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Abstract 

A mechanistic understanding of potassium release is essential to mitigate the potassium-

induced ash problems during biomass combustion. This work studies the effects of operational 

condition on the potassium release and transition during the combustion of wheat straw, and 

elucidate the release potential of potassium associated to the structural change of biomass 

particles. The combustion tests were carried out in a laboratory-scale reactor, working in a wide 

range of temperatures and heating rates. It was found that the combustion of biomass sample 

at a temperature up to 1000℃ results in a release of over 60% of its initial potassium content. 

Raising the heating rate from 8℃/min to 25℃/min could lead to an additional release of up to 

20% of the initial amount of potassium. A three-stage potassium release mechanism has been 

concluded from this work: the initial-step release stage (below 400°C), the holding stage (400-

700°C) and the second-step release stage (above 700°C). Comprehensive morphology analysis 

with elemental (i.e. K, S, O, Si) distribution was carried out; the results further confirmed that 

potassium is likely to exist inside the stem-like tunnel of biomass particles, mainly in forms of 

inorganic salts. During the heating-up process, the breakdown and collapse of biomass particle 

structure could expose the internally located potassium and thus accelerate the release of 

potassium and the transform of its existing forms. Lastly, a detailed temperature-dependent 

release mechanism of potassium was proposed, which could be used as the guidance to mitigate 

the release of detrimental potassium compounds by optimising the combustion process. 
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1. Introduction 

Energy depletion, environmental pollution and climate change due to the increasing utilization 

of fossil fuels have motivated a global imperative to explore alternative energy sources [1]. 

Biomass is a CO2-neutral renewable energy source with great potential to replace fossil fuels 

as it is the only renewable energy resource that contains all elements needed for the generation 

of fuels and related products [2]. Around 10-15% of world energy demand is currently supplied 

from biomass, which is equivalent to about 1.25 billion tons of oil [3, 4]. Lignocellulosic 

biomass can be converted to energy via thermochemical conversions, such as pyrolysis, 

gasification, and combustion. Of which combustion is the only proven technology today to 

utilize biomass sources for heat and power production at large scales [5-7]. However, ash-

related problems such as slagging, fouling and corrosion remain as major technical challenges 

in biomass combustion, which are mainly caused by the release of alkali species (especially K) 

along with other corrosive inorganic elements (e.g. S and Cl) [8].   

The K content in woody and herbaceous biomass is typically around 0.4% and 1.3% by weight, 

respectively [9]. It is reported that 60-90% of K in these biomass materials can be released as 

vapours during combustion at temperatures above 1000℃ [10-12]. Those volatile potassium 

vapours will undergo homogeneous reactions forming compounds. As the flue gas cools down, 

these compounds form new primary particles by nucleation or condense on surfaces of existing 

fly ash particles. Primary particles can grow further by condensation, coagulation and 

agglomeration during the travel with the flue gas, and finally, form the fine mode particle 

emission to our ambient. Furthermore, a part of the sticky submicron ash particles could also 

condense on the hot surfaces of walls and pipes in boilers to form layers of sticky deposit and 

capture the subsequent particles. Studies have been carried out on the K release mechanisms 



and concluded that KCl, KOH and K2SO4 are the dominate forms of generated potassium 

vapours during combustion. A general release mechanism can be summarised as: (1) 

Organically-associated and loosely-bonded K will release at temperatures up to 500℃; (2) As 

the temperature further increases, char-bonded and inorganic K species start releasing till a 

large portion; (3) K-(Al)-Si-Ti compounds, known as insoluble K species, remain in solid 

residues after the completion of char oxidation at high temperatures [1]. 

During biomass combustion, the release of K can be affected by fuel composition and operating 

conditions such as temperature and heating rate. Fuel composition normally affects the yields 

and forms of K species released during biomass combustion [13]. The existence of Cl could 

act as a main facilitator of the K release, whereas Si/Al contents in the virgin biomass are 

favourable to the K retention. Si-rich biomass sample is capable of capturing the K content and 

preventing its release as KCl [10]. Several studies have revealed that most herbaceous and 

woody biomass can release 70-90% of their initial K content as combustion temperature 

reaches 1150℃ [11]. The operating conditions (i.e. temperature and heating rate) can 

significantly affect the reaction kinetics of biomass devolatilisation, thereby the yield of the 

evaporated volatile matter and potentially the release of K. 

Biomass normally contains a higher amount of volatile matter, most of which can be released 

at relatively low temperatures. A release of such large amount of volatile matter can intensify 

the release of associated K and affect the distribution of existing K forms in the char products. 

The heating process during the combustion could affect the volatile release and manipulate the 

structural changes of biomass particles, which closely correlate with the intraparticle heat and 

mass transfer, the ash formation and the pollutant formations [14]. It is thus of great interests 

to elucidate the effects of thermal processing conditions on the K transition associated with 

structural changes during biomass combustion. Currently available publications, however,  

focused mainly on the release behaviour of K from burning biomass samples in a preheated 



reactor at temperatures around 1000°C [9, 15-22]. Little is known on the effects of operational 

conditions on the structural change of biomass particles and the transition of K.  

This study will investigate the effects of the final temperature and heating rate on the release 

and transition of K during biomass combustion. Analyses will be carried out based on the 

structural changes of biomass particles and the distributions of key inorganic elements. Insights 

of the knowledge are anticipated for the development of ash-problem-free biomass combustion 

technologies prolonging the service life of biomass boilers, and making the energy from 

biomass more competitive [23]. 

2. Materials and Methods 

2.1 Raw materials and test device 

Wheat straw pellets were used as raw material in this study, purchased from Agripellets Ltd. 

The average weight of each straw pellet is ca. 0.8 g in a cylinder shape with a length of 40 mm 

and a diameter of 5 mm. The straw pellets have been air-dried to eliminate the excess amount 

of moisture. Table 1 listed the fuel properties of wheat straw pellets. It shows that the sample 

contains higher amounts of K and S. The Cl content, however, is rather low, indicating that the 

potassium release via the KCl pathway is negligible. 

Table 1. Fuel properties of wheat straw material  

Proximate analysis, wt% Moisture ar 9.00 # Ash analysis, wt% SiO2 31.88 

VM db 74.80 Al2O3 0.86 

*Ash db 7.40 CaO 5.24 

FC db 17.80 MgO 1.61 

Ultimate analysis, wt% C db 45.20 Na2O 0.12 

H db 5.25 K2O 9.13 

O db 48.69 P2O5 46.74 

N db 0.71 Fe2O3 0.15 

Cl db 0.01 TiO2 <0.05 

S db 0.14 Other 2.5 

Note:  ar = as received basis; db = dry basis. 

 * ash content determination temperature: 800℃; # ashing temperature: 550℃. 



Combustion experiments were carried out in a laboratory-scale high-temperature furnace 

equipped with a weighing system. A schematic drawing of the furnace is shown in Figure 1. 

The system allows the monitoring of the weight loss of the biomass samples during 

experiments, a time-dependent temperature profile of the biomass sample is monitored using 

the thermocouple located in the middle of the furnace. The prepared samples are heated inside 

the furnace from ambient to the target temperature at a given heating rate, then holding for      

10 min. The mild heating processes and long holding time can allow the heat sufficiently 

transferred from the environment, to the crucible container and eventually to biomass sample 

with a minimized temperature gradient and make sure the reactions are completed. After 

reactions, samples will be transferred and cool down in a drying oven that is maintained at 

ambient temperature. The validation and the reliability tests of the furnace have been carried 

out by comparing its mass loss and derivative mass loss results with that of the TGA device. 

According to the tests, the furnace can accurately identify the different stages during the 

biomass combustion and the obtained volatile matter and ash contents are varied within 5% 

compared to that of the TGA results [23, 24]. There are totalling of 18 combustion tests were 

performed, the operating conditions of these tests are summarised in Table 2. For each test, 5g 

wheat straw pellets were weighted with an error of ±0.1g, and each pellet is in cylinder shape 

and selected with a length of 40 (±1) mm and diameter of 5 (±0.1) mm. The effect of final 

combustion temperatures was investigated in the ranged of 300℃ to 1000℃ (with 100℃ 

interval) while the heating rate was kept constant at 17℃/min. The effect of different heating 

rates was tested for 8℃/min, 17℃/min and 25℃/min; and for each heating rate, five final 

temperatures (300℃, 400℃, 600℃, 900℃ and 1000℃) were applied, representing the typical 

temperatures of sequential conversion stages during the biomass combustion. Each combustion 

test was carried out twice to ensure the repeatability of the results, and the averaged quantity 

result is shown in this study.   



Table 2. Summary of performed combustion tests of biomass samples  

 Final temperatures (oC) 

300 400 500 600 700 800 900 1000 

Heating rates 

(oC/min) 

8 √ √ - √ - - √ √ 

17 √ √ √ √ √ √ √ √ 

25 √ √ - √ - - √ √ 

                 Note: ‘√’ = tested; ‘-’ = NA 

 

Figure1. Schematic drawing of the furnace equipped with weighing system 

2.2 Determination of K content in solid residues 

After each combustion test, the remaining residues were collected and milled into fine particles. 

Then 50 (±5) mg residue sample was digested in the HNO3 solution (> 69%) using a 

microwave oven at 200℃ for 120 minutes. Samples of the digested solutions were then 

analysed for K content using Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES). Collected solid samples were further analysed by Scanning Electron Microscopy 

- Energy Dispersive X-ray Spectroscopy (SEM-EDX) in order to elucidate the change of 

structure of the particles and scope the distributions of the target inorganic elements. These 

results will be jointly analysed to determine the transition performance of K species. The 

quantity and morphology analysis were all repeated twice to ensure the reproductivities of the 



results. The standard deviations of all the measurements are within the range of 0.1- 0.5% (see 

Table A and Table B in the supplementary materials), indicates a small variation of the results.  

Since biomass sample undergoes drying, devolatilisation and char oxidation during its 

combustion process, the K content in the solid residues would be concentrated and might vary 

according to the conversion stage. For comparison purposes, K content will be normalized for 

the amount of K in the fuel and presented with a unit of mg/kg raw biomass material. The 

released K concentration Rk* can be calculated as below: 

 𝑅𝑘
∗  =  1 −

𝑚𝑘𝐶𝑟

𝑚𝑜
100%                                                                                                       Eq. (1) 

Where mk represents the K content in the remaining solid residue, ±0.001 mg/kg, Cr is the ratio 

of the mass of the remaining residue to the initial mass, ±0.1 %, and m0 is the initial K content 

in the raw wheat straw, ±0.001 mg/kg.  

3. Results and Discussion 

3.1 Effects of the final temperature on K transition  

Most of the free potassium in living biomass is presented in the form of ions (K+) in solution 

within the xylem cells [25]. During the air-drying process, these ions precipitate as inorganic 

K salts [26], which make up to 90% of the total K in raw biomass thermally stable at lower 

temperatures. The release of K and the mass loss of wheat straw samples as a function of 

temperatures is presented in Figure 2. The transition of K species could be categorised as three 

stages: the initial-step release (<400℃), the K-holding phase (400℃-700℃), and the second-

step release (>700℃). The potential transition mechanism of K at each stage will be analysed 

and discussed later individually. In order to facilitate the further understanding of K transition 

fate, a list of potential chemical reactions is presented in Table 3 regarding the transformation 

of relevant potassium species during biomass combustion.  



      
Figure 2.  Mass loss and the released gas phase K on dry basis at the heating rate of 17 oC/min 

Table 3. Potential reactions of K species during the combustion process 

  Ref. 

R-COOK (s) → R + CO2 (g) + K (g) R1 [1] 

2K (g) + 2H2O (g) → 2KOH (g) + H2 (g) R2 [27] 

2KOH (g) + CO2 (g) → K2CO3 (s) + H2O (g) R3 [28] 

Char-K (s) + O2 (g) → K2CO3 (s) R4 [12] 

Char-K (s) + S → K2SO4 (s) R5 [21] 

K2CO3 (s) + H2O (g) → 2KOH (g) + CO2 (g) R6 [17] 

K2CO3 (s) → K2O (s) + CO2 (g) R7 [17] 

2K2O (s, l) → 4K (g) + O2 (g) R8 [11] 

K/K2O (s) + SiO2 (s) → K2SiO3 (s)   R9 [29] 

3.1.1 Stage 1: The initial-step release (up to 400°C) 

The initial-step release of K occurs at temperatures below 400℃. As shown in Figure 2, around 

30% of K in the initial biomass released at 200℃, where straw pellet starts decomposition too. 

At temperatures below 300℃, loosely-bonded K in the biomass that is attached to hydroxyl 

and/or carboxyl groups, or other oxygen-containing groups [30, 31] can be released from the 

surfaces of particles in the form of K+(g) [32, 33]. Those K+(g) can subsequently react with 

water vapour locally available to form KOH(g) that is the primary K form released at 

temperatures below 400℃ [30, 34].  When the temperature increases up to 400℃, there is 



around 15% of K in the initial biomass being further released (see Figure 2). During this stage, 

a steep weight loss of straw pellets occurred with approximately 70%, mainly due to the 

enhanced devolatilisation. When the final temperature reaches 400℃, partial organic-K starts 

decomposing (via R1) while inorganic-K remains stable as this temperature is not high enough 

to initiate the evaporation and decomposition of inorganic-K compounds. The wheat straw 

pellets used in the tests are Cl-lean according to the ultimate analysis in Table 1, implying KOH 

is the main form of the released K (which is partially generated via R2). At 400℃, a significant 

amount of volatile matter has released from straw biomass, and the volatile hydrocarbons 

would be partially oxidised into CO2  [35]. The released KOH vapour could go through 

carbonation reaction (R3 shown in Table 3) to form new particles and/or condense on the 

surface of existing particles in the form as K2CO3 via nucleation and condensation routines at 

this temperature.   

Table 4 presents the SEM and EDX images of the morphology and distributions of key relevant 

elements (K, O, S and Si) on the surfaces of the solid samples collected after each combustion 

test. Looking at the sample particles prepared below 400˚C, their structure has not been 

changed much as indicated by SEM images for 200˚C and 400˚C samples. Their EDX images 

show that the surface area of the examined particles is covered with O in the majority, and Si 

and K only at the detectable level. However, K and S are revealed more abundant in the internal 

structures than on the surfaces of the particles as observed through the cross-section areas of 

the char particle combusted at 400 ˚C (denoted as 400 ˚C-char). Only a small amount of S is 

detected, indicating that K2SO4 may not be the main existing form of K in the wheat straw.  

 

 

 

 



Table 4.  Results of morphology and surface elemental composition of biomass solid residues characterized by 

SEM-EDX   

During the devolatilisation stage, weakly bonded moieties in biomass particles will disconnect 

from the main structure via bond breakage, forming vapour molecules that accumulate within 

the particle [36]. Volatiles, together with loosely-bonded K, will burst forth from the particle 

due to the internal force built up by gas pressure. Meanwhile, new stronger and cross-linked 

bonds can be formed by reconnecting broken structures with neighbouring active regions. 

During the internal structure change of the carbonaceous material, i.e. the char-forming process, 

the organic-K is starting to convert into char-K via internal molecular rearrangements. At the 

same time, the original biomass particle will become more porous due to the release of volatiles. 

In our results, most of the stem-like structure remains intact up to 400 ˚C as shown in the 

400˚C-char SEM image in Table 4. Some breakage and percolative fragmentation [37] will 
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take place depending on the original structure of biomass, the heating rate applied and the final 

temperature attained by particles. At the final temperature of 400 ˚C, the breakage of particles 

is visible where more internally located K is exposed. However, the release of those K is 

insignificant in the current situation, implying that the major K exists in the internal structure 

of biomass is thermally stable. At this temperature, the retention of K via the reaction with the 

Si-rich layers to form stable K silicates is rather negligible [11]. This suggests that the exposed 

mode of internally located K could be inorganic salts such as K2SO4 and K2CO3, together with 

some stable char-K derived from organic-K [1]. 

3.1.2 Stage 2: The K-holding phase (400-700°C) 

The K-holding phase, i.e. almost no noticeable increase of the K release (see Figure 2),  occurs 

in the temperature range of 400-700℃ where decomposition and partial char oxidation occurs 

after the devolatilisation [38]. The release of K is insignificant, whereas the transition of the K 

compounds from organic to inorganic forms is very likely to take place at this holding stage. 

When the final temperature reaches 700℃, there is only about 20 wt % of the original sample 

remained as the solid residue, mainly consisting of ash and unburnt char.   

Compared with the SEM image of 400°C-char, the structure of 600°C-char particles do not 

show a significant change as shown in Table 4. Similar to the 400°C-char, the particle of 

600°C-char is not fully collapsed yet, and the stem-like structure is recognizable with explicit 

channels. The original biomass used in this study has a high content of Si (as indicated in Table 

1) which should present with silicate skeletons offering necessary structural strength against 

the possible collapse [11]. However, the structure of channels in the 600°C-char looks less 

dense, and surfaces of the char particle become rougher with the attachment of fine ash particles 

visible. The EDX image of 600°C-char reveals more K and S on the broken side surface than 

that in the image of 400°C-char. Those substantial amount of K and S inside the pores are 

possibly K2SO4 (s) that are formed via the R5 (see Table 3) in the presence of oxygen. Besides, 



the observed K-Si clusters in Table 4 suggest the co-existence of K and Si (apart from the 

inherent K2SiO3 in biomass). They, however, may not form any compound yet, because the 

reaction between the two elements cannot be significant at 600°C [1]. This implies that the K 

is likely to be captured by the Si matrix at the current stage of the char combustion. The 

possibility of incorporating alkali metal oxides into silicate networks has been proved by 

previous works [33, 39, 40]. If the temperature keeps rising up, the captured K could further 

react with Si to form different type of silicates. 

As a short summary for this K-holding stage, char-K and organic-K are partially trapped by 

silicate structure and/or partially go through transition routes. Char-K is partially oxidized to 

produce K2CO3 in the solid phase via the reaction of R4 during the char combustion with the 

presence of excess oxygen and partially react with S forming K2SO4 (s). At the end of this stage, 

the remaining K in the char/ash residues exists mainly in the form of thermally-stable carbonate 

and sulphate. 

3.1.3 Stage 3: The second-step release (above 700°C) 

The second-step release of K occurs when the final temperature exceeds 700℃. The high 

temperature facilitates further combustion of the remaining char, which is indicated by a further 

10% of weight loss of solid samples in Figure 2. Meanwhile, the dissociation and release of 

alkali salts are also enhanced, which is evident with a significant K release of an additional 30% 

of its initial mass. After the organic-K and partial inorganic-K released at low-medium 

temperatures, the remaining K exists mainly in the forms of K2CO3, K2SO4 and K2SiO3. When 

the final temperature exceeds 800℃, the formed K2CO3 (s) could be either vaporised or react 

with H2O to generate KOH (g) via the R6 (see Table 3). If the temperature goes above 900℃, 

K2CO3 (s) could be primarily dissociated to K2O (s) and K (g), following the R7 and R8 [11]. 

Previous studies also reported that the formation of K-Si species following the R9 becomes 



significant at the combustion temperature above 900℃ [11, 41]. K2SO4 (s) could be evaporated 

from 1000℃ and above [12], resulting in a further loss of K content from solid residues. After 

complete combustion of biomass samples at high temperatures, the remaining K in the ash 

residues is presented mainly in the thermally stable forms, such as K2SiO3 (s), K2O (s), and/or 

possible forms like K2CaSiO4 (s) and KAlSi3O8 (s) [29]. 

According to Table 4, the structure and surface of 900°C-char and 1000°C-char have changed 

significantly during this stage compared with the samples made for other stages. The char 

particle shrank as the pore structure collapsed. Moreover, fine ash particles adhere to the 

surface of larger residue particles. The edges of the particles become less sharp, especially 

shown by the 1000°C-char. The EDX images of both 900°C-char and 1000°C-char show that 

more internally located K and S is detected from the surface on the broken section of pore 

structure. While carbon is consumed and released during combustion, the collapse and 

breakage of the particle pore structure occur.  A peeling role is played to get more internally 

located K and Si-rich structure exposed first, and then react with each other. For the 900℃-

char, partial fusion is found on the external surfaces of the larger particles where Si and K are 

relatively rich. For the 1000℃-char, the pore structure is not visible any more. Large external 

area is fused, and particles start to agglomerate into the large structure with smooth surfaces. 

The evaporation of K2SO4 (s) can still take place at this temperature. Therefore, the K and S 

clusters become less abundant.  However, K and Si clusters became more detectable, together 

with the isolated K and K-O clusters. This suggests that the Si matrix could effectively capture 

the K (s) and K2O (s) after being released. As a further fate reported in the studies [33, 42], 

K2SiO3 (s) can be partially released as well, causing the further loss of K if the final temperature 

exceeds 1200℃. Meanwhile, the trapped K (s) and K2O (s) could further react with Ca to form 

K-Ca-silicate that can remain stable in the molten ash residues. 

3.1.4 Proposal of a comprehensive temperature-dependent K-transition pathway 



By summarizing the above resulting data, we proposed a comprehensive K-transition 

mechanism during the combustion process as presented in Figure 3, which fully illustrates the 

transition behaviour of K at different temperatures. This mechanism involves solid-phase-K 

transition pathways that are contributed from this work (black-coloured in Figure 3) and the 

gas-phase-K transition routes integrated from the literature [1, 10, 12, 21] (blue-coloured in 

Figure 3). When the combustion process is running below 800℃, the release of loosely 

bounded K and organic-K are mainly in the form of KOH. It is worth to mention that in this 

study KCl plays an insignificant role due to the low content of Cl in wheat straw. In addition 

to its release, K in the fuel could simultaneously undergo different transformation routes, such 

as (1) the capture of released K compounds by Si-matrix due to the continuous change of 

particle structures and further exposure of internally located K; (2) the transformation from 

organic-K to char-K within the solid residue; (3) the oxidization and sulphation of char-K to 

form the thermally-stable salts like K2CO3 and K2SO4. During the progress of its oxidation, the 

particle structure will gradually change from a rigid and porous network to a shrunk and 

collapsed skeleton. This could indirectly affect the K transition pathway. When the final 

temperature exceeds 800℃, the abundant decomposition and evaporation of inorganic K 

compounds (like K2CO3 and K2SO4) will dominate the released volatile K species. Meanwhile, 

the retention of K will occur through reactions between Si and the captured K to form 

thermally-stable K silicates [11, 41]. 



 

Figure 3. Temperature-dependent transition route of K during combustion integrated with the reported 

pathways (adapted from literature [1, 10, 12, 21]) 

3.2 Effects of the heating rate on K transition  

The effects of heating rate on the release of K are summarised in Figure 4. The three stages of 

K transition defined in Section 3.1 are well distributed but varying slightly under different 

heating rates. A similar trend is observed for each group of tests at the same final temperatures. 

That is, the higher the heating rate is applied, the more K is released. However, the released 

amounts of K at the heating rate of 8 ℃/min and 17 ℃/min are rather similar, with differences 

of approximately 5%. Compared with the cases of the heating rate of 8℃/min, the cases with 

the heating rate of 25 ℃/min release about 15-20% more K in the initial-release stage, around 

15% more in the K-holding stage, and about 10-15% more in the second-release stage. 



 

Figure 4. The change of K content (dry basis) released in gas phase with the change of heating rate 

According to the literature [43-45], the high heating rate can enhance the probability of 

simultaneous bond breaking, leading to a higher release of volatile matters within a shorter 

time during the devolatilisation stage. The conversion rates of the tested samples under the 

different heating rates are summarised in Figure 5. It illustrates a higher heating rate results in 

a higher conversion rate of the samples during combustion, similar results were also reported 

by Fushimi et al. [46].  As aforementioned in Section 3.1, the release of K starts with the release 

of loosely bonded K and organic-K that could be associated with the evaporation of volatile 

matters. Nevertheless, the conversion differences are not very big among our tested biomass 

samples which are heated to the same final temperature with varied heating rates. The reason 

is twofold: firstly, all these studied three applied heating rates are basically slow which may 

not bring noticeable conversion difference; and secondly, the effect of the total heating time, 

especially the final isothermal holding time, might equalize or compromise the difference 

among conversions caused by the small variations of low heating rates applied.  



 

Figure 5. Mass conversions of biomass at different heating rates 

Furthermore, the effect of heating rate on the K release and transition could also be explained 

theoretically based on the apparent activation energy of biomass decomposition and potassium 

bond dissociation energies (BDEs). The energy supplied to the biomass particles could 

determine as to whether the dissociations of the potassium bonds occur. A higher heating rate 

provides a rapid energy supply that accelerates the molecular motions, benefiting the biomass 

decomposition reactions [47]. Besides, it was reported that a higher heating rate might lower 

the apparent activation energy of biomass decomposition reactions [48-50], the apparent 

activation energy for typical biomass decomposition reactions are approximately 180 kJ/mol 

[51]. When compared with the theoretical BDEs to break the K bonds as listed in Table 5, it is 

noticed that the BDEs of K+-X bonds and organic-K are all within 100 kJ/mol, well below the 

apparent activation energy of 180 kJ/mol. This indicates that the dissociation of K+-X bonds 

and organic-K are prioritised during the decomposition process. Besides, a higher heating rate 

leads to an extensive devolatilisation [52], resulting in H2O and HCl released at higher 

concentrations. Additionally, a higher heating rate can suppress surface diffusion [53]. 

Therefore, the dissociated K+/K from the organic-K and K+-X are able to departure the particle 



more quickly. These free gaseous K+ would then be more likely to react with gaseous species 

of H2O and HCl to generate the corresponding K compounds, i.e. KOH and KCl.   

Table 5. Theoretical bond dissociation energy (BDE) of typical K bonds 

The K bonds BDE, kJ/mol The K bonds BDE, kJ/mol 

K-H 183.4 K+-O 17.5 

K-Cl 433.0 K+-KCl 172 

K-O 276.1 K+-CO 19 

K-OH 359.0 K+-CO2 35.6 

(KO)-H 521.7 K+-KOH 159.0 

(KOH)-KOH 190.0 K+-(KOH)2 126.0 

K-H2O 24.1 K+-H2O 70.7 

K-NH3 31.2 K+-K2SO4 159.0 

K-K 57.0 K+(CH3OH)-H2O 65.2 

K+-K 85.7 K+-C2H5C(O)OH 87 

K+-Cl 26.9 K+-C6H5OH 83.7 

K+-CH3OCH3 92.9   

                  *BDEs are extracted from the reference [54] 

Table 6 presents SEM-EDX images of morphology and surface elemental distribution mapping 

of biomass solid residues, which are prepared at varying heating rates and different final 

temperatures. We index the presented images in Table 6 using a common name format as B-8-

400, indicating the solid residue derived with a heating rate of 8 °C/min at the final temperature 

of 400°C. It is found that the influence of the heating rate on the change of particle structure at 

the low and medium temperatures (400℃ and 600℃) is insignificant, and the porous structure 

of particles are well reserved without evident breakage and pore collapse. The effect of the 

heating rate on the morphology is not apparent for all samples collected from tests at 400℃ 

and 600℃. At high temperatures (900℃ and 1000℃), however, the particles undertake 

dramatic structural changes compared to that at lower temperatures. Large cavities and 

openness, as well as the fused structure, appear more obviously and frequently in the high 

heating rate samples than in the low heating rate samples. This can be observed by comparing 

the morphology between B-8-900 and B-25-900. The pore collapse, coalescence and fusing 

behaviours are well illustrated in the SEM image of B-25-900. Samples combusted at 1000℃ 



also show similar fused morphology, with denser structures and smoother surfaces, due to the 

high ash content in the solid residues with a high conversion rate. 

Elemental distribution mapping results from EDX show several general trends: (1) K is widely 

spread within the whole particle structure for all samples made at lower temperatures of 400℃ 

and 600℃. However, it is less distributed on the surfaces and more concentrated inside the 

pore structure for all samples collected from tests at 900℃ and 1000℃. (2) Si-clusters reveal 

several more locally concentrated patterns for all B-8 samples (representing all samples 

prepared with a lower heating rate of 8℃/min at all tested temperatures) in comparison to more 

evenly-distributed within the structures for all B-25 samples. The pore structure opening during 

the devolatilisation stage and further surface reaction of combustion will lead to more internally 

located K exposed. As shown in Table 6, K distribution on the surface of the B-25-400 sample 

is more abundant than that of both B-8-400 and B-17-400 samples.  

The high heating rate could increase the char reactivity [55] by lowering the pyrolytic carbon 

deposition, inhabiting secondary carbonisation reaction [56] and generating more active sites 

[57]. This would accelerate the decomposition and conversion of char-K and thus form more 

inorganic K compounds (i.e. KOH, K2CO3 and K2SO4). They can either be dissociated and 

evaporated or be retained as silicates at high temperatures [23]. For example, the B-25-1000 

sample shows much less K distributed on its surface than the B-8-1000 sample, due to the 

potentially enhanced release of K2SO4. While the surface distribution of K-S clusters shows 

less abundant in the B-17-900 and B-25-900 samples than that in the B-8-900 sample. 

Moreover, little S distribution is detected on either the side or fragmented surface for all B-

1000 samples. Futhermore, less K but more Si start distributing on the surfaces for all samples 

of B-900 and B-1000 indicating the final K retention via the formation of K2SiO3. 

 



Table 6. SEM-EDX Results of morphology and surface elemental distribution of sample residues collected from 

tests at different final temperatures and heating rates 

Temperature, ℃ 400 600 

Heating 

rate, ℃/min 
8 17 25 8 17 25 

SEM 

      

EDX 

(Red: K; Green: 

O; Blue: S) 

 

EDX 

(Red: K; Green: 

O; Blue: Si) 

 

      

      

Temperature, ℃ 900 1000 

Heating 

rate, ℃/min 
8 17 25 8 17 25 

SEM 

      

EDX 

(Red: K; Green: 

O; Blue: S) 

 

EDX 

(Red: K; Green: 

O; Blue: Si 

      

      

4. Conclusions 

The influences of final temperature and heating rate on the release and transition performance 

of K during biomass combustion have been studied. It is concluded that less K amount is 

retained in the solid residues at a higher final temperature. A three-stage mechanism is defined 

as a function of the final temperature to describe the K release and transition for the studied 

wheat straw, including:  



 The initial-step release stage (up to 400°C): the release of loosely bonded K and partial 

organic K, which causes about 25% loss of the initial K content; 

 The K-holding stage (400-700°C): the transition of existing K forms from thermally 

unstable organic-K and char-K to thermally stable inorganic compounds like KOH and 

K2CO3, during which no apparent K release was detected;  

 The second-step release stage (above 700°C): the further release of inorganic K compounds, 

during which nearly 30% extra of the initial K was finally lost.  

Heating rate of biomass materials also influences the K transition during the combustion. The 

higher the heating rate is, the less the K is retained in the solid residues. Compared to samples 

prepared with the heating rate of 8℃/min, all samples made at 25 ℃/min release 15-20% more 

K in the initial-release stage, around 15% more in the K-holding stage, and 10-15% more in 

the second-release stage. 

Comprehensive morphology investigation with elemental distribution mapping analysis has 

been conducted using SEM-EDX, providing excellent qualitative evidence to the potential 

relationship between fuel structural evolution and K transition mechanism. It can be concluded 

that the majority part of K exists inside the stem-like tunnel of the biomass particles. During 

the mass conversion of biomass, the breakdown and collapse of its structure could accelerate 

the release of K as more internally located K got exposed. Integrated our experimental results 

with the targeted literature review, a detailed temperature-dependent mechanism of K release, 

transition and retention, during biomass combustion, has been proposed.  
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