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Abstract

By use of coal fly-ash as an additive in pulverized biomass fuel boilers, harmful alkali

species can be bound in alkali alumina silicates that are less harmful. In this study,

potassium scavenging by coal fly-ash (CFA) at conditions of pulverized-fuel (PF) boil-

ers was modeled. Under the investigated conditions, evaporated potassium salts were

captured with suspended CFA particles. Two modeling approaches were investigated,

Shrinking Core Model (SCM) and Uniform Conversion Model (UCM). Both approaches

simulated the impacts of chemical kinetics, diffusion of gaseous salts around the addi-

tive particles, and thermodynamic equilibrium on potassium conversion. Moreover,

the SCM included the diffusion resistance in a product layer around the particle. The

models have been evaluated against entrained flow-reactor (EFR) measurements from

the literature for capturing KOH, KCl, K2CO3, and K2SO4 by CFA. Chemical kinetic

rate coefficients for the reaction between the potassium salts and CFA have been de-

rived from the EFR data measured at relatively lower temperatures of 800–900° C. The

porosity properties of the reacted CFA were also estimated in the present work. The
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effects of temperature, salt concentration, and CFA particle size on the model predic-

tion have been examined and evaluated against the experimental data. The results

indicated that in most conditions the SCM prediction is more reliable, probably due to

the inclusion of diffusion resistance of a product layer around the particle. Comparing

the SCM with experimental data shows that the model can reasonably predict the re-

action of CFA with potassium salts at conditions investigated here; 800–1450° C, salt

to additive ratios of 0.05–0.96, and for CFA particles of 6–34 µm.

Introduction

Biomass can be utilized efficiently in Pulverized Fuel (PF) boilers to produce heat/electricity.

However, the higher content of alkali metals in biomass introduces some challenges when

existing PF boilers are used for burning biomass. Evaporated alkali salts are released in rel-

atively high concentration and then condense on cooler downstream surfaces. The condensed

alkali salts have been a significant source of corrosion and catalyst deactivation1–3.

Sorbent materials can be used to convert alkali gas to more thermally stable products in

order to solve this problem4–11. The sorbent can be used in a fixed bed reactor to capture the

alkali gas downstream of the burners, or it can be introduced as a fuel additive to capture

alkali gas in-situ12. The latter strategy has been less investigated, while it is more relevant

in PF boilers.

Aluminosilicate additives have attracted lots of scientific and industrial interests for cap-

turing alkali salts4–24. Kaolin and Coal Fly Ash (CFA) are among the most investigated

aluminosilicates. The short residence time in PF boilers demands very fine particles of

fuel and additive, so additive particles of micrometer’s size should be suspended in a gas

environment containing vaporized alkali to simulate PF boiler conditions in experiments.

Among the more relevant experiments, Gale et al.15 investigated sodium scavenging with

kaolin aerosol at temperatures below 1230° C and suggested that the equilibrium restraint

should not affect the alkali capture under the investigated conditions. Full-scale PF boilers
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measurements6,7 were also conducted to examine the effect of CFA addition on alkali release

in biomass combustion. Wu et al. 6 showed that CFA can be an effective additive to min-

imize the ash deposition and corrosion problems during suspension-firing of wood. Damoe

et al. 7 found that CFA can reduce the formation of combustion aerosols during pulverized

wood combustion by capturing the alkali metals in the flue gas. Wang et al.8–11 measured

potassium scavenging with kaolin8,9 and CFA10,11 employing an entrained flow-reactor at

800–1450° C under more controlled conditions than those in the full-scale measurements.

Wang et al. found that temperature, reaction time, composition, and additive particle size

had considerable effects on the efficiency of potassium removal.

To utilize additives efficiently in existing PF boilers, predictive models, which can account

for variations in fuel/additive quality and operational conditions, are wanted. The models

need to include chemical kinetics, mass transport, and equilibrium limitations, important

factors in the potassium conversion under PF boiler conditions8–11. Despite extensive exper-

imental studies of alkali capture by additives, efforts to model the data are scare and limited

to those in refs4,12–19. Most earlier work were focused on the chemistry at temperatures lower

than those of PF boilers.

In our earlier work25, the Shrinking Core Model (SCM) and the Uniform Conversion

Model (UCM) have been developed to simulate potassium scavenging by kaolin under con-

ditions of PF boilers. Here, we aim to adapt the developed models in ref25 to predict the

reaction of gaseous potassium salts with CFA particles to form thermally stable products.

The condition commonly found in PF boilers, i.e., temperatures of 800–1700° C and the

residence times of a few seconds, is the main focus of the present study. The developed

models will be evaluated against extensive entrained flow-reactor measurements provided in

refs10,11 which covered a wide range of temperature, reaction time, CFA particle size, and

potassium-to-CFA ratio.
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Model

Two modeling approaches, SCM and UCM which have been developed in the preceding

work25 are adopted here to investigate the reaction between CFA particles and gaseous

potassium compounds. A brief overview of the models is given here and further details can

be found in ref25.

Uniform Conversion Model (UCM)

The reaction occurs continuously throughout the particle in the UCM and the concentration

of gaseous alkali salt is constant within the particle26. The particle size remains constant,

independent of the level of conversion. The alkali concentration varies with location inside

a film surrounding the particles (external diffusion). The stoichiometric reaction between

CFA and alkali salt is assumed as reaction R1 with a rate given by equation (1).

CFA (s) + Ψ K (g)
kc,UCM

−−−−→ Products (s) (R1)

RRUCM = −kc,UCM × [CFA]× [K] (1)

here, Ψ is the stoichiometric coefficient, kc,UCM is the chemical kinetic rate coefficient, [CFA]

is the concentration of CFA in a single particle, RRSCM is the reaction rate, and [K] is the

concentration of potassium (from salt) in the CFA particle.

After establishing transport and kinetics equations (see ref25 for details), the final model

can be represented by a set of Ordinary Differential Equations (ODE) given in equations 2
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and 3.

dNCFA

dt
= −

4π

Ψ
× koverall, UCM × [K]∞ (2)

d[K]∞
dt

= Ψ β
dNCFA

dt
(3)

1

koverall, UCM
=

1

kg r2i
+

4π

Ψ kc,UCM NCFA
(4)

Here, t is time, NCFA is the mole of unreacted CFA in an individual particle, [K]∞ is the

free-stream concentration of potassium (as K atoms), β is the number of CFA particles per

gas volume, koverall, UCM is the overall rate constant, kg is the mass transfer coefficient of the

potassium salt in the gas phase, and ri is the initial radius of the CFA particle.

Shrinking Core Model (SCM)

The reaction only occurs at the outer surface of an unreacted core in the SCM. As the

reaction progresses, the reactive surface moves into the particle and leaves behind a layer

of products26, so the unreacted core shrinks. The model accounts for diffusion through the

product layer (product-layer diffusion), diffusion through the gas-film outside the particle

(external diffusion), and kinetic limitations. The stoichiometric reaction and its rate are

represented by reaction R1 and equation (5), respectively.

CFA (s) + Ψ K (g)
kc,SCM

−−−−→ Products (s) (R1)

RRSCM = −kc,SCM ×A× [K] (5)
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The surface area of the unreacted core is represented by A. The final model can be repre-

sented by an ODE set given in equations (6) and (7)25.

drs
dt

= −
1

Ψ
×

MWCFA

ρCFA
× koverall,SCM × [K]∞ (6)

d[K]∞
dt

= −4 πr2sβ × koverall,SCM × [K]∞ (7)

1

koverall,SCM
=

r2s
r2i kg

+
rs

Deff

(

1−
rs
ri

)

+
1

Ψ kc,SCM
(8)

koverall,SCM is the overall rate constant, MWCFA is the molar mass of CFA, ρCFA is the

density of CFA, rs is the radius of the unreacted core, and Deff represents the effective

diffusion coefficient of potassium salt in the product layer.

Effective diffusion coefficient (Deff) of porous materials can be approximated from the

porosity (φp), tortuosity (Γ ), and the constriction factor (σc) of the particles27, according to

equation (9).

Deff =
DSalt · φp · σc

Γ
(9)

The binary diffusion coefficient of the salt in the gas-phase (DSalt) are adopted from ref25.

Properties of CFA and Potassium Salts

Table 1 lists elemental composition of four different samples of coal fly ash which were used in

the experiments in refs10,11. The samples of CFA06 and CFA10 have identical composition and

only the particle size varies among them. The bituminous coal fly-ash are all rich in Si and

Al and have a reasonable similar composition. The molar Si/Al ratio of CFA samples varies

between 1.5 and 2.2. The molar Ca/(Si+Al) ratio has been 11 % at maximum. Calcium

may compete with potassium for the reaction with Si and Al, and can thereby reduce the

efficiency of CFA for capturing potassium. A pseudo-species of CFA with molar mass of 10

kg/mol is defined for modeling.
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Table 1: Elemental composition (dry) of additives in experiments10,11. Minor irrelevant
components are not shown here.

Element CFA06
a CFA08

b CFA10
c CFA34

d

(D50, add. = 6µm) (D50, add. = 8µm) (D50, add. = 10µm) (D50, add. = 34µm)

(BET = 9.1 m2g−1) (BET= 3.2 m2g−1) (BET = 8.0 m2g−1) (BET= 3.4 m2g−1)

wt [%] mole in 10 kg wt [%] mole in 10 kg wt [%] mole in 10 kg wt [%] mole in 10 kg

O 46.6 291 49.9 312 46.6 291 45.1 282

Si 22 78 25 89 22 78 21 75

Al 14 52 11 41 14 52 13 48

Ca 4.5 11 4.1 10 4.5 11 5.2 13

Fe 2.9 5 4.3 8 2.9 5 3 5

Mg 1.0 4 1.4 6 1.0 4 0.9 4

P 0.6 2 0.3 1 0.6 2 0.6 2

K 0.9 2 2.1 5 0.9 2 0.7 2

Ti 0.9 2 0.5 1 0.9 2 0.7 2

Na 0.3 1 0.9 4 0.3 1 0.2 1

S 0.3 1 0.2 1 0.3 1 0.2 1

a One mole of pseudo-species of CFA06 ≡ O291 Si78 Al52 Ca11 Fe5 Mg4 P2 K2 Ti2 NaS

b One mole of pseudo-species of CFA08 ≡ O312 Si89 Al41 Ca10 Fe8 Mg6 P K5 TiNa4 S

c One mole of pseudo-species of CFA10 ≡ O291 Si78 Al52 Ca11 Fe5 Mg4 P2 K2 Ti2 NaS

d One mole of pseudo-species of CFA34 ≡ O282 Si75 Al48 Ca13 Fe5 Mg4 P2 K2 Ti2 NaS

The physical and chemical properties of CFA vary considerably with the composition of

feed coal and its oxidation conditions. Table 2 lists different densities of CFA in literature.

Here, a density of 2900 (kg m−3) is adopted and the values of porosity, tortuosity, and

constriction factor are estimated as listed in Table 2.

Table 2: Properties of investigated CFA and potassium salts.

Properties Value Ref./Note

Density of SiO2 2200–2650 kg m−3 28

Density of Al2O3 3970–3990 kg m−3 28

Density of CFA 2080–2360 kg m−3 29

Density of CFA 2300–2400 kg m−3 30

Density of CFA 2100–2780 kg m−3 31

7



Density of CFAa 2300–2900 kg m−3 32

Density of CFAb >2900 kg m−3 32

Porosity of CFA 0.07–0.2 29

Adopted Values:

Density of CFA 2900 kg m−3 est.

Porosity (φp) of reacted CFA 0.08 est

Tortuosity (τ) of reacted CFA 3 est

Constriction factor (σc) of reacted CFA 0.8 est

D0,KOH in N2
8.6× 10−6 m2 s−1 25 c

D0,KCl in N2
7.9× 10−6 m2 s−1 25 c

MWCFA 10 kg mol−1 assumed

a Density of 50–60% of particles.

b Density of 16–30% of particles.

c At 298 K and 1 atm.

Chemical Reaction and Equilibrium Constraint

The chemical reaction between CFA and potassium is assumed as a global reaction of R1 in

both SCM and UCM modeling approaches.

CFA (s) + Ψ K (g)
kc

−−→ Products (s) (R1)

In reality, the reaction is much more complicated and consists of several competing steps.

Considering only Al and Si in CFA and limiting the products of the reaction to those pre-

dicted with equilibrium calculation, the overall reaction between CFA and different potas-
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sium salts can be written as R2.

CFA (a1Al + a2 Si) + a3KOH+ a4KCl + a5K2SO4 −−→

b1KAlSi3O8 + b2KAlSi2O6 + b3KAlSiO4 + b4K2SiO3 + b5 K2Si2O5

+ b6 KAlO2 + b7KOH + b8K+ b9KCl + b10K2SO4 (R2)

Here, ai’s and bi’s are stoichiometric coefficients for reactants and products, respectively.

The product distribution in the equilibrium stage is determined by the thermodynamic

limitations, so ai’s and bi’s values vary with conditions and the feed composition. The

variations of ai’s and bi’s alter the stoichiometric coefficient (Ψ) in reaction R1. To facilitate

modeling of such complicated behavior, a two-step scheme developed in the earlier work25 is

implemented . In the first step (R1a), which is controlled by kinetic and diffusion resistance,

the reaction proceeds irreversibly to give a pseudo component called Products∗, which itself

dissociates immediately in the second step (R1b) to yield the final products.

CFA (s) + Ψ K (g)
kc

−−→ Products∗ (R1a)

Products∗
fast
−−→ (Ω) KCaptured + (1-Ω)Knon−Captured +Other components (R1b)

Here, a constant nominal Ψ is assumed for all conditions. Ω is an equilibrium ceiling defined

as the ratio of captured-K to the total-K at equilibrium stage. The value of Ω, varies between

zero and unity, is retrieved from the results of equilibrium calculation. At the end, the salt

conversion from R1a will be corrected according to equation (10).

XK, corrected = XK,R1a × Ω (10)

Following the preceding work25, it is assumed that a stoichiometric reaction needs two
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active atoms, either Al or Si, per potassium atom. Recalling the elemental distribution in

Table 1, Ψ will be 62 for the pseudo-molecule of CFA34, and Ψ=65 for all the other CFA

samples.

The equilibrium ceiling ( Ω) is calculated from product distribution at equilibrium state

determined by the equilibrium module of FactSage 7.3 33. The databases of FactPS, FToxid,

FTsalt, and FTpulp are employed for the calculations. Only ideal gas, pure liquids, and pure

solids are selected as possible phases of products, following Wang et al. 8 . For the conditions of

this study, potassium is mainly captured as kaliophilite (KAlSiO4), leucite (KAlSi2O6), and

sanidine (KAlSi3O8). The equilibrium ceiling of potassium capture will be shown alongside

the experimental data and the model predictions for all investigated series.

Results and Discussion

The experimental results from potassium scavenging with CFA in an entrained flow reactor

(EFR)10,11 are used to evaluate the developed models. An overview of data is given in

Table 3 and further details can be found in references10,11. The experiments investigated

the reactions of KOH, KCl, K2CO3 and K2SO4 with CFA. The salts and CFA were injected

as a liquid slurry into the system and evaporated immediately. Evaporated salts reacted

with solid or partially melted CFA particles in the hot zone of the reactor. The products

then were quenched at the exhaust of the reactor and the solid residuals were analyzed to

quantify the level of salt conversion. Effects of temperature (800–1450° C), salt concentration

(50–1000 ppm), K to Al+Si ratio (0.05–0.96), and the size of CFA particles (6–34 µm) have

been investigated. At temperatures of this study and in the presence of water, K2CO3 likely

decomposes immediately to KOH (via R3).

K2CO3 +H2O
fast
−−→ 2KOH+ CO2 (R3)

Therefore, the experiments in which K2CO3 is fed are listed as KOH-C* in Table 3.
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Table 3: Overview of CFA + potassium salts experiments. Experimental data for CFA +
KOH are from ref10, and for CFA reaction with other salts are from ref11.

Exp. No. Add. T D50, add.
a K Conc. b

(

K
Al+Si

)

c XK, exp
d XK, equi

e X(Al+Si)
f

(C) (µ m) (ppm) (molar) (mol %) (mol %) (mol %)

CFA + KOH

KOH-A CFA10 1300 10.2 50 0.048 94 99 9

1300 10.2 250 0.24 57 94 27

1300 10.2 500 0.481 32 83 31

1300 10.2 1000 0.961 16 43 31

KOH-B CFA10 800 10.2 50 0.048 87 100 8

900 10.2 50 0.048 94 100 9

1100 10.2 50 0.048 97 100 9

1300 10.2 50 0.048 97 99 9

1450 10.2 50 0.048 97 98 9

KOH-C CFA10 800 10.2 500 0.481 11 99 10

900 10.2 500 0.481 27 97 26

1100 10.2 500 0.481 27 85 26

1300 10.2 500 0.481 32 83 31g

1450 10.2 500 0.481 37 56 36

KOH-C* CFA10 800 10.2 500 0.481 11 99 10

(K2CO3) 900 10.2 500 0.481 25 97 24

1300 10.2 500 0.481 30 83 29

KOH-D CFA34 800 33.7 500 0.481 7 99 7

900 33.7 500 0.481 19 97 18

1300 33.7 500 0.481 22 83 21

KOH-E CFA06 800 6 500 0.481 9 99 9

900 6 500 0.481 38 97 37

1300 6 500 0.481 42 83 41

CFA + KCl

KCl-A CFA10 1300 10.2 50 0.048 78 96 7

1300 10.2 250 0.24 52 84 25

1300 10.2 500 0.481 18 45 17

1300 10.2 750 0.721 12 30 17

KCl-B CFA10 800 10.2 50 0.048 66 98 6

1100 10.2 50 0.048 80 98 8

1300 10.2 50 0.048 78 96 7

1450 10.2 50 0.048 77 91 7

KCl-C CFA10 800 10.2 500 0.481 6 65 6

900 10.2 500 0.481 15 54 15

1100 10.2 500 0.481 14 46 13

1300 10.2 500 0.481 18 45 17h

1450 10.2 500 0.481 23 45 22

KCl-D CFA08 800 8.4 500 0.481 7 59 6
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Table 3 continued

Exp. No. Add. T DiAdd. K Conc. K
Al+Si

XK, exp XK, equi X(Al+Si)

900 8.4 500 0.481 12 59 11

1100 8.4 500 0.481 13 61 13

1300 8.4 500 0.481 28 56 27

1450 8.4 500 0.481 31 55 30

CFA + K2SO4

K2SO4-A CFA10 800 10.2 500 0.481 6 63 5

900 10.2 500 0.481 11 73 10

1300 10.2 500 0.481 16 83 15

a Mass-median-diameter of additive particles.

b Mole fraction of K atom in gas.

c Molar ratio of inlet elements.

d Potassium conversion from experimental measurements.

e Potassium conversion from equilibrium calculation. Note that Ω=XK, equi/100.

f Estimated using stoichiometric coefficient (Ψ).

g This line repeats data from KOH-A.

h This line repeats data from KCl-A.

∗ K2CO3 is injected into the reactor to form in-situ gaseous KOH.

Transport limitations

Figure 1 shows the binary diffusion coefficient of KOH (DKOH) and KCl (DKCl) in a nitrogen

environment versus temperature, taken from ref25. The Deff of both KOH and KCl in the

product-layer formed from reacted kaolin and reacted CFA are also shown here. The Deff

is much larger in reacted kaolin compared to the reacted CFA, due to higher porosity of

kaolin. The model for Deff (equation 9) assumes that the gaseous alkali species diffuses

in the pores of the product-layer, and the porosity properties of the product-layer remains

constant through conversion. However, phase change and pore closure are likely and the

alkali species may need to diffuse in a melted phase at high temperatures.

Equilibrium calculation

Figure 2a shows an example of the product distribution in equilibrium state for the reac-

tion between CFA and KOH when K/(Al+Si)=0.5 (molar). Potassium is mainly captured
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Figure 1: Binary diffusion coefficient (DKOH inN2
and DKCl inN2

) and effective diffusion co-
efficient (Deff ) of KOH and KCl versus temperature.

as KAlSiO4 at lower temperatures, while KOH release competes with potassium capture

as KAlSi2O6 at higher temperatures. A minor part of the Al–Si is bound to calcium as

CaAl2Si2O8 and CaAl2SiO7. This further decreases the efficiency of potassium capturing.

As shown in Figure 2a, the equilibrium ceiling (Ω) decreases with increase in temperature,

as expected.

Figure 2b presents a representation of the equilibrium calculation for KCl reaction with

CFA (K/(Al+Si)=0.5). Even at the lowest temperature investigated, the equilibrium re-

striction prohibits a complete conversion of potassium to thermally stable products. Above

1000° C, potassium is mainly released as KCl while parts of potassium are stabilized as

KAlSi2O6. The Ω value gradually drops with the increase of temperature and follows the

variations of the KAlSi2O6 fraction closely.

Figure 2c shows another example for the distribution of equilibrium products of the

reaction between CFA and K2SO4. Potassium is mainly converted to KAlSi2O6 at 800° C,

to KAlSiO4 at 1000° C, and to KAlSi2O6 and KOH at 1400° C. The Ω profile changes non-

monotonically, it increases with temperature up to around 1350° C, but it decreases with

further increase of temperature. This anomalous behavior, also observed for kaolin reaction

with KAlSiO4
25, is probably due to some uncertainty in thermochemical database used in

equilibrium calculation.
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Chemical kinetic rate coefficients (kc,SCM and kc,UCM)

It is expected that data measured at low temperature are more sensitive to chemical kinet-

ics10,11. If equilibrium ceiling (Ω) is high enough to prevent the influence of equilibrium on

salt conversion, the low-temperature experimental data are reliable sources for estimating

kc,SCM and kc,UCM . Table 3 lists XK, equi ( XK, equi = 100 × Ω). In experiments with low

initial concentration of potassium, i.e. KOH-B and KCl-B, a higher uncertainty in mea-

surement is expected, so they are not included in the fitted rate coefficients. The series of

KCl-C and KCl-D contain low-temperature data, but the potassium conversion is affected

strongly by equilibrium under these conditions, as can be seen in the values of XK, equi. The

low-temperature data measured in series of KOH-C, KOH-D, KOH-E are shown in Figure 3

alongside the fitted rate coefficients. The fitted Arrhenius rate coefficients can be represented

by equations (11) and (12).

kc,SCM = 3.35× 104 × e−16122/T (11)

kc,UCM = 1.36× 109 × e−19615/T (12)

Here, kc,SCM and kc,UCM are given in (ms−1) and (m3mol−1 s−1), respectively. T represents

temperature in Kelvin. The derived rate coefficients agree reasonably with data from KOH-

C*, where K2CO3 was injected to produce in-situ gaseous KOH. The rate coefficient derived

for potassium scavenging by kaolin25 is also shown in Figure 3. The reaction rate coefficients

is smaller for the CFA reaction with KOH than corresponding kaolin reaction.

Model Predictions

KOH capture by CFA

Figure 4 shows the results of both SCM and UCM , experimental data, and the equilibrium

ceiling for CFA reaction with KOH.
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In the series KOH-A (1300° C, 50–1000 ppm of KOH), the SCM reproduces the experi-

mental results very well while the UCM overpredicts the potassium conversion considerably.

In KOH-B, where only 50 ppm of KOH is available for reaction, both models underpredict

the low-temperature conversion considerably. Collecting and quantifying minor amounts of

potassium are difficult10, so generally a larger uncertainty is expected for these measure-

ments. As shown for the series of KOH-C (800–1450° C, 500 ppm of KOH), which also

include the results of K2CO3 injection (KOH-C*), the SCM reproduces K-conversion rea-

sonably well while the UCM overestimates potassium capture considerably.
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The effects of particle size are investigated for coarser particles (D50 = 34 µm) in KOH-

D and for finer particles (D50 = 6 µm) in KOH-E. For larger particles (KOH-D), the SCM

underpredicts the potassium conversion while this time the UCM gives a more accurate

prediction. However for smaller particles (KOH-E), the SCM is more accurate than UCM,

especially at higher temperatures.

The sensitivity of predicted K-conversion to different parameters is shown in Figure 5.

The sensitivity coefficient (SEN) is calculated according to equation (13).

SEN =
∆XK/XK,0

∆Z/Z0
(13)

Here, XK represents potassium conversion while and Z is an independent parameter. In-

vestigated independent parameters are kc, kg, Deff , and Ω, representing chemical kinetics,

external diffusion, product-layer diffusion, and chemical equilibrium, respectively. The sen-

sitivity toward particle size and reaction time can be found in supporting information. The

value of ∆Z
Z0

is selected as 20% to mimic a small change in independent parameters. In the

model advocated here, the potassium conversion linearly depends on the equilibrium ceiling

(Ω), as given by equation 10. Therefore any small change in Ω will be reflected significantly

in the calculated sensitivity coefficient. For other independent parameters (kc, kg, Deff ),

however, the relation is more complicated (see equations 4 and 8).

As shown in Figure 5, potassium conversion at 800–900° C is quite sensitive to values

of kc,SCM and kc,UCM , i.e., chemical kinetics control the conversion at these temperatures.

In the SCM approach, potassium conversion at higher temperatures is controlled by both

equilibrium ceiling (Ω) and the product-layer diffusion (Deff ). The high-temperature con-

version in UCM is mainly controlled by the equilibrium ceiling in the absence of the diffusion

limitation in the product-layer. However, for the KOH-D series, where the particle size is

increased from 10 µm to 34 µm, the external diffusion can be as sensitive as equilibrium in

the UCM predictions.

17



200 400 600 800 1000
K in gas [ppm]

0

20

40

60

80

100

K 
Co

nv
. [
%
]

KOH−A
Kgas: 50−1000 ppm | T: 1300∘ C

K/(Al+Si): 0.05.0.96 | τ: 1.2 ) | D50: 10.2 μμ
EXP
Equilib(ium
SCM
UCM

800 900 1000 1100 1200 1300 1400
T [C]

0

20

40

60

80

100

K 
Co

nv
. [

%
]

KOH−B
Kgas: 50 ppm | T: 800−1450− C

K/∘A +Si): 0.05 | τ: 1.2 s | D50: 10.2 μμ

EXP
Equilibrium
SCM
UCM

800 900 1000 1100 1200 1300 1400
T [C]

0

20

40

60

80

100

K 
Co

nv
. [

%
]

KOH−C
Kgas: 500 ppm | T: 800−1450∘∘C

K/(Al+Si):∘0.48∘.∘τ:∘1.2 s | D50: 10.2 μμ

EXP
EXP (KOH-C*)
Equilibrium
SCM
UCM

800 900 1000 1100 1200 1300
T [C]

0

20

40

60

80

100
K 
Co

nv
. [
%
]

KOH−D
Kgas: 500 %%m | T: 800−1300. C

K/∘Al+Si): 0.48 | τ: 1.2 s | D50: 33.7 μμ

EXP
Equilibrium
SCM
UCM

800 900 1000 1100 1200 1300
T [C]

0

20

40

60

80

100

K 
Co

nv
. [

%
]

KOH−E
Kgas: 500 ppm | T: 800−1300− C

K/∘A +Si): 0.48 | τ: 1.2 s | D50: 6.0 μμ

EXP
Equilibrium
SCM
UCM

Figure 4: Potassium conversion for CFA + KOH. Experimental data from Wang et al. 10 .
KOH-C* corresponds to the experiments using K2CO3 to produce in-situ gaseous KOH (see
the figure title for detailed information).
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Figure 5: Sensitivity of K conversion for KOH + CFA. kc, kg, Deff , and Ω represent effects
of chemical kinetics, external diffusion, product-layer diffusion, and chemical equilibrium,
respectively.
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KCl capture by CFA

As discussed earlier, the potassium conversion for CFA + KCl might be affected by the equi-

librium ceiling, even at 800° C (KCl-C and KCl-D). In the absence of kinetically controlled

data, kc,SCM and kc,UCM fitted for CFA + KOH reaction is used for the KCl reaction too.

Figure 6 shows the results of both models, experimental data, and the equilibrium ceiling.

In the series KCl-A (1300° C, 50–1000 ppm of KCl), the SCM reproduces the experimental

results very well while the UCM overpredicts the potassium by following the equilibrium

ceiling closely. For KCl-B (800–1450° C, 50 ppm of KCl) both the models underpredict the

low-temperature data, but the SCM compares well with the high-temperature data. For

KCl-C, where gaseous potassium concentration increases (800–1450° C, 500 ppm of KCl),

again the SCM agrees much better with the experiments at high temperatures. The CFA10

sample was used in all investigated KCl experiments except the KCl-D, where CFA08 is

used to decrease the particle size from 10 µm to 8 µm. The SCM again provides a more

satisfactory prediction for KCl-D.

Figure 7 shows the results of sensitivity analyses for KCl capture by CFA. Even at the

lowest temperature of 800° C, the effect of thermodynamic equilibrium on model predictions

is non-negligible. The only exception is KOH-B, where the low-temperature data are mainly

sensitive to the kinetic resistance. In addition to thermodynamic equilibrium, the diffusion

in the product layer is sensitive in the SCM prediction at high temperatures. The absence

of any treatment in the UCM model for the product-layer diffusion might explain the large

deviation observed between the UCM predictions and experimental data.
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Figure 6: Potassium conversion for CFA + KCl. Experimental data from Wang et al. 11(see
the figure title for detailed information).

21



KCl-D (1450)
KCl-D (1300)
KCl-D (1100)
KCl-D (900)
KCl-D (800)

KCl-C (1450)
KCl-C (1300)
KCl-C (1100)
KCl-C (900)
KCl-C (800)

KCl-B (1450)
KCl-B (1300)
KCl-B (1100)
KCl-B (800)

KCl-A (750)
KCl-A (500)
KCl-A (250)
KCl-A (50)

0.0 0.5 1.0

  

Sensitivity of XK (SCM)

 kc

 kg

 Deff

 W 

KCl-D (1450)
KCl-D (1300)
KCl-D (1100)
KCl-D (900)
KCl-D (800)

KCl-C (1450)
KCl-C (1300)
KCl-C (1100)
KCl-C (900)
KCl-C (800)

KCl-B (1450)
KCl-B (1300)
KCl-B (1100)
KCl-B (800)

KCl-A (750)
KCl-A (500)
KCl-A (250)
KCl-A (50)

0.0 0.5 1.0

  

Sensitivity of XK (UCM)

 kc

 kg

 W

Figure 7: Sensitivity of K conversion for CFA + KCl. kc, kg, Deff , and Ω represent effects
of chemical kinetics, external diffusion, product-layer diffusion, and chemical equilibrium,
respectively.
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Discussion

Under conditions investigated here, the SCM performs better than the UCM in predicting

potassium conversion. In the preceding work25 using the same models for potassium scaveng-

ing with kaolin, SCM and UCM predictions were more close, and even under some conditions

the UCM performance was superior. A possible explanation might be the different porosity

of kaolin and CFA. The CFA particles have undergone partial or complete melting in coal

combustion, so CFA particles are generally less porous than kaolin particles. This fact is

reflected in the different porosity properties reported for kaolin and CFA (see Table 2).

The SCM and UCM are also different in model foundations. In the SCM, it is assumed

that the reaction only takes place on the surface of an unreacted core, which shrinks as the

reaction proceeds and generates a product layer, increasing further the resistance ahead of

alkali diffusion to the reactive surface. Moreover, the SCM approach assumes that there is

no diffusion of gases inside the unreacted core. On the other hand, in the UCM the gaseous

salt can diffuse through the additive particle without any resistance, neither internally nor

due to the formation of a product layer. Figure 8 shows the conversion of a single additive

particle predicted by the models using different porosity properties for the product-layer.

Even when the diffusion resistance is completely omitted in the SCM (Deff = Dgas), the

SCM and UCM predictions are not identical, due to the different basic assumptions.

The experimental results8–11 and the present model indicate that kaolin is more efficient

than CFA in capturing potassium. The higher porosity of kaolin allows for faster diffusion

of alkali gas to the reactive zone. Moreover, when compared to kaolin, CFA contains less

aluminum and more calcium and magnesium, which affects the thermodynamic equilibrium

considerably. In fact, change in the elemental composition affects not only the thermody-

namic equilibrium, but also the chemical kinetics. As demonstrated in Figure 3, the chemical

kinetic rate coefficients of reaction between CFA and potassium differ from kaolin reaction

rate coefficients. At the low temperatures, when the chemical kinetics is most important,

the kinetic rate coefficients of the CFA reaction is lower than the corresponding value for
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Figure 8: Additive conversion in the SCM and UCM approaches for different porosity proper-
ties of the product layer for the series of KOH-C (1100° C, K/(Al+Si) = 0.5, 10µm particle).
For CFA investigated here, Deff = 0.02Dgas (see Table 2). Deff = Dgas indicates no diffu-
sion resistance in the product layer. Equilibrium ceiling is neglected in this calculation.

the kaolin reaction.

Recently, Zhu et al.18 and Chen et al. 19 published models for capturing potassium with

aluminosilicates under PF boiler conditions. To account for the additive deactivation and

equilibrium limitation on alkali conversion, two competing reactions for additive were as-

sumed and their rate coefficients were fitted to experimental data for potassium conversion.

As demonstrated earlier, thermochemical equilibrium plays a critical role in potassium con-

version at high temperatures. Therefore, the equilibrium ceiling should be calculated and

imposed directly in modeling, especially if extrapolation to new conditions is desired. The

model presented in this work relied on independent thermochemical equilibrium calculations,

so its prediction might be more reliable for new conditions.

In the present model, a simplistic approach was taken to represent equilibrium effects on

potassium conversion, namely equation 10.

XK, corrected = XK,R1a × Ω (10)

While this approach provides a simple way of reflecting equilibrium limit in the calculations,
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its limitations should be acknowledged. Because Ω never can exceed unity, the conversion

will be always reduced, even if the gas residence time is shorter than that required to reach

the equilibrium limit. That explains why the sensitivity analyses predicted a strong influence

from equilibrium ceiling at high temperatures (Figs. 5 and 7) whereas the modeling results

have not met the equilibrium limitations in Figs. 4 and 6. Examples of model predictions

with and without equilibrium effects can be found as supporting information.

Deriving specific reaction rate coefficients for the reaction between CFA and KCl has

been a challenge in the present work. Apart from KCl-B (800–1450° C, 50 ppm of KCl),

other reported K-conversions were affected by thermodynamic equilibrium. However, even

using the kc,SCM of KOH + CFA for KCl reaction, the experimental results were reproduced

reasonably with the SCM. Therefore it is likely that the kc,SCM of the KCl reaction should be

close to kc,SCM of the KOH reaction. More accurate quantifications of potassium capture at

low temperatures away from equilibrium limitations would be beneficial in determining the

kSCM dedicated to KCl reaction with CFA . Furthermore the changes of internal diffusion

caused by phase changes are not included in the developed model, and it may have some

influence on the results.

Conclusions

Two modeling approaches, a Shrinking Core Model (SCM) and a Uniform Conversion Model

(UCM), have been explored for simulating potassium scavenging by coal fly-ash (CFA) under

conditions close to PF boilers conditions. The literature data measured in an entrained flow-

reactor (EFR) have been used for evaluating the models and fitting the chemical kinetic rate

coefficients. The equilibrium limitation of K-capture is investigated with FactSage. The

SCM approach generally predicts the experimental data more accurately. The SCM includes

a sub-model to simulate diffusion resistance in a product layer assumed around the particles.

This sub-model is shown to be vital for predicting potassium conversion in the reaction

with less porous materials same as CFA. The lack of a product-layer diffusion sub-model
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in the UCM is likely the major disadvantage of the UCM in predicting the experimental

data. The sensitivity analyses indicated that except for the low-temperature data from

KOH conversion, the equilibrium ceiling and the product-layer diffusion resistance control

the conversion of potassium to thermally stable products. For the KOH reaction at lower

temperatures, however, the model prediction is quite sensitive to chemical kinetics. All in

all, the SCM approach is found to be more accurate under the present conditions.

Further experimental data on KCl conversion at low-temperatures and low K/(Al+Si)

ratios, likely to be less affected by equilibrium, can be beneficial in order to fit the kinetic

rate coefficient specific to KCl reaction with CFA. The porosity of reacted CFA is largely

unknown, and rough estimations were used in the present work. Incorporating the effect

of CFA phase changes on diffusion resistance is advised for future models. More detailed

sub-models for equilibrium limitation might be needed to improve the accuracy of model

predictions. Experiments at T>1450° C and shorter residence time can be helpful in evalu-

ating models and equilibrium calculations at higher temperatures encountered in PF boilers.

The developed SCM model can be used for a reasonable prediction of potassium scavenging

with CFA at the conditions of PF boilers using biomass.
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Nomenclature

Symbols Definition Units

A External surface area of particle
(

m2
)

Dz Binary diffusion coefficient of component z
(

m2 s−1
)

Dz,0 Dz at reference conditions (1 atm, 298 K)
(

m2 s−1
)

Deff Effective diffusion coefficient of gas into product layer
(

m2 s−1
)

D50 Mass-median-diameter of CFA particles (µm)

kc,SCM Chemical kinetic rate coefficient in SCM
(

m s−1
)

kc,UCM Chemical kinetic rate coefficient in UCM
(

m3 mol−1 s−1
)

koverall,SCM Overall rate coefficient in SCM
(

m s−1
)

koverall,UCM Overall rate coefficient in UCM
(

m3 s−1
)

kg Mass transfer coefficient
(

m s−1
)

MW Molar mass
(

kg mol−1
)

Nz Mole of component z (mol)

P Pressure (Pa)

ri Initial radius of particle (m)

rs Radius of unreacted core in SCM (m)

RRSCM Rate of reaction in SCM
(

mol s−1
)

RRUCM Rate of reaction in UCM
(

mol2 m−3 s−1
)

Re Reynolds number dimensionless

Sc Schmidt number dimensionless

SEN Sensitivity coefficient dimensionless

Sh Sherwood number dimensionless

T Temperature (K)

t Time (s)

X Molar conversion dimensionless

Z Independent parameter in sensitivity analysis dimensionless

[z] Concentration of component z
(

mol m−3
)

[z]∞ Free-stream concentration of component z
(

mol m−3
)

β Specific number of CFA particle per volume of the gas
(

m−3
)

Γ Tortuosity dimensionless

ρ Density
(

kg m−3
)

σc Constriction factor dimensionless

φp Porosity dimensionless

Ψ Stoichiometric coefficient dimensionless

Ω Equilibrium ceiling dimensionless

τ Reaction time s
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