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Abstract: The reaction of kaolin powder with K2CO3, KCl and K2SO4 at suspension-fired 

conditions was studied by entrained flow reactor experiments and equilibrium calculations. The 

influence of reaction temperature, K-concentration in the flue gas, molar ratio of K/(Al+Si) in the 

reactants, and gas residence time on the reaction was investigated. The results showed that the K-

capture level (CK) (g potassium reacted by per g kaolin available) of K2CO3 and KCl by kaolin 

generally followed the equilibrium predictions at temperatures above 1100 °C, when using a kaolin 

particle size of D50 = 5.47 μm and a residence time of 1.2 s. This revealed that a nearly full conversion 

was obtained without kinetic or transport limitations at the conditions applied. At 800 and 900 °C, the 
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measured conversions were lower than the equilibrium predictions, indicating that the reactions were 

either kinetically or diffusion controlled. The measured CK of K2SO4 by kaolin was much lower than 

the equilibrium predictions. Kaliophilite (KAlSiO4) product was predicted by the equilibrium 

calculations of the K2SO4 capture reaction; however the XRD results revealed that leucite (KAlSi2O6) 

was formed. Compared with the CK of KOH reacting with kaolin, the CK of K2CO3 was similar, while 

the CK value of KCl and K2SO4 were both lower. 

1 Introduction 

The Danish government plans to phase out coal from power plants by 2030, mainly through 

promoting wind energy and replacing coal with biomass in power plants.
1
 Suspension-firing of biomass 

can provide CO2-neutral electricity with higher efficiency compared to traditional grate-firing.
2
 

However, ash-related problems have sometimes hampered the utilization of biomass in suspension-

fired power plants.  

Potassium is present naturally in plant materials and it is the main cause for most ash-related 

problems,
3-6

 including deposition,
7-10

 corrosion
11, 12

 and SCR catalyst deactivation in biomass-fired 

boilers.
13-15

 During biomass combustion, potassium is released to gas phase in different forms 

depending on the ash chemistry of the fuels and combustion conditions. K-species including KOH, 

K2CO3, KCl and K2SO4 have been detected in the ash from biomass-fired boilers.
3, 16-22

 In the 

combustion of woody biomass with a low fuel Cl and S content, potassium may appear as K2CO3 and 

KOH in the flue gas.
23

 However, when Cl and S are available, like in the case of herbaceous biomass 

combustion, KCl and K2SO4 become the dominant K-containing compounds.
23, 24

 KCl and K2SO4 have 

melting temperatures of around 770 °C and 850 °C, respectively. The binary system of KCl and K2SO4 
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may melt at as low as 690 °C forming sticky surface on heat transfer surfaces.
25

 The melted K-salts can 

function as a glue and accelerate the formation of ash deposit. Additionally, the deposited KCl can 

cause severe corrosion.
26

 When the flue gas is cooled down, the condensation of KCl and K2SO4 forms 

aerosols that can poison SCR de-NOx catalysts and thereby impede the plant NOx removal system.
13-15

 

The efficiency and availability of biomass-fired boilers can be decreased due to problems caused by the 

potassium-rich biomass ash.
27-29

 

Injecting additives to capture and transfer the volatile potassium species into less corrosive 

compounds with a higher melting point is an option to reduce biomass ash related challenges.
17, 30-32

 

Kaolin and coal fly ash have been identified as effective potassium-capture additives for biomass 

combustion.
33, 34

 Kaolin is a kind of clay that is rich in a layered aluminosilicate mineral – kaolinite 

(Al2Si2O5(OH)4). Coal fly ash often contains mullite (3Al2O3·2SiO2) as the main mineral phase.
35

 

Kaolinite and mullite can react with volatile alkali species and bind alkali in alkali-aluminosilicate 

species.
17, 36

 

When kaolin is heated, it decomposes and transfers into metakaolin above 450 °C.
37, 38

 Metakaolin 

can capture gaseous potassium species such as KOH, KCl and K2SO4. Using KCl as an example, 

metakaolin react with KCl forming K-aluminosilicate, releasing HCl into the gas phase, see reaction R1 

and R2.
39-41

 K-aluminosilicate has a higher melting point compared to KOH, KCl and K2SO4 and 

thereby the potassium becomes less problematic for the boiler operation. Coal fly ash with mullite as 

the main mineral phase, can react with volatile K-species in a similar way as kaolin.
17, 42-46

 

𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 2𝐾𝐶𝑙 + 𝐻2𝑂 → 

2𝐾𝐴𝑙𝑆𝑖𝑂4(𝑘𝑎𝑙𝑠𝑖𝑙𝑖𝑡𝑒/𝑘𝑎𝑙𝑖𝑜𝑝ℎ𝑖𝑙𝑖𝑡𝑒) + 2𝐻𝐶𝑙 (𝑔) 

(R 1) 
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𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛) + 2𝑆𝑖𝑂2 + 2𝐾𝐶𝑙 + 𝐻2𝑂 →

2𝐾𝐴𝑙𝑆𝑖2𝑂6 (𝑙𝑒𝑢𝑐𝑖𝑡𝑒) + 2𝐻𝐶𝑙(𝑔)
 (R 2) 

Kaolin has been tested in a large-scale CFB boilers as an additive to prevent alkali-related 

problems.
47

 With the addition of kaolin, the amount of water soluble K and Cl in the fly ash was 

significantly decreased, and the bed agglomeration temperature was increased.
47

 Coal fly ash has been 

commercially utilized in full-scale biomass suspension-fired boilers in Denmark.
17, 30, 48

 In order to 

optimize the use of these additives in biomass suspension-fired boilers, a thorough understanding of the 

reaction of these additives with different volatile potassium species is wanted. 

Alkali capture by kaolin has been studied previously.
36, 39, 40, 49-51

 Shadman and co-workers studied 

the reaction of gaseous NaCl and KCl with kaolin flakes in a fixed bed reactor. 
32, 36, 49, 52, 53

 The results 

showed that kaolin captured NaCl and KCl irreversibly through chemical reaction. The reaction was 

diffusion-influenced under the studied conditions (800 °C, kaolin flakes with a thickness of 0.5 mm, 

and a residence time of 40 hours). A weight increase of 26.6 % of saturated kaolin flakes was observed  

by the NaCl-kaolin reaction.
32

  

In the study by Zheng et al.,
50

 the kinetics of gaseous KCl capture by kaolin pellets with a diameter 

of 1.5 mm was investigated in a fixed bed reactor. The influence of oxygen content (0 - 20 %), water 

content (0 - 3 vol. %), KCl concentration (0 - 1600 ppmv), as well as the reaction temperature (900 - 

1500 °C) on the reaction was studied. It was shown that the diffusion of KCl inside the kaolin pellets 

was the rate-controlling step of the reaction at the studied conditions. The reaction temperature posed a 

significant impact on the KCl-capture reaction under the studied conditions. The K-capture level of 

kaolin decreased with exposure temperature up to 1300 °C and then increased with further increasing 

the exposure temperature to 1500 °C. This is because at 900-1300 °C, sintering of kaolin pellets took 

place, resulting in a gradual replacement of fast gas diffusion by slow condensed-state diffusion. At 



 

5 

 

temperatures above 1300 °C, a partially molten phase was formed inside the pellets; as a result the 

liquid diffusion improved the transport of KCl.
50

 

In a fixed bed study by Tran et al.,
39-41

 the K-capture reaction by kaolin flakes with a diameter of 0.5-

2 mm was studied in a fixed bed reactor equipped with an alkali detector. The reaction temperature was 

in the range of 750-950 °C. The results revealed that potassium is captured by kaolin not only via 

chemical adsorption, but also physical adsorption. The comparison of results using KOH, KCl and 

K2SO4 show that the total absorption rate of KCl by kaolin was slightly higher than that of KOH, while 

the absorption rate of K2SO4 was significantly lower than that of KOH and KCl at the studied 

conditions. 

The studies mentioned above were all conducted in fixed bed reactors where kaolin was present in 

the form of pellets or flakes, and the reaction time was as long as hours. The reaction conditions differ 

significantly from those in suspension fired boilers, where kaolin particles are well dispersed and the 

reaction time is only a few seconds.
30, 54

 Additionally, alkali species and kaolin may be exposed to 

flame temperature as high as 1700 °C.
27, 54

 The reaction of K-species with kaolin at suspension-firing 

conditions takes place between condensed-phase kaolin particles (solid or melted) and the gaseous 

potassium species.
55, 56

 The reaction may be influenced by external and internal diffusion, kinetic 

limitations and chemical equilibrium.
39, 50

 To the authors’ knowledge, quantitative study on K-capture 

by kaolin at suspension-fired conditions is not available, and no previous study is published where the 

influence of alkali species (KCl, KOH, K2CO3 and K2SO4) on the reaction with kaolin at suspension-

fired conditions is investigated and compared. 

Wendt and co-workers studied the gaseous sodium capture reaction by kaolin at suspension fired 

conditions using a 17-kW down flow combustor. The results showed that the capture rate of NaOH was 

obviously higher than that of NaCl. They proposed that NaOH was the only reacting species in both 
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cases.
51, 57

 However, whether the kinetics of Na-species and K-species capture by kaolin are the same 

has not been established. 

In paper 1 of this paper series,
58

 we have investigated the reaction between KOH and kaolin at 

suspension-fired conditions in the temperature range of 800 - 1450 °C. It was shown that 1g kaolin 

reacting with gas phase KOH can capture up to 0.22 g K in the temperature range of 1100 - 1300 °C, 

with a kaolin particle size of D50 = 5.47 μm and a residence time of 1.2 s. At the applied conditions, the 

KOH conversion could be reasonably predicted by equilibrium calculations at temperatures above 1100 

°C.
58

  

This is paper 2 of this paper series, investigating the reaction of kaolin with different K-species. The 

aim of this work is to get a thorough understanding of the K-capture reaction by kaolin under 

suspension-firing conditions so as to minimize or avoid ash-related problems caused by K-species 

during combustion of K-rich biomass fuels. More specifically, the objective of this work is to 

understand the influences of the molar ratio of K/(Al+Si) in reactants, K-concentration, reaction 

temperature and K-species type on the K-capture reaction using kaolin at suspension-firing conditions. 

2 Experimental section 

2.1 Materials 

Kaolin powder purchased from VWR Chemicals was utilized in this study. The characteristics of the 

kaolin powder including elemental composition, particle size and BET surface area are listed in Table 1. 

It is seen that the molar (Na + K)/(Si + Al) ratio of the kaolin is 0.02, indicating a large fraction of Al 

and Si is available for K-capture. Additionally, the kaolin sample was analyzed by XRD (X-ray 
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Diffraction), and the results showed that kaolinite (Al2Si2O5(OH)4) was the main mineral phase with 

also some quartz (SiO2).  

2.2 Setup 

Experiments were carried out in the DTU Entrained Flow Reactor (EFR), which can simulate the 

conditions in suspension-fired boilers. A schematic figure of the EFR can be found in Paper 1 of the 

paper series.
58

 The vertical reactor tube of the EFR is 2 m long, with an inner diameter of 79 mm. The 

reactor can be electrically heated up to 1450 °C by 7 heating elements. A 0.8 m long preheater is above 

the vertical reactor tube for preheating the secondary gas. The potassium species (including K2CO3, 

KCl, and K2SO4) and kaolin were mixed with deionized water, to make a homogeneous slurry. The 

slurry was pumped into the EFR and subsequently atomized by the preheated secondary gas. The 

potassium species vaporized and reacted with kaolin in the reactor tube, and the solid products were 

collected by a cyclone (cut-off diameter of 2.3 μm) and a metal filter (pore size of 0.8 μm). Detailed 

information about the reactor can be found in paper 1 of this paper series.
58

 

2.3 Experimental matrix 

Two series of experiments were conducted in the EFR: K-salt vaporization experiments and K-salt 

capture experiments using kaolin. The experimental conditions are summarized in Table 2. In the K-

salt vaporization experiments (series A in Table 2), solutions of K2CO3, KCl and K2SO4 respectively 

were fed into the EFR without kaolin, to study the vaporization and transformation of K2CO3, KCl and 

K2SO4 at high temperatures. The concentration of KCl was kept at 500 ppmv, while K2CO3 and K2SO4 

were kept at 250 ppmv to maintain the same K-concentration in the flue gas. The solid samples in the 

cyclone and filter were carefully collected, weighted and stored for further analysis. 
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In the K-capture experiments (series B-H in Table 2), KCl, K2CO3 and K2SO4 were fed into the EFR 

together with kaolin, respectively. The impact of K-concentration, molar ratio of K/(Al+Si) in 

reactants, reaction temperature, and gas residence time on the K-capture reaction was investigated. In 

the K-capture experiments, the concentration of kaolin in the flue gas inside the EFR was kept constant. 

While the concentration of K-salts in the flue gas was varied, and the molar K/(Al+Si) ratio in the 

reactants changed consequently. The K-concentration in the flue gas was varied from 50 ppmv to 1000 

ppmv, and the molar K/(Al+Si) ratio in the reactants changed from 0.048 to 0.961 correspondingly. For 

each experiment, solid products were carefully collected from the cyclone and filter. The 

representativeness of the collected solid samples was examined by comparing the molar ratios of 

K/(Al+Si) in collected solid samples with that of the fed reactants.  

2.4 Analytical methods 

The reacted solid samples from the K-capture experiments were analyzed with ICP-OES (Inductively 

Coupled Plasma Atomic Emission Spectroscopy) to determine the amount of potassium captured by 

kaolin. Two parameters were defined for the quantification: XK (K-conversion), and CK (K-capture 

level). XK is defined as the percentage (%) of potassium in the input potassium species chemically 

captured by kaolin forming water-insoluble K-aluminosilicate. CK is the mass of potassium captured by 

1 g additive (kaolin) (g K/g additive). The details about the calculation methods can be found in paper 

1 of this series of study.
58

 

To characterize the mineralogical composition of the reacted solid products, water-washed solid 

products were subjected to X-ray diffractometry (XRD) analysis. The XRD patterns were determined 

with a Huber diffractometer with characteristic Cu Kα radiation and operation conditions of 40 kV and 
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40 mA. The identification of main crystalline phases was performed with the JADE 6.0 software 

package (MDI Livermore, CA) and diffraction database of PDF2-2004. 

2.5 Equilibrium Calculation 

To better understand the K-capture reaction by kaolin, equilibrium calculations were carried out 

using Factsage 7.0. The databases of FactPS, FToxid FTsalt and FTpulp were employed for the 

calculations. Information about the different data bases can be found in literature,
59, 60

 and a detailed 

description of the equilibrium calculation is available in Appendix II of the supporting information.  

3 Results and discussion 

3.1 Vaporization and transformation of K-salts 

The vaporization and transformation of K2CO3, KCl, and K2SO4 at high temperatures may affect the 

K-capture reaction, and it was studied at the conditions shown in series (A) of Table 2. K-species 

(K2CO3, KCl and K2SO4) entered into the EFR in a form of slurry droplets. When water in these 

droplets evaporated, condensed phase K-salts were formed, which could be vaporized to gas phase or 

stay as condensed phase in the reactor. If all the K-salts are vaporized, aerosols will be formed and 

captured only by the filter. If the K-salts are not fully vaporized, the condensed K-salts can generate 

some larger particles being collected by the cyclone. The mass fraction of the solid samples collected in 

the cyclone and filter is shown in Figure 1 (A, B and C). Results of corresponding equilibrium 

calculations were shown in Figure 1 (D, E, and F). 

For K2CO3, the experimental results reveal that, at temperatures ≥ 1100 °C, all solid samples were 

captured by the filter, implying a complete vaporization was obtained. At 800 °C and 900 °C, 1.6 % 

and 2.7 % of the product samples was captured by the cyclone, respectively. An increase of CO2 
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concentration by 262 ppmv in flue gas was observed at 1100 °C and above, corresponding to a 

complete decomposition of K2CO3 forming KOH and CO2. This also indicates that the formation of 

K2CO3 during the gas cooling process is negligible, probably due to the fast cooling rate and the short 

residence time. At 800 and 900 °C, the CO2 concentration increased by 122 ppmv and 213 ppmv, 

showing a decomposition fraction of 48.8 % and 85.2 %, respectively. However, XRD analysis of the 

collected solid samples showed that K2CO3·1.5H2O is the only solid product collected from the K2CO3 

vaporization experiments. The results imply that, the KOH aerosols collected by the metal filter 

probably reacted with CO2 and moisture during the process of collecting, storage or delivery for XRD 

analysis, forming K2CO3·1.5H2O. 

The KCl vaporization experiments show that all samples were collected in the filter at temperatures 

above 1100 °C, implying a complete vaporization of KCl at 1100 °C. At 800 and 900 C, 4.6 % and 

2.5 % of the product solid samples were collected in the cyclone. The equilibrium calculations on KCl 

showed that at temperatures above 740 °C, potassium appeared mainly as gaseous KCl. Above 800 °C, 

some KOH appeared but gaseous KCl remained the dominant K-species. Solid samples collected from 

KCl vaporization experiments were analyzed with XRD and showed that all collected products were 

KCl, with no potassium carbonate or potassium hydrate detected. 

The equilibrium calculation results showed that the melting point of K2SO4 was 1070 °C, and KOH 

starts to form at 900 °C. At 900-1070 °C, solid, gaseous K2SO4 and gaseous KOH co-existed, while at 

1070-1220 °C, liquid, gaseous K2SO4 and gaseous KOH co-existed, with gaseous K2SO4 being the 

dominant species. At temperatures 1200-1800 °C, gaseous KOH became the major K-species. The 

mass distribution of the solid samples collected from K2SO4 vaporization experiments is illustrated in 

Figure 1 (C). It shows that more than 99 % of the solid samples were collected from the filter above 

1100 °C. However the filter fraction is obviously lower at 800 °C and 900 °C, as 91 % and 95 % 
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respectively, indicating a lower degree of K2SO4 vaporization. The XRD analysis of the solid product 

samples shows that only K2SO4 was present, although a decomposition of K2SO4 forming KOH and 

SO3/SO2 was predicted by the equilibrium calculations. This is probably because K2SO4 was reformed 

rapidly during the cooling down process. This can also explain the fact that no SO2 was detected in the 

flue gas during the K2SO4 vaporization experiments. 

3.2 K2CO3 capture by kaolin 

Equilibrium calculation 

The equilibrium calculation results of K2CO3 capture by kaolin at 50-1000 ppmv K (25-500 ppmv 

K2CO3) in flue gas showed that the K-capture behavior of K2CO3 was the same as that of KOH.
58

 

Detailed results can be found in Appendix II of the supporting information. This is because at high 

temperatures K2CO3 decomposed forming KOH and CO2, and then the formed KOH reacted with 

kaolin. 

Impact of potassium concentration 

The experimental results of K2CO3 capture by kaolin at different K-concentrations at 1100 °C are 

compared with the equilibrium calculation results in Figure 2. The experimental CK and XK generally 

followed the equilibrium predictions. The CK increased from 0.019 g K/(g additive) to 0.216 g K/(g 

additive) when the K2CO3 concentration increased from 25 ppmv to 250 ppmv (molar ratio of 

K/(Al+Si) in reactants changed from 0.048 to 0.481), with XK staying almost constant, at around 82.0 

%. When the concentration of K2CO3 increased further to 375 ppmv (K/(Al+Si) = 0.721) and 500 

ppmv (K/(Al+Si) = 0.961), CK did not increase compared to that at 250 ppmv K2CO3. At the same 

time, XK decreased from 80.6 % to 40.8 %, indicating that more K2CO3 stayed unreacted with kaolin. 

This is probably because, as indicated by the equilibrium calculation, a complete conversion of kaolin 
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to K-aluminosilicate has taken place, at 250 ppmv K2CO3. Thereby, the increased K2CO3 was not 

captured by kaolin forming K-aluminosilicates at 375 and 500 ppmv K2CO3. 

Impact of reaction temperature 

The influence of reaction temperature on the K2CO3-capture reaction by kaolin was investigated 

experimentally at 800-1450 °C. The K2CO3 concentration was kept constant at 250 ppmv (500 ppmv K 

in flue gas), with a gas residence time of 1.2 s. The experimental CK and XK are compared with the 

equilibrium calculation results in Figure 3. It is seen that CK increased from 0.159 g K/(g additive) to 

0.231 g K/(g additive) by 31.1 %, when the reaction temperature increased from 800 °C to 1300 °C. 

Simultaneously, XK increased from 59.3 % to 86.1 %. Whereas, when the reaction temperature 

increased further to 1450 °C, the CK and XK decreased slightly to 0.204 g K/(g additive) and 66.1 %, 

respectively. This is likely due to the change of reaction products. Equilibrium calculation suggests a 

decreased formation of kaliophilite (KAlSiO4) and an increased formation of leucite (KAlSi2O6) at 

1450 °C. However, leucite was not detected by XRD in the 1450 °C sample, probably because some 

amorphous K-species with K:Al:Si = 1:1:2 was formed. Considering the results on KOH-capture by 

kaolin in our previous study,
58

 900-1300 °C is a preferable temperature window for KOH and K2CO3 

capture by kaolin. 

3.3 KCl capture by kaolin 

Equilibrium calculation 

The results of equilibrium calculations of KCl capture by kaolin at different temperatures and KCl-

concentrations were summarized in Table 3. Detailed results of the equilibrium calculation are 

available in Appendix III of the supporting information. The type of the K-aluminosilicate products 

formed varied with the molar K/(Al+Si) ratio in the reactants. As shown in Table 3, with a molar ratio 
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of K/(Al+Si) = 0.048 (50 ppmv KCl), the main K-aluminosilicate product was sanidine (KAlSi3O8) 

with a molar K:Al:Si ratio of 1:1:3. As the molar K/(Al+Si) ratio in reactants increased to 0.240 (250 

ppmv KCl), leucite (KAlSi2O6) with a molar K:Al:Si ratio of 1:1:2, became the dominant K-

aluminosilicate with some sanidine (KAlSi3O8) co-existing. When the molar ratio of K/(Al+Si) in 

reactants increased to 0.481 or higher (≥ 500 ppmv KCl), kaliophilite (KAlSiO4) with a molar K:Al:Si 

ratio of 1:1:1 was predicted at the lower temperature range (800 - 900 °C), while at high temperatures 

(1100 - 1450 °C), leucite (KAlSi2O6) remained the dominant K-aluminosilicate. 

Impact of potassium concentration 

The impact of KCl concentration on the KCl-capture reaction by kaolin was investigated by EFR 

experiments using 50-1000 ppmv KCl and a reactor temperature of 1300 °C. The experimental CK and 

XK are compared with the equilibrium calculation results in Figure 4. The trend of the experimental CK 

and XK generally followed the equilibrium calculation data at 1300 °C. The CK increased significantly 

from 0.020 g K/(g additive) to 0.131 g K/(g additive), when the KCl-concentration increased from 50 

to 500 ppmv (K/(Al+Si) increased from 0.048 to 0.481 correspondingly). However, when the KCl-

concentration increased further to 750 ppmv and 1000 ppmv (with a K/(Al+Si) molar ratio of 0.721 and 

0.961, respectively), CK did not increase. On the other hand, XK decreased significantly from 90.1 % to 

about 25.3 % when the KCl-concentration increased from 50 ppmv to 1000 ppmv. This is probably 

because all the free Si has been consumed forming K-aluminosilicate at 500 ppmv KCl, with no Si 

available for further KCl capture. According to the equilibrium calculation, the main product of the 

KCl-kaolin reaction is leucite (KAlSi2O6), and the K-capture level is limited by the availability of Si. 

The formation of leucite was confirmed by the XRD analysis results, see Figure 6. 

Impact of reaction temperature 
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To investigate the influence of reaction temperature on the KCl-capture reaction, experiments were 

conducted at temperatures from 800 °C to 1450 °C. In all experiments, the KCl concentration in flue 

gas was 500 ppmv, corresponding to a molar K/(Al+Si) ratio of 0.481 in reactants. The gas residence 

time was 1.2 s. The experimental results are compared to the equilibrium calculation results in Figure 5.  

As shown in Figure 5 (A) and (B), at 500 ppmv KCl, the K-capture level (CK) was close to the 

equilibrium prediction and stayed steady at about 0.142 g K/(g additive) at temperatures from 900 °C to 

1300 °C. The K-conversion (XK) was also steady at about 55.0 %. The CK and XK of KCl were lower 

than that of KOH capture by kaolin (CK of KOH was 0.193 - 0.241 g K/(g additive), and XK was 72.1 - 

90.0 %). This could be explained that kaliophilite (KAlSiO4) was detected by XRD in the KOH-reacted 

kaolin, while leucite (KAlSi2O6) was detected in the KCl-reacted kaolin (Figure 6). The formation of 

leucite consumed more Si than kaliophilite. 

At 800 °C and 1450 °C, CK was obviously lower than that at 900-1300 °C. At 800 °C, the reaction is 

probably kinetically controlled and do not reach the equilibrium state. Additionally, the incomplete 

vaporization of KCl at 800 °C, may also contribute to the low KCl conversion.  At 1450 °C, the 

decrease of CK may be due to an increased transformation of kaolin into mullite and amorphous 

silica,
39

 which are less reactive towards KCl.
50

 XRD analysis of calcinated kaolin samples in the EFR 

showed that the mullite formation became significant only above 1450 °C.  

As shown in Figure 5 (A), CK was also compared with the results from a study using a fixed bed 

reactor where cylindrical kaolin pellets of diameter of 1.5 mm was utilized for KCl capture.
50

 The CK 

values obtained in the fixed bed reactor are obviously lower than that in the EFR experiments, although 

the reaction time in the fixed bed reactor (about 1 hour) was much longer than that in the EFR (about 1 

second). One possible reason is that in the fixed bed reactor it was actually mullite that reacted with 

KCl due to a long residence time of up to 1 hour. Another possible reason is that kaolin was in the 
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shape of pellets of 1.5 mm, where the reaction was strong controlled by internal diffusion. Another 

difference is that the results from fixed bed reactor have an opposite temperature-dependence trend 

comparing to that of the EFR. This is presumably because the controlling mechanisms in the two 

reactors are different. In the fixed bed experiments, the reaction was controlled by diffusion as 

mentioned above. Thus CK decreased from 900 °C to 1300 °C, due to the increased sintering degree of 

kaolin pellets. However, CK increased again when temperature was further increased to 1400 °C and 

1500 °C, due to the enhanced inner diffusion caused by melting of kaolin pellets.
50

 However, in the 

EFR, the reaction was mainly equilibrium controlled at 900 °C - 1300 °C. In summary, the favorable 

temperature window for KCl-capture by kaolin is 900-1300 °C. 

Figure 5 (C) and (D) show that at 50 ppmv KCl, the experimental XK and CK were almost constant, 

and they generally followed the equilibrium predictions. The CK was about 0.021 g K/(g additive) with 

about 80.2 % KCl captured by kaolin forming water-insoluble K-aluminosilicate. 

The XRD spectra of water-washed KCl-reacted kaolin samples at 1300 °C and 1450 °C are compared 

in Figure 6. The results show that leucite (KAlSi2O6) was formed by the KCl-kaolin reaction at 

1300 °C and 1450 °C. At 1450 °C, peaks of leucite are much stronger than that at 1300 °C. However, 

the ICP-OES analysis results showed than more leucite was formed at 1300 °C than experiments at 

1450 °C. This indicates that a large amount of amorphous K-aluminosilicate was present in the 1300 °C 

product, and the leucite formed at 1450 °C was much more crystalline. 

Impact of gas residence time 

The impact of residence time on the KCl-capture reaction was studied at 1100 °C and 1300 °C. The 

KCl concentration in the flue gas was kept constant at 500 ppmv, with K/(Al+Si) = 0.481. The CK and 

XK results are shown in Figure 7. 
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The results in Figure 7 (A) and (B) show that at 1100 °C when the gas residence time increased from 

0.8 s to 1.2 s, the CK increased from 0.114 g K/(g additive) to 0.128 g K/(g additive) by 12.3 %. The XK 

(K-conversion) increased from 42.4 % to 49.0 %. This indicates that at 1100 °C, the K-capture at 

residence time below 1.2 s is to some degree limited by kinetics or diffusion.   

The results at 1300 °C show that the value of CK and XK did not change when the residence time 

increased from 0.6 s to 1.9 s and the number was close to the equilibrium prediction, implying that the 

KCl-capture reaction was at equilibrium. The results imply that at 1300 °C, with kaolin particles of D50 

= 5.47 μm, it took very short time (≤ 0.6 s) for the KCl-capture reaction to reach equilibrium.  

3.4 K2SO4 capture by kaolin 

Equilibrium Calculation 

The equilibrium calculation results of K2SO4 capture by kaolin at 25-500 ppmv K2SO4 (K-

concentration was 50 ppmv to 1000 ppmv) are summarized in Table 4. Detailed results of the 

equilibrium calculation are available in Appendix IV of the supporting information. The type and 

amount of K-aluminosilicate formed changed with the K2SO4 concentration in flue gas (molar ratio of 

K/(Al+Si) in reactants). At 25 ppmv K2SO4 (molar ratio of K/(Al+Si) = 0.048), sanidine (KAlSi3O8) is 

predicted to be the main K-aluminosilicate product, with K:Al:Si = 1:1:3. At 125 ppmv K2SO4 (molar 

ratio of K/(Al+Si) = 0.240), leucite (KAlSi2O6) became the main K-aluminosilicate product, with 

sanidine (KAlSi3O8) co-existing. At 250, 375 and 500 ppmv K2SO4, (molar ratio of K/(Al+Si) ≥ 

0.481), kaliophilite (KAlSiO4) turned to be the main K-aluminosilicate product. 

Impact of potassium concentration 

The experimental K-capture level (CK) and K-conversion (XK) at 25-500 ppmv K2SO4 (50-1000 

ppmv K) were compared with the equilibrium calculation results in Figure 8. Generally, the 
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experimental CK and XK were obviously lower than the equilibrium data, although they followed a 

similar trend. The experimental CK increased from 0.018 g K/(g additive) to 0.115 g K/(g additive), 

when the K2SO4-concentration in flue gas increased from 25 ppmv to 250 ppmv. At the same time, the 

experimental XK decreased from 68.0 % to 42.7 % correspondingly. As K2SO4-concentration increased 

further to 500 ppmv (K/(Al+Si) = 0.961), the CK did not increase, while XK decreased significantly to 

21.7 %. 

Impact of reaction temperature 

The experimental CK and XK of K2SO4-capture by kaolin at different reaction temperatures from 800-

1450 °C are compared with the equilibrium predictions in Figure 9. The results show that the 

experimental data did not follow the equilibrium predicted trend, and the experimental CK and XK were 

obviously lower than the equilibrium values. The experimental CK and XK increased significantly when 

the reaction temperature increased from 800 °C to 1100 °C. However, when the reaction temperature 

increased further to 1450 °C, the experimental CK and XK decreased slightly. This is because at 

temperatures below 1100 °C, the reaction was kinetically controlled, and the incomplete vaporization 

of K2SO4 at low temperatures also inhibited the conversion of K2SO4. At 1450 °C, the transformation 

of kaolin into mullite became significant, and the formed mullite is less reactive towards K2SO4.
50, 61

 In 

summary, K2SO4 may be capture by kaolin most effectively at 900-1300 °C. 

It is remarkable that the experimental CK and XK of K2SO4 are so much lower than the equilibrium 

predictions. But interestingly they were reasonably similar to the levels found for KCl, although the 

equilibrium predicted CK and XK for K2SO4 is considerably higher than that of KCl.  

Kaliophilite (KAlSiO4) was predicted as the main K-aluminosilicate product at 1100°C and 500 

ppmv K (250 ppmv K2SO4) for K2SO4-capture reaction by kaolin. However, the XRD analysis results 

show that leucite (KAlSi2O6) was detected instead of kaliophilite (KAlSiO4), see Figure 10. Thereby 
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the equilibrium product of K2SO4 capture by kaolin was wrongly predicted and the reaction product of 

K2SO4 capture by kaolin was the same as KCl. 

3.5 Comparison of different K-species 

The experimental results of using different K-species, including KOH, K2CO3, KCl and K2SO4, to 

react with kaolin at different K-concentration and different temperatures are compared in Figure 11. In 

Figure 11 (A), the experiments of KOH, K2CO3 and K2SO4 were all conducted at 1100 °C, while the 

KCl experiments were conducted at 1300 °C. However, the EFR experimental results (shown in Figure 

5 (A)) indicate that KCl-capture by kaolin behaved similarly at 1100 °C and 1300 °C, so the results are 

still comparable. 

The results show that KCl and K2SO4 were captured in a similar way, while KOH and K2CO3 

behaved similarly. This is probably because the reaction between K2CO3 and kaolin took place 

according to reaction R3, R4 and R5. K2CO3 firstly decomposed into KOH and CO2, and then the 

formed KOH reacted with kaolin forming K-aluminosilicate. The decomposition of K2CO3 has been 

observed in the K2CO3 vaporization and transformation experiments, which has been discussed in 

section 3.1. 

𝐾2𝐶𝑂3 + 𝐻2𝑂 → 2𝐾𝑂𝐻 + 𝐶𝑂2(𝑔) (R 3) 

𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2 + 2𝐾𝑂𝐻 → 2𝐾𝐴𝑙𝑆𝑖𝑂4 (𝑘𝑎𝑙𝑖𝑜𝑝ℎ𝑖𝑙𝑖𝑡𝑒) + 2𝐻2𝑂  (R 4) 

𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2 + 2𝑆𝑖𝑂2 + 2𝐾𝑂𝐻 → 2𝐾𝐴𝑙𝑆𝑖2𝑂6 (𝑙𝑒𝑢𝑐𝑖𝑡𝑒) +2𝐻2𝑂  (R 5) 

Another important result is that at 500 ppmv K in flue gas and above, KCl and K2SO4 are captured 

by kaolin less effectively compared to KOH or K2CO3. Although the equilibrium calculation predicted 

a similar K-capture level for K2SO4 and K2CO3 capture by kaolin at temperatures above 1100 °C. One 

reason is that at 500 ppmv K and above, kaliophilite (KAlSiO4) was formed as product from KOH and 
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K2CO3 capture reaction, while leucite (KAlSi2O6) existed as the main K-aluminosilicate product from 

KCl and K2SO4 capture experiments, which has been confirmed by the XRD analysis. More Si was 

consumed in the KCl and K2SO4 capture reaction due to the formation of leucite (KAlSi2O6). Another 

reason is that the presence of HCl and SO2 in KCl and K2SO4 capture reactions inhibited the K-capture 

reaction by kaolin, similar phenomena was observed in a previous sodium capture study.
51

 The results 

indicate that more Al-Si based additive shall be used in boilers if Cl-rich fuels are fired and all K shall 

be converted to K-aluminosilicate.  Additionally, an Al-Si additive with a relatively higher content of 

Si (like Si-rich coal fly ash) seems more suitable for K-capture when burning Cl-rich biomass fuels. 

The results also show that kaolin captured KCl slightly more effectively than K2SO4. This may be 

good news for the situation of co-firing straw and coal where KCl and K2SO4 both exist, since Al and 

Si from the co-fired coal can destroy the corrosive KCl more effectively, and the less corrosive K2SO4 

is captured at a lower level.  

4 Conclusions 

A thorough understanding of the K-capture reaction by kaolin under suspension-firing conditions is 

wanted to mitigate alkali-related problems in biomass combustion boilers. The reaction of KOH, 

K2CO3, KCl and K2SO4 capture by kaolin was studied by entrained flow reactor experiments and 

equilibrium calculations. The influence of molar ratio of K/(Al+Si) in reactants, K-concentration in flue 

gas, reaction temperature, K-species type, and residence time on the K-capture reaction was 

investigated. 

The experimental results of using different K-concentrations show that for KCl at 1300 °C, and for 

KOH, K2CO3 and K2SO4 at 1100 °C, the K-capture level (CK) increased when the K-concentration 
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increased from 50 ppmv to 500 ppmv (molar ratio K/(Al+Si) increased from 0.048 to 0.481). But it did 

not increase, when the K-concentration increased further to 750 ppmv and 1000 ppmv (molar ratio of 

K/(Al+Si) in reactants was 0.721 and 0.961), probably because all active compound in kaolin had 

already been converted forming K-aluminosilicates. 

For KCl, KOH and K2CO3, CK and XK generally followed the equilibrium predictions at 

temperatures above 1100 °C, when applying a kaolin particle size of D50 = 5.47 μm and a residence 

time of 1.2 s. However, at lower temperatures (800 °C and 900 °C), the reactions were probably 

kinetically controlled, and the measured K-capture level was lower than the equilibrium predictions. 

For K2SO4, the measured CK was significantly lower than the equilibrium predictions even at 

temperatures above 1100 °C. This is most likely because kaliophilite (KAlSiO4) was predicted by the 

equilibrium calculations, but XRD analysis revealed that leucite (KAlSi2O6) was formed from the 

reaction. The KCl-capture experiments conducted with different residence times show that, at 1100 °C, 

the K-capture level increased slightly with residence time, indicating a kinetically limited reaction at 

this temperature. However, at 1300 °C, CK reached the equilibrium level at a residence time as short as 

0.6 s. 

Experiments using different K-species show that, K2CO3 behaved the same as KOH in terms of being 

captured by kaolin at suspension fired conditions. KCl and K2SO4 behaved similarly, but they were 

captured less effectively than KOH and K2CO3. The study indicates that the main product of the KCl 

and K2SO4 reactions with kaolin when excess potassium is available are KAlSi2O6 (leucite) while 

KAlSiO4 (kaliophilite) is mainly formed when KOH and K2CO3 reacted with kaolin with excess 

potassium available. The maximum obtainable K-capture level (CK) for KCl and K2SO4 was 

approximately 0.12 g K/g kaolin while for KOH and K2CO3 a maximum capture level of approximately 

0.24 g K/g kaolin could be obtained. The results imply that more kaolin shall be used in boilers if Cl-
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rich fuels are fired and all K shall be converted to K-aluminosilicate. In addition, an Al-Si additive with 

a relatively higher content of Si (like Si-rich coal fly ash) may be more effective for K-capture when 

burning Cl-rich biomass fuels. 
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FIGURES 

  
(A) K2CO3 vaporization in EFR (D) Equilibrium calculation (K2CO3) 

  
(B) KCl vaporization in EFR (E) Equilibrium calculation (KCl) 

  
(C) K2SO4 vaporization in EFR (F) Equilibrium calculation (K2SO4) 
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Figure 1. Mass distribution of solid samples collected in the cyclone and filter from K-salt vaporization 

experiments (A) K2CO3 (B) KCl (C) K2SO4, and corresponding equilibrium calculation results (D) 

K2CO3 (E) KCl (F) K2SO4.  
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(A) K-capture level (CK) (B) K-conversion (XK) 

Figure 2. K-capture level (CK) and K conversion (XK) of K2CO3-capture by kaolin at K2CO3 

concentration varied from 25 ppmv to 500 ppmv (molar ratio of K/(Al+Si) in reactants changed from 

0.048 to 0.961). Reaction temperature was 1100 °C. Gas residence time was 1.2 s. Equilibrium 

calculation results were included for comparison. 
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(A) K-capture level (CK) (B) K-conversion (XK) 

Figure 3. K-capture level (CK) and K-conversion (XK) of K2CO3 capture by kaolin at different 

temperatures (800-1450 °C). K2CO3 concentration was 250 ppmv, molar ratio of K/(Al+Si) in reactants 

was 0.481,  residence time was 1.2 s. Equilibrium calculation results are included for comparison. 
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(A) K-capture level (CK) (B) K-conversion (XK) 

Figure 4. K-capture level (CK) and K-conversion (XK) of KCl capture by kaolin at 50 - 1000 ppmv 

KCl, the corresponding molar K/(Al+Si) ratio varied from 0.048 to 0.961, reaction temperature was 

1300 °C. Gas residence time at 1300 °C was 1.0 s, and others were 1.2 s. Equilibrium calculation 

results are included for comparison. 
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(A) CK at 500 ppmv KCl 

 

(B) XK at 500 ppmv KCl 

 

  
(C) CK at 50 ppmv KCl 

 

(D)  XK at 50 ppmv KCl 

 

Figure 5. CK (K-capture level) and XK (K-conversion) of KCl capture by kaolin at different 

temperatures (800-1450 °C). KCl-concentration was 500 ppmv in (A) and (B), and it was 50 ppmv in 

(C) and (D). The gas residence time at 1300 °C was 1.0 s, others were 1.2 s. * Fixed bed data (1100 °C, 

1000 ppmv KCl, residence time was 1 hour) is calculated from literature.
50
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Figure 6. XRD spectra of water-washed KCl-reacted kaolin samples at 1300 °C and 1450 °C, KCl 

concentration in flue gas was 500 ppmv, molar K/(Al+Si) ratio in reactants was 0.481, gas residence 

time was 1.0 s and 1.2 s at 1300 °C and 1450 °C, respectively.     
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(A) K-capture level CK at 1100 °C (B) K-conversion XK at 1100 °C 

  

(C) K-capture level (CK) at 1300 °C (D) K-conversion (XK) at 1300 °C 

Figure 7. K-capture level (CK) and K-conversion (XK) of KCl capture by kaolin at different residence 

time. KCl concentration in flue gas was 500 ppmv, (molar K/(Al+Si) ratio in reactants was 0.481).  

Reaction temperature was 1100 °C and 1300 °C.  
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(A) K-capture level (CK) (B) K-conversion (XK) 

Figure 8. CK (K-capture level) and XK (K-conversion) of K2SO4 capture by kaolin at 25-500 ppmv 

K2SO4 (50-1000 ppmv K) in flue gas (molar ratio of K/(Al+Si) in reactants varied from 0.048 to 

0.961). Reaction temperature was 1100 °C. Gas residence time was 1.2 s. Equilibrium calculation 

results were included for comparison.  
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(A) K-capture level (CK) (B) K-conversion (XK) 

Figure 9. K-capture level (CK) and K-conversion (XK) of K2SO4 capture by kaolin at 800-1450 °C. 

K2SO4 concentration was 250 ppmv (500 ppmv K). Residence time was 1.2 s. Equilibrium calculation 

results are included for comparison.  
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Figure 10. XRD spectra of water-washed K2SO4-reacted kaolin at 1100 °C and 1450 °C. K2SO4 

concentration was 250 ppmv (500 ppmv K) in flue gas. Molar K/(Al+Si) ratio in reactants was 0.481. 

Gas residence time was 1.2 s.  
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(A) CK at different K-concentrations (B) CK at different temperatures 

  

Figure 11. Comparison of KOH, K2CO3, KCl, and K2SO4 capture by kaolin at different K-

concentrations and temperatures. In (A), KOH, K2CO3 and K2SO4 experiments were at 1100 °C, KCl 

experiments were at 1300 °C. In (B), K-concentration was 500 ppmv for all experiments.   
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TABLES 

Table 1. Characteristics of kaolin powder. 

 

Properties Kaolin 

O (wt.%, dry) 56.9 

S (wt.%, dry) 0.02 

Si (wt.%, dry) 22.0 

Al (wt.%, dry) 19.0 

Fe (wt.%, dry) 0.47 

Ca (wt.%, dry) 0.1 

Mg (wt.%, dry) 0.14 

Na (wt.%, dry) 0.1 

K (wt.%, dry) 1.1 

Ti (wt.%, dry) 0.02 

P (wt.%, dry) 0.05 

Cl (wt.%, dry) 0.1 

D50 (µm) 5.47 

BET surface area (m2/g) 12.70 
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Table 2. Experimental conditions of the EFR experiments. 

Experimental series K-species Additives Temp./°C 

Gas 

residence 

time/s 

K in gas 

/ppmv 
K/(Al+Si) 

(A) 

 K-salt vaporization 

experiments 

K2CO3 

No additive 

800, 900, 

1100, 1300, 

1450 

1.2 500 No Al, Si KCl 

K2SO4 

(B) 

K2CO3-capture by 

kaolin (impact of K-

concentration) 

K2CO3 kaolin 1100 1.2 

50 0.048 

500 0.481 

1000 0.961 

(C) 

K2CO3-capture by 

kaolin (impact of 

temperature) 

K2CO3 kaolin 

800 

1.2 500 0.481 

900 

1100 

1300 

1450 

(D) 

KCl-capture by kaolin 

(impact of K-

concentration) 

KCl kaolin 1300 
1.0-1.2  

 

50* 0.048 

250* 0.240 

500* 0.481 

750 0.721 

1000 0.961 

(E) 

KCl-capture by kaolin 

(impact of 

temperature) 

KCl kaolin 

800 

1.0-1.2 50, 500 
0.048, 

0.481 

900 

1100 

1300* 

1450 

(F) 

KCl-capture by kaolin 

(impact of residence 

time) 

KCl kaolin 1100, 1300 

0.6 

500 0.481 
0.8 

1.2 

1.9 

(G) 

K2SO4-capture by 

kaolin (impact of K-

concentration) 

K2SO4 kaolin 1100 1.2 

50 0.048 

500 0.481 

1000 0.961 

(H) 

K2SO4-capture by 

kaolin (impact of 

temperature) 

K2SO4 kaolin 

800 

1.2 500 0.481 
900 

1100 

1450 

Note: *Experiments were repeated. 
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Table 3. Results of equilibrium calculations of KCl-capture by kaolin. 

Input conditions Temp. /°C K-species appearing Al-con. Si-con. K-con. 
K-capture/(g 

K/g additive) 

50 ppmv KCl, 

K/(Al+Si) =0.048 

800 100 % KAlSi3O8 9 % 24 % 100 % 0.023 

900 100 % KAlSi3O8 9 % 24 % 100 % 0.023 

1100 99 % KAlSi3O8 + 1 % KCl 9 % 24 % 99 % 0.023 

1300 97 % KAlSi3O8 + 3 % KCl 8 % 23 % 97 % 0.022 

1450 92 % KAlSi3O8 + 7 % KCl + 1 % KOH 8 % 22 % 92 % 0.022 

250 ppmv KCl, 

K/(Al+Si) =0.240 

800 21 % KAlSi3O8 + 79 % KAlSi2O6 50 % 98 % 100 % 0.131 

900 23 % KAlSi3O8 + 77 % KAlSi2O6 + 1 % KCl 50 % 98 % 99 % 0.130 

1100 28 % KAlSi3O8 + 70 % KAlSi2O6 + 3 % KCl 49 % 99 % 97 % 0.128 

1300 33 % KAlSi3O8 + 60 % KAlSi2O6 + 7 % KCl 46 % 97 % 93 % 0.121 

1450 45 % KAlSi3O8 + 41 % KAlSi2O6 + 13 % KCl 43 % 97 % 87 % 0.113 

500 ppmv KCl, 

K/(Al+Si) =0.481 

800 33 % KAlSi2O6 + 43 % KAlSiO4 + 24 % KCl 75 % 100 % 76 % 0.198 

900 54 % KAlSi2O6 + 1 % KAlSiO4 + 45 % KCl 54 % 100 % 55 % 0.143 

1100 54 % KAlSi2O6 + 46 % KCl 54 % 100 % 54 % 0.142 

1300 54 % KAlSi2O6 + 45 % KCl 54 % 100 % 54 % 0.142 

1450 54 % KAlSi2O6 + 45 % KCl + 1 % KOH 54 % 100 % 54 % 0.142 

750 ppmv KCl, 

K/(Al+Si) =0.721 

800 10 % KAlSi2O6 + 56 % KAlSiO4 + 35 % KCl 98 % 100 % 65 % 0.256 

900 22 % KAlSi2O6 + 32 % KAlSiO4 + 47 % KCl 80  % 100 % 53 % 0.209 

1100 38 % KAlSi2O6 + 62 % KCl 56 % 100 % 38 % 0.147 

1300 37 % KAlSi2O6 + 62 % KCl 56 % 100 % 37 % 0.147 

1450 37 % KAlSi2O6 + 61 % KCl + 1 % KOH 56 % 100 % 37 % 0.147 

1000 ppmv KCl, 

K/(Al+Si) =0.961 

800 4 % KAlSi2O6 + 47 % KAlSiO4 + 49 % KCl 100 % 100 % 50 % 0.263 

900 6 % KAlSi2O6 + 42 % KAlSiO4 + 52 % KCl 95 % 100 % 48 % 0.251 

1100 27 % KAlSi2O6 + 73 % KCl 54 % 100 % 27 % 0.142 

1300 27 % KAlSi2O6 + 72 % KCl + 1 % KOH 54 % 100 % 27 % 0.142 

1450 27 % KAlSi2O6 + 71 % KCl + 1 % KOH 54 % 100 % 27 % 0.142 
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Table 4. Equilibrium calculation results of K2SO4 capture by kaolin. 

Input conditions Temp. /°C K-species appearing Al-con. Si-con. K-con. 
K-capture/(g 

K/g additive) 

25 ppmv K2SO4, 

K/(Al+Si) = 0.048 

800 100 % KAlSi3O8 10 % 28 % 100 % 0.027 

900 100 % KAlSi3O8 10 % 28 % 100 % 0.027 

1100 100 % KAlSi3O8 10 % 28 % 100 % 0.027 

1300 100 % KAlSi3O8 10 % 28 % 100 % 0.027 

1450 99 % KAlSi3O8 + 1 % KOH 10 % 28 % 99 % 0.026 

125 ppmv K2SO4, 

K/(Al+Si) = 0.240 

800 92 % KAlSi2O6 + 8 % KAlSi3O8 51 % 98 % 100 % 0.134 

900 92 % KAlSi2O6 + 8 % KAlSi3O8 51 % 98 % 100 % 0.134 

1100 93 % KAlSi2O6 + 7 % KAlSi3O8 51 % 97 % 100 % 0.134 

1300 93 % KAlSi2O6 + 7 % KAlSi3O8 51 % 96 % 100 % 0.134 

1450 94 % KAlSi2O6 + 5 % KAlSi3O8 51 % 96 % 100 % 0.133 

250 ppmv K2SO4, 

K/(Al+Si) = 0.481 

800 53 % KAlSi2O6 + 47 % K2SO4 54 % 100 % 53 % 0.142 

900 53 % KAlSi2O6 + 47 % K2SO4 54 % 100 % 53 % 0.142 

1100 7 % KAlSi2O6 + 90 % % KAlSiO4 + 1 % KOH 100 % 99 % 98 % 0.262 

1300 13 % KAlSi2O6 + 80 % % KAlSiO4 + 6 % KOH 95 % 100 % 93 % 0.250 

1450 31 % KAlSi2O6 + 44 % % KAlSiO4 + 24 % KOH 76 % 100 % 75 % 0.201 

375 ppmv K2SO4, 

K/(Al+Si) = 0.721 

800 35 % KAlSi2O6 + 65 % K2SO4 54 % 99 % 35 % 0.141 

900 35 % KAlSi2O6 + 65 % K2SO4 54 % 100 % 35 % 0.142 

1100 5 % KAlSi2O6 + 61 % % KAlSiO4 + 33 % K2SO4 + 2 % KOH 100 % 100 % 65 % 0.263 

1300 5 % KAlSi2O6 + 61 % % KAlSiO4 + 5 % K2SO4 + 29 % KOH 100 % 100 % 65 % 0.263 

1450 5 % KAlSi2O6 + 61 % % KAlSiO4 + 34 % KOH 100 % 100 % 65 % 0.263 

500 ppmv K2SO4, 

K/(Al+Si) = 0.961 

800 26 % KAlSi2O6 + 74 % K2SO4 54 % 100 % 26 % 0.141 

900 26 % KAlSi2O6 + 74 % K2SO4 54 % 100 % 26 % 0.142 

1100 4 % KAlSi2O6 + 45% % KAlSiO4 + 50 % K2SO4 + 1 % KOH 100 % 100 % 49 % 0.263 

1300 4 % KAlSi2O6 + 45% % KAlSiO4 + 14 % K2SO4 + 36 % KOH 100 % 100 % 49 % 0.263 

1450 4 % KAlSi2O6 + 45% % KAlSiO4 + 1 % K2SO4 + 49 % KOH 100 % 100 % 49 % 0.263 
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