reactions.  

As temperature increases, the conversion of other species to KCl increases, such as from KO 

and KO2 through reacting with HCl.  In addition, the formation of KOH would involve more 

species, e.g., KO/KO2 and KHSO4 could react with H2O which is generated from 

decomposition of carbonates at high temperatures, but all in low reaction rates, due to the 

abundant existence of HCl in this temperature range. When the temperature reaches 1100K, 
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the rate of each transition reaction increases, while the transition of KO → KOH → KCl is still 

the major route, leading to the release of large amounts of KCl, which can also be observed in 

Figure 4. Although the release of HCl starts to decrease at temperatures beyond 1000K, 

however, still in large amounts, this leading to the high reaction rate of KOH → KCl, and 

remains one of the main reactions at medium temperature range.  

In the medium temperature range, more potassium-sulphide species start to become involved 

in reactions.  The transitions of other potassium species to K2SO4 appear at 1000K, and K2SO4 

becomes the end product of most of the transition routes at 1100K, but all at very low reaction 

rates. Since K2SO4 is thermally stable at these temperatures, most of the released potassium is 

still in the form of KCl.  

   

900K 

 

1000K 1100K 

 

Figure 8: Reaction path diagrams of potassium in the medium temperature range  

3.2.3 High temperature rage (1200-1400K) 

At high temperatures, as indicated in Figure 9, with the increasing of temperature, the rate of 

formation of KCl slows down. Meanwhile, due to the depletion of HCl, more KOH starts to 

form, as well as the conversion between (KOH)2 and KOH. KSO3Cl is the major species 

involved in the formation of KCl, while it is KHSO4 that primarily form KOH. However, the 
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rate of KO2 → KO decreases from 1.0 kmol m-3 s-1 at 1200K to only 1.1×10-03 kmol m-3 s-1 at 

1400K, as indicated in Figure 6, the decrease of KO will affect the formation of KCl, KOH and 

KSO3, which further affects the formation of K2SO4. Nevertheless, at high temperatures, 

chloride species and H2O are almost released completely, which means the paths of K + Cl/Cl2 

→ KCl and K +H2O → KOH are negligible, revealed that the formation of KCl and KOH are 

mainly via the intermediate species, like KO, (KCl)2 and (KOH)2 at high temperatures. This 

explains that apart from the depletion of (KCl)2 and (KOH)2, the decrease in the formation of 

KO is one of the crucial factors that causes the decrease of the release of KCl and KOH as 

temperature rises.  However, as observed in Figure 9, the rates of the consumption of KCl and 

KOH are smaller than that of their formation, indicating that KCl and KOH are still the major 

potassium species at these temperatures. 

In this temperature range, K2SO4 is the final product of most of the transition reaction pathways, 

including those of KCl and KOH, which react via R10 and R11. KSO2, KSO3, KSO3Cl and 

KHSO4 are the most important intermediate species that are involved during the transitions, 

which are sufficiently stable in the gas phase at this temperature range [18] and, thus, are 

detectible as gas species. As discussed in section 3.1, when the temperature exceeds 1300K, 

there is a sharp increase of K2SO4, however, as shown in Figure 9, even though K2SO4 is the 

final product of most of the potassium species, the reaction rates are all negligible compared to 

those of KCl and KOH, which indicates that the release of K2SO4 at high temperature is mainly 

from the inherent part in biomass and the ones that are generated at early stages which in the 

solid form, the transitions of other gaseous potassium species to K2SO4 are too small to cause 

the leap of releasing of K2SO4 at high temperature range. This reveals that the release of K2SO4 

relies less on the intermediate potassium species. It is reported that there is a two-step release 

mechanism of sulphur, which is determined during the combustion process [33]; the first step 

occurs during the devolatilisation stage, when the organically-associated S is released, which 
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makes up about 50 wt% of the total S in the biomass; the second step takes place at the char-

burnout stage, which mainly releases inorganic S, including the evaporation of K2SO4 [33].  

The released S at the devolatilisation stage is mainly in the form of SO2 and SO3 [36] and could 

be recaptured and occurs in secondary reactions with the char matrix. This process would 

facilitate the formation of K2SO4 in the solid residues, which would remain stable until the 

temperature is high enough for it to be evaporated. 

 
 

 

1200K 1300K 1400K 

Figure 9: Reaction path diagrams of potassium in the high temperature range 

Through the above investigation, one major transition cycle can be identified from each 

temperature range according to their reaction rate. These cycles represent the transition routes 

that occur most often during combustion, which means the consumption and formation of each 

species within the cycle are in large amounts.  
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(a) low (b) medium (c) high 

Figure 10. Major transition cycle during different temperature ranges:  

As shown in Figure 10, with the increase of temperature, KCl and KOH are gradually replaced 

by K and KSO3 in the cycles. As indicated in Figure 4, when the temperature reaches 1200K, 

the release of KOH and KCl become constant, meaning the reaction rates of KOH and KCl are 

decreasing.  The involvement of KSO3 in the major transition in Figure 10(c) shows that it has 

a large reaction rate at higher temperature, which facilities the formation of K2SO4. This again 

suggests that the formation of K2SO4 is favoured by high temperature and also helps to 

explained the sharp increase in the mole fraction of K2SO4 in Figure 4, which is partially caused 

by the reaction of KSO3. 

KO and KO2 are the only two species that are involved in the cycles for all temperature ranges; 

they are the main contributors to the formation of the major potassium species in the gas phase 

(i.e. KOH, KCl and K2SO4). Combined with the earlier discussion, the release of KO and KO2 

species are negligible when temperature is lower than 1200K, but the large rates of KO and 

KO2 related transitions in Figure 7-9 revealed that they are released significantly, meaning that 

the initial release of K mainly comes from its oxidised forms, which later react with other 

components to generate other potassium species. Consequently, controlling the reactions of 

KO and KO2 during combustion (e.g., by reducing the oxygen concentration or interfering with 

the formation of KO and KO2) may help to prevent the generation of the major potassium 

species and, thus, control the amount of their release.  
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4. Conclusions 

In this study, a two-step kinetically controlled model is developed to estimate the release 

profiles of potassium species and their reaction paths. The results show that by giving the initial 

compositions, it is possible to predict the release profiles of potassium during the combustion 

of biomass.  The model indicates that KOH, KCl and K2SO4 are the major alkali species formed 

during combustion, and KOH is more likely to be generated during the release process, which 

involves numbers of intermediate species. The reaction path diagrams show that at 

temperatures below 1100K, KOH and KCl are the final products of most of the transition routes, 

while in the temperature range of 1100-1400K, K2SO4 is the final product of the majority of 

the transition routes, but with low reaction rates. KOH and KCl are the main released potassium 

species throughout the whole temperature range, while the amount of K2SO4 increases to the 

same as KOH when the temperature reaches 1400K. Apart from the release of initial KCl, KOH 

and K2SO4, the reactions that involve intermediate species are more important during the 

release of KCl and KOH, however, the gas concentration of K2SO4 is more dependent on its 

initial amount in the biomass and reactions in the solid phase.  

The higher the temperature, the more complicated the reaction paths of potassium.  The 

intermediate species are all present in minor amounts compared to that of KOH, KCl and K2SO4, 

indicating that these intermediate species are short lived and their conversion to other major 

species happens quickly. Only several of them are thermally stable during the release process.  

(KOH)2 and (KCl)2 are important intermediate species and represent most of the gas phase 

potassium at temperatures below 1000K. KO and KO2 are the most crucial intermediate species 

during the transition of potassium throughout the whole temperature range and are involved in 

the conversion of KOH and KCl.  KSO3Cl and KHSO4 are more likely to be involved at high 

temperatures and finally converted to K2SO4.  



28 
 
 

The main results from this study show reliable trends and are comparable with previous studies.  

The model provides new perspectives on the transition mechanisms of potassium, such as how 

the intermediate species interfere with the reactions and information on the quantity of different 

potassium species in the gas phase.  The model uses cellulose, hemicellulose and lignin to 

characterise the biomass, so the potassium release profiles from any kind of lignocellulosic 

biomass material can be obtained.  This could provide useful information to the biomass firing 

industry to guide equipment design and optimise the reaction process, with the aim to mitigate 

ash related corrosion and fouling problems.  

In future, the model will be tested with different types of biomass materials under different 

reaction conditions; the sensitivity of the effect of initial composition on the release profiles of 

potassium will be also studied.  In addition, more complete reaction mechanisms of potassium 

and its related inorganic elements will be investigated and then integrated within the model.  

Finally, we will look to validate the model’s predictions against experimental measurements.  
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