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ABSTRACT: Ash deposition on boiler surfaces is a major problem encountered in biomass combustion. Timely removal of ash
deposits is essential for optimal boiler operation. In order to improve the understanding of deposit shedding in boilers, this study
investigates the adhesion strength of biomass ash from full-scale boilers, as well as model fly ash deposits containing KCl, K2SO4,
CaO, CaSO4, SiO2, K2CO3, Fe2O3, K2Si4O9, and KOH. Artificial biomass ash deposits were prepared on superheater tubes and
sintered in an oven with temperatures ranging from 500 to 1000 °C. Subsequently, the deposits were sheared off by an
electrically controlled arm, and the corresponding adhesion strength was measured. The effect of sintering temperature, sintering
time, deposit composition, thermal shocks on the deposit, and steel type was investigated. The results reveal that the adhesion
strength of ash deposits is dependent on two factors: ash melt fraction, and corrosion occurring at the deposit−tube interface.
Adhesion strength increases with increasing sintering temperature, sharply increasing at the ash deformation temperature.
However, sintering time, as well as the type of steel used, does not have a significant effect under the investigated conditions.
Addition of compounds which increase the melt fraction of the ash deposit, typically by forming a eutectic system, increases the
adhesion strength, whereas addition of inert compounds with a high melting point decreases the adhesion strength. Furthermore,
the study indicated that sulfation of ash deposits leads to an increase in adhesion strength, while cooling down the deposits after
sintering decreases the adhesion strength. Finally, it was observed that adhesion strength data follow a log-normal distribution.

■ INTRODUCTION

One of the major operational problems encountered in
biomass-fired boilers is the formation of ash deposits on boiler
surfaces. Ash deposition hinders the efficiency of heat transfer
to the steam cycle1 and may completely block flue gas channels
in severe cases, causing expensive unscheduled boiler shut-
downs. Furthermore, ash deposits may cause severe corrosion
of boiler surfaces.2 Therefore, timely and effective removal of
ash deposits is essential for optimal boiler operation.
Natural as well as artificially induced shedding of ash deposits

may be caused by several mechanisms including erosion,
debonding, molten slag flow, and thermal and mechanical
stresses in the deposits.3 Full-scale investigations have revealed
that debonding is the dominant mechanism for shedding of
dense and hard deposits in biomass boilers,4 occurring when
the generated stress (e.g., by soot-blowing or due to the
inherent weight of the deposit) exceeds the adhesion strength
at the deposit−tube interface.1 Hence, quantification of the
adhesion strength of ash deposits is crucial for understanding
deposit shedding, and for optimizing artificial removal of
deposits (e.g., by soot-blowing or application of thermal
shocks). Sootblowing in boilers produces both lateral (lift)
and longitudinal (drag) forces on deposits,5 highlighting the
importance of understanding the shear as well as tensile
adhesion strength of ash deposits. Additionally, the adhesion
strength at the interface is dependent on the contact area
between the steel tube and the innermost layer of the ash
deposit.5 The innermost layer of biomass ash deposits is
primarily formed by heterogeneous condensation, or homoge-

neous/heterogeneous nucleation and subsequent thermopho-
retic deposition of alkali salts,6,7 with their composition
typically dominated by KCl and K2SO4.

8

Previous studies have investigated the adhesion strength of
deposits for coal ash9−11 as well as ash from kraft recovery
boilers.5 Other studies have tried to quantify the inherent
compression and bend strength of sintered ash deposits.12−16

However, there is a lack of understanding of the adhesion
strength of biomass ash deposits to boiler surfaces. The
literature lacks a detailed investigation, describing the effect of
various parameters, such as sintering temperature, chemical
composition, and sintering time, on the adhesion strength of
biomass ash deposits.
The present work quantifies the shear adhesion strength of

biomass ash and salt rich deposits in a laboratory oven, in order
to determine the effect of gas and steel surface temperature,
deposit chemical composition, sintering duration, steel type,
and thermal shocks brought about by a rapid change in
sintering temperature. The study simulates the conditions
present at the deposit−tube interface, under different deposit
properties and boiler conditions. Apart from providing a better
fundamental understanding of deposit shedding, the outcome
of this study may facilitate boiler operation by recommending
boiler conditions for minimizing the formation of strong
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deposits. Furthermore, the data obtained from this study may
be used to optimize soot-blowing in boilers.

■ EXPERIMENTAL SECTION
Materials. Experimental analysis was carried out using fly ash

obtained from the electrostatic precipitator/bag filter of a straw-fired
grate boiler (Avedøreværket unit 2, 100 MWth), a wood-fired
suspension boiler (Avedøreværket unit 2, 800 MWth), and a straw +
wood cofired suspension boiler (Amagerværket unit 1, 350 MWth).
The fly ash properties are provided in Table 1. While the straw fly ash

is rich in K and Cl, the wood fly ash and the straw + wood cofired fly
ash are rich in Ca and Si. As a result, the ash deformation
temperature,17 which is the temperature at which the ash first softens
and therefore becomes sticky,18 of straw fly ash is low (640 °C),
whereas the ash deformation temperature of wood fly ash and straw +
wood cofired fly ash is rather high (1240 and 1220 °C). Additionally,
model fly ash deposits were prepared using mixtures of KCl (Sigma-
Aldrich, CAS number: 7447-40-7), K2SO4 (Sigma-Aldrich, CAS
number: 7778-80-5), K2CO3 (Sigma-Aldrich, CAS number: 584-08-
7), CaO (Sigma-Aldrich, CAS number: 1305-78-8), CaSO4 (Alfa
Aesar, CAS number: 7778-18-9), SiO2 (Sigma-Aldrich, CAS number:
60676-86-0), Fe2O3 (Sigma-Aldrich, CAS number: 1309-37-1),
K2Si4O9 (Alfa Aesar, CAS number: 1312-76-1), and KOH (Sigma-
Aldrich, CAS number: 1310-58-3), in order to understand the effect of
different components constituting a typical biomass fly ash. The
melting point/eutectic point/glass transition temperature of the model
fly ash compounds is provided in Table 2. Each of the different
components was milled and sieved individually to obtain a particle size
distribution bounded by 32 and 90 μm. However, it should be noted
that fly ash in boilers typically form a bimodal particle size distribution,
consisting of submicron particles, as well as larger particles (∼10−200
μm).1,6 Although the deposits prepared in this study do not contain
any submicron particles, it is ensured that the particle size lies within
the second peak of the characteristic bimodal size distribution. Since
KCl and K2SO4 are the major species found in the inner layer of
typical biomass ash deposits,8 all investigated model fly ash deposits
contained KCl and K2SO4.
Experiments were carried out using three different types of steel,

TP347HFG (Salzgitter Mannesmann), 316SS (Sandvik), and 3R69BT

(Sandvik), as well as tubes made from pure iron. The tubes had an
outer diameter of 38 mm and a thickness of 5 mm. The chemical
composition of the steel tubes is provided in Table 3. The addition of

Cr, Mo, and Mn in steel reduces oxide scale growth,19,20 improving
overall corrosion resistance,21 while Ni acts as a deterrent for Cl
induced corrosion.22 Preoxidation of steel tubes is beneficial for
hindering corrosion23,24 and provides superior replication of opera-
tional boiler tubes.25,26 Thermogravimetric analysis of the steel tubes
at 600 °C revealed that the majority of the oxidation occurs in the first
few hours, after which the rate of oxidation significantly slows down
(see Figure 1). Therefore, the tubes were preoxidized for 24 h at 600
°C prior to conducting experiments.

Table 1. Composition, Particle Size, and Melting Point
Analysis of the Investigated Fly Ashes

elemental
composition (wt %,

dry basis)

straw fly
ash, grate
fired

straw + wood cofired
fly ash, suspension

fired

wood fly ash,
suspension

fired

Al − 2 2.13
Ca 1.3 20 20.8
Cl 19 1.3 0.2
Fe 0.044 1.4 1.73
K 43 9.1 6.26
Mg 0.12 3.3 3.22
Na 0.9 0.9 0.43
P − 1.4 1.09
S 7.9 1.5 1.08
Si 1.1 12 17.7
Ti − 0.14 −
Mn 0.059 − −
deformation
temperature17

(°C)

640 1240 1220

hemispherical
temperature17

(°C)

640 1250 1230

fluid temperature17

(°C)
760 1260 1240

median particle size
(μm)

51.7 44.5 34.7

Table 2. Eutectic Temperature/Melting Point/Glass
Transition Temperature of the Investigated Model Fly Ash
Compoundsa

Composition
Eutectic temperature†melting point‡/glass

transition temperature§ (°C)

KCl‡ 770
KCl + K2SO4

† 690
KCl + K2SO4 + CaO† 690
KCl + K2SO4 + CaSO4

† 644
KCl + K2SO4 + SiO2

† 690
KCl + K2SO4 + K2CO3

† 580
KCl + K2SO4 + Fe2O3

† 577
KCl + K2SO4 + K2Si4O9

§ 650
KCl + K2SO4 + KOH† 288

aData obtained from multiple sources.8,37,38,67

Table 3. Composition of the Investigated Steel Tubes

Steel type Cr (wt %) Ni (wt %)
Fe

(wt %) Others (wt %)

Iron 100
316SS 16−18 10−14 balance C = 0.08, Si = 0.75,

Mn = 2, P = 0.045,
S = 0.03, Mo = 2.5

TP347HFG 17−20 9−13 balance C = 0.08, Si = 0.75,
Mn = 2, P = 0.04,
S = 0.03, Nb + Ta = 1

3R69BT 17.5 12.5 balance C = 0.03, Si = 0.4,
Mn = 1.7, P = 0.03,
S = 0.015, Mo = 2.2

Figure 1. Thermogravimetric analysis of steel used (TP347HFG),
exposed to air at 600 °C. Most of the oxidation occurs within the first
few hours, after which the oxidation rate significantly slows down.
Sample mass of 2059 mg, heating rate of 10 K/min.
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Sample Preparation. In order to obtain tightly packed and
adherent deposits, the ash particles were mixed with a 50%
isopropanol solution to prepare a thick slurry and molded into a
cubical shaped deposit on the surface of the tube, using a Teflon mold
(see Figure 2). The deposits were 15 mm × 15 mm × 10 mm, (W × D
× H) in size, leading to a contact surface area of 223 mm2. The use of
deposit slurries is in accordance with EU guidelines2,27,28 for high
temperature corrosion testing, providing a better representation of
deposits in power plants. However, it should be noted that the deposit
formation process and the typical particle size distribution of fly ash in
boilers are different from the case of the samples prepared in this
study.1,6,8

Deposit Sintering and Adhesion Strength Measurement.
The deposits were heated up and sintered inside an oven for a fixed
duration. A purge air flow of 15 NL/min was injected into the oven, to
protect the oven heating elements from corrosion.
After sintering, the deposits were cooled down to the required

measurement temperature at a rate of 15 °C/min, subsequently
followed by shear adhesion strength measurements. An electrically
controlled arm was used to debond the artificial ash deposit from the
superheater tube, as shown in Figure 2. The arm was controlled using
a linear actuator, and the corresponding force applied on the ash
deposit was measured using a load cell. Shear adhesion strength was
calculated by dividing the measured force by the contact area between
the deposit and the superheater tube. Standard experiments were
performed by sintering the deposits at 650 °C for 4 h, while the
adhesion strength was measured at 600 °C. These parameters were
chosen providing consideration for typical sintering temperatures of
the inner layers of the deposit,8 typical boiler steam temperatures,29−32

temperature gradients across the steel tube, resulting in the steel
surface temperature to be 20−50 °C higher than the steam
temperature,8,33,34 a reasonable experimental time, and the deposit
formation process.6,31 In order to account for the scatter observed
while measuring adhesion strength, measurements were conducted on
at least four deposit samples for each instance of experimental
conditions.
Selected samples were analyzed using scanning electron microscopy

to observe the deposit−tube interface. The steel tubes, along with
deposits, were cast in epoxy and polished, without any exposure to
water, thereby preventing any dissolution, recrystallization, and
removal of salts.

■ RESULTS AND DISCUSSION
Effect of Sintering Temperature. Figure 3 shows the

effect of sintering temperature on adhesion strength. Experi-
ments were performed with pure KCl, as well as three different
boiler fly ashes (see Table 1). It can be observed that adhesion
strength increases with increasing temperature, with a sharp
increase near the melting point/ash deformation temperature,17

i.e., 640 °C for straw fly ash, and 770 °C for KCl.
A sharp increase in adhesion strengths for wood fly ash and

the straw + wood cofired fly ash has not been observed in this
study, due to their high ash deformation temperatures, 1220

and 1240 °C respectively (see Figure 3). Furthermore, it should
be noted that increasing the temperature of the oven to
temperatures significantly higher than the melting point (or ash
deformation temperature) led to completely molten deposits,
whose adhesion strength could not be measured.

Effect of Eutecticity. The constituents of fly ash typically
form eutectic systems,3,35 leading to melt formation at
temperatures lower than the melting point of the individual
components. The aforementioned results seem to indicate that
the adhesion strength of an ash deposit is dependent on its
melting point. Previous studies in literature have indicated that
the melt fraction of the deposit, especially at the deposit−tube
interface, influences its adhesion strength.4,5 In order to better
understand this phenomenon, experiments were performed
with model fly ash compounds containing KCl and K2SO4. KCl
and K2SO4, with individual melting points of 770 and 1069 °C,
form a eutectic system with a eutectic temperature of 690 °C.
The eutectic temperature was calculated using the software,
FactSage.36,37 However, other experimental studies have
identified melt formation at 683 °C for a 50 wt % KCl−
K2SO4 system.

38 In the experiments, the amount of K2SO4 in
KCl was varied at 650 °C, and the corresponding results are
shown in Figure 4, along with the KCl−K2SO4 phase diagram.
The phase diagram was obtained using FactSage.

Figure 2. Experimental setup for adhesion strength measurements. The superheater steel tube is placed inside the oven while the load cell is outside
the oven. The actuator arm shears off the artificial ash deposit and the load cell measures the corresponding adhesion strength. Image not to scale.

Figure 3. Effect of sintering temperature on shear adhesion strength
for KCl and biomass fly ashes. Shear adhesion strength increases
sharply near the melting point/ash deformation temperature.17

Deposits sintered for 4 h, measured at 600 °C, TP347HFG steel
preoxidized for 24 h, average of 4 data points.
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The results indicate that while pure substances do not have
much adhesion strength at 650 °C, mixing of the components
causes a large increase in the adhesion strength. Since KCl and
K2SO4 form a eutectic system, mixing of the two components
leads to an increase in the melt fraction of the deposit.
Therefore, it can be inferred that a higher melt fraction at the
deposit−tube interface leads to a higher adhesion strength.
However, the experiments were carried out at 650 °C, which is
lower than the eutectic temperature of the KCl−K2SO4 system.
This indicates the presence of a secondary phenomenon
influencing deposit adhesion strength, which has been explored
in the following section by conducting a SEM analysis of the
deposit−tube interface.
SEM Analysis of the Deposit−Tube Interface. In order

to determine the morphology of the deposits at the deposit−
tube interface, SEM analysis of the interface was carried out for
the model fly ash deposit containing KCl and K2SO4 (50 wt %).
The analysis revealed the formation of a dense, partially molten
layer at the interface, as seen in Figure 5. As the temperature
increases, corrosion starts to occur at the interface. As a result,
corrosion products, such as Fe/Cr chlorides, oxides, chromates,
etc., are formed.2,39−43 Most of the corrosion products form a
complex eutectic system with the components present in the
deposit.44,45 This leads to a lower eutectic temperature at the
interface, compared to the outer layers of the deposit. The
partially molten layer causes increased surface wetting and
adsorption,46 leading to high surface adhesion.
It should be noted that debonding always occurred in the

corrosion layer throughout all experiments, exposing a fresh
layer of steel tube after deposit removal.
Effect of Composition. Experiments were conducted with

model fly ash deposits to understand the role of different
components present in a typical biomass fly ash. The model fly
ash deposits were made up of particles larger than 32 μm and
smaller than 90 μm.
The results highlight the effect of sulfation on adhesion

strength, as seen in Figure 6. The deposit containing KCl and
K2SO4 (50 wt %) exhibited much higher adhesion strength
compared to a deposit containing pure KCl. Similarly, the
deposit containing KCl, K2SO4, and CaSO4 (33 wt % each)

showed a higher adhesion strength than the deposit containing
KCl, K2SO4, and CaO.
The increase in adhesion strength of deposits containing

sulfur can be attributed to the fact that KCl−K2SO4 and KCl−
K2SO4−CaSO4 form a eutectic system (see Table 2).
Therefore, sulfation lowers the eutectic/deformation temper-
ature of the ash deposit, increasing melt fraction, and thereby
increasing adhesion strength.
In boilers, KCl can undergo sulfation in the gas phase prior

to deposition,47 or in solid phase after deposition on boiler
surfaces.48 While gas phase sulfation is faster than solid phase
sulfation, the deposit is exposed to the flue gas for a longer
period of time,48 making both sulfation mechanisms relevant.
Similarly, CaO can undergo sulfation to form CaSO4.

49,50

Sulfation of KCl in deposits can occur as a gas−solid or gas−
liquid reaction by SO2

51 or SO3,
52 as shown in the following

equations.

+ + + → +2KCl SO
1
2

O H O K SO 2HCl2 2 2 2 4

+ + → +2KCl SO H O K SO 2HCl3 2 2 4

Iron oxide may catalytically convert SO2 to SO3,
45,53 or react

with SO2 to form Fe(III) sulfites or sulfates,54,55 thereby
catalyzing the overall sulfation reaction and increasing the
concentration of K2SO4 near the steel surface.
The present results provide evidence that sulfation may result

in an increase in adhesion strength at the investigated
conditions. However, these results are not conclusive, since
sulfate-forming reactions occurring inside the deposit have not
been explored in the conducted experiments. Further
investigation of deposit sulfation is required to completely
understand the influence of the overall sulfation process on
deposit adhesion strength. Nevertheless, it is speculated that
reactions occurring between the deposit and the flue gas may
contribute to adhesion strength variations in boilers.
Furthermore, the results portray the effect of CaO, SiO2,

K2CO3, Fe2O3, K2Si4O9, and KOH (see Figure 6). While Ca
and Si are widely present in biomass ash deposits, the presence
of K2CO3 has been identified in only a few studies in
literature.56,57 The addition of CaO to a model fly ash deposit

Figure 4. Effect of varying concentration of K2SO4 in KCl on shear
adhesion strength. Deposits sintered at 650 °C for 4 h, measured at
600 °C, TP347HFG steel preoxidized for 24 h, average of 4 data
points (24 for 50 wt %). Mixing of KCl and K2SO4 causes an increase
in adhesion strength.

Figure 5. SEM image of deposit−tube interface. KCl−K2SO4 (50 wt
%) deposit, sintered at 650 °C for 4 h, TP347HFG steel preoxidized
for 24 h. Partially molten corrosion layer observed at the deposit−tube
interface.
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containing KCl−K2SO4 decreased its adhesion strength. CaO
does not form a eutectic melt with the KCl−K2SO4 system,
effectively reducing the melt fraction, and thereby decreasing
the adhesion strength. However, the addition of SiO2 does not
seem to significantly affect the adhesion strength under the
conditions examined.
The addition of K2CO3 to the model fly ash deposit

containing KCl and K2SO4 considerably increased the adhesion
strength. Addition of K2CO3 decreases the eutectic temperature
of the KCl−K2SO4 system (see Table 2), increasing the melt
fraction of the ash deposit at 650 °C, and thereby increasing the
adhesion strength. Furthermore, K2CO3 may react with the
steel, leading to the formation of a potassium−chromium
compound, most likely K2CrO4,

41,58,59 which forms a low-
temperature melt with KCl,60 further increasing the melt
fraction at the deposit−tube interface.
Moreover, the addition of Fe2O3 significantly increased the

adhesion strength of the ash deposits, bolstering the
aforementioned theory correlating corrosion with high
adhesion strength. Apart from decreasing the melting point of
the mixture (see Table 2), the presence of Fe2O3 in the deposit
may cause increased formation of corrosion intermediates, such
as FeCl2 or FeCl3, according to the following proposed
reaction. The reaction mechanism has been verified using
Factsage.37

+ ⇌ +Fe O 6KCl 2FeCl 3K O2 3 3 2

Moreover, in full-scale boilers, where HCl present in the flue
gas may be oxidized to Cl2, the following reaction may occur,
leading to the formation of FeCl2.

22,61,62

+ ⇌ +Fe O 2Cl 2FeCl 1.5O2 3 2 2 2

Since FeCl2, as well as FeCl3, forms a eutectic system with
the ash deposit, the corresponding increase in melt fraction
results in an increase in adhesion strength.
A similar increase in adhesion strength is observed when

K2Si4O9 is added to the KCl−K2SO4 system. The presence of
alkali silicates has been identified in mature and sintered
deposits in straw-fired boilers.8 K2Si4O9 is known to form a
glass phase at high temperatures, gradually decreasing in
viscosity with increasing temperature.63 Analysis of the K2Si4O9

samples using differential scanning calorimetry revealed that
K2Si4O9 has a glass transition temperature of 650 °C (see
Figure 7). The formation of a semimolten glass phase causes an
increase in surface wetting and increased adhesion of the
deposit to the steel tube.
The presence of KOH in deposits has been postulated in a

few studies in literature.56,62 In the present study, it was
observed that even the addition of a small amount of KOH (2.5
wt %) to the model fly ash deposit causes a large increase in
adhesion strength. This can directly be attributed to the low
melting point of KOH (360 °C) and the formation of a eutectic
system with KCl−K2SO4 (see Table 2), causing increased melt
formation and adhesion strength.
From this section, it can be concluded that addition of

compounds which increase the melt fraction of the ash deposit,
usually by forming a eutectic system, increases the adhesion
strength. However, addition of inert compounds with a high
melting point, such as CaO (melting point of 2572 °C),
decreases the adhesion strength.

Figure 6. Effect of composition on adhesion strength using model fly ash compounds. Deposits sintered at 650 °C for 4 h, measured at 600 °C,
TP347HFG steel preoxidized for 24 h, 4 data points (24 for KCl + K2SO4). All compositions in weight %.
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Effect of Sintering Time. The sintering time seems to have
a negligible effect on adhesion strength up to 24 h at the
investigated conditions, as seen in Figure 8. It should be noted
that the all experiments are subjected to an additional 30 min of
heating time prior to sintering, and 5 min for strength
measurement after sintering.

The results suggest that the initial, partially molten corrosion
layer is formed rather quickly, and significant changes in
adhesion strength do not occur after the formation of the initial
corrosion layer at the interface within 24 h. Several studies in
literature indicate that the onset of corrosion is typically within
a few minutes, and the rate of corrosion decreases exponentially
over time.2,39,64 The marginal change in melt fraction due to
increasing corrosion is not significant enough to observe
reliable changes in adhesion strength. However, further
investigation is required prior to arriving at conclusions,
especially considering that sintering in boilers may occur for
longer durations.

Nevertheless, an increase in deposit adhesion strength may
be observed in boilers due to sintering caused by reactions
occurring in the deposit, e.g., sulfation,65 which have not been
investigated in this study. Sulfation does not occur in the
experimental setup, due to the absence of SO2 in the gas
stream.

Effect of Thermal Shocks. Application of thermal shocks
to induce deposit shedding is a technique commonly used to
remove heavily sintered deposits from superheater tubes.13,66

This study further investigates the effect of thermal shocks by
cooling down the deposit after sintering. Deposits were cooled
down at a rate of 15 °C/min.
As seen in Figure 9, cooling down the deposits results in a

decrease in adhesion strength. Thermal stresses are induced at

the deposit−tube interface, owing to differences in the thermal
expansion coefficients between the deposit/corrosion layer and
the steel tube.66 As a result, cracks may develop at the interface,
leading to a decrease in adhesion strength.

Effect of Steel Type. In order to understand the effect of
the type of steel used, experiments were carried out using a
model fly ash deposit containing KCl−K2SO4 (50 wt %) on
three different types of steel as well as pure iron tubes (see
Table 3). Experiments were carried out for 4 h at 650 °C.
The results indicate that the type of steel used does not have

a strong influence on the adhesion strength at the investigated
conditions, considering the scatter in data (see Figure 10).
Previous studies have shown that KCl induces corrosion at the
steel surface, irrespective of the type of steel,58 although the
depth of the corrosion layer might be different. The results
seem to indicate that while the presence of corrosion causes
high adhesion strength, the depth of the corrosion layer is not a
major factor influencing adhesion strength, especially consid-
ering that the onset of the corrosion layer is typically within a
few minutes.2,39,64

However, the adhesion strength of deposits to pure iron
tubes appears to be slightly higher, when compared to the
investigated steels, indicating that the presence of corrosion
inhibiting elements in steel might play a role in influencing
adhesion strength. Further investigation, spanning over a larger
range of steel types, is required prior to arriving at conclusions.

Figure 7. Differential scanning calorimetry analysis of K2Si4O9. The
silicate forms a glassy phase, with a glass transition temperature of 650
°C. Sample mass of 10.5 mg, heating rate of 10 K/min.

Figure 8. Effect of sintering time on adhesion strength. KCl−K2SO4
(50 wt %) deposit, sintered at 650 °C, measured at 600 °C,
TP347HFG steel preoxidized for 24 h, 4 data points (24 for 4 h).

Figure 9. Effect of strength measurement temperature on adhesion
strength. KCl−K2SO4 (50 wt %) deposit, sintered at 650 °C for 4 h,
TP347HFG steel preoxidized for 24 h, 4 data points (24 for 600 °C).
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Analysis of Scatter in Adhesion Strength Data. In
order to better understand the significant scatter observed in
the data, 24 experiments were conducted using KCl−K2SO4
(50 wt %) deposits. The experiments reveal that adhesion
strength data roughly follow a log-normal distribution, as seen
in Figure 11. This is similar to observations made using
deposits from kraft recovery boilers.5 Moreover, experiments
conducted in full-scale biomass-fired boilers indicate similar
trends.4

The stochastic nature of debonding has significant
implications on deposit shedding in boilers. The results suggest
that even though soot-blowing may remove the majority of the
deposits, the strongly adherent deposits might not be removed.
Subsequent accumulation of strong deposits probably results in
the eventual fouling of boiler surfaces.5

The adhesion strength of biomass ash deposits observed in
this study is comparable in magnitude to coal ash deposits from
lab-scale investigations,9−11 as well as biomass ash deposits

from full-scale studies,4 as shown in Table 4. However, previous
lab-scale investigations indicate that deposits from kraft
recovery boilers are more strongly adherent, when compared
to biomass and coal ash deposits.5

Practical Application of the Study. The results allow a
better understanding of the process of deposit shedding, both
qualitatively and quantitatively. Furthermore, the obtained data
may be used to develop a tool for analyzing the effect of fuel
composition on adhesion strength, and suggesting boiler
operating conditions to prevent the formation of strong
deposits. For example, the study identifies that maintaining
steel temperatures below the ash deformation temperature
results in the formation of weaker deposits. Furthermore, the
study quantifies the degree of thermal shocks needed to weaken
the strongly adherent deposits. Moreover, the study analyzes
the effect of composition of the fly ash, which could be used to
estimate fuel quality. However, further work is required prior to
arriving at conclusions.
Additionally, the obtained data may be used to optimize

soot-blowing in boilers by recommending soot-blowing
frequencies and pressures based on the fuel and operating
conditions. This may be done by modeling the log-normal
distribution of adhesion strength data, incorporating the effect
of deposit composition, flue gas temperature, and steam
temperature. However, further experimental work is required
for the development of a detailed model.

■ CONCLUSIONS
This study investigated the shear adhesion strength of biomass
ash deposits from full-scale boilers, as well as model fly ash
deposits containing KCl, K2SO4, CaO, CaSO4, SiO2, K2CO3,
Fe2O3, K2Si4O9, and KOH. Deposits were prepared on
superheater tubes and sintered in a laboratory oven. The
effects of sintering temperature, sintering time, deposit
composition, thermal shocks on the deposit, and steel type
were investigated.
Increasing sintering temperatures resulted in higher adhesion

strengths, with a sharp increase observed near the ash
deformation temperature/melting point. Sintering time did
not significantly affect adhesion strengths up to 24 h at 650 °C,
using a model fly ash deposit containing KCl−K2SO4 (50 wt
%). Furthermore, it was substantiated that cooling down the
deposit after sintering reduces the adhesion strength, due to
thermal stresses induced at the deposit−tube interface.
Deposits containing sulfates showed increased adhesion

strengths, indicating that sulfation may cause the formation of
stronger deposits. The addition of K2CO3, Fe2O3, K2Si4O9, and
KOH to the model fly ash deposit increased the ash melt
fraction at the deposit−tube interface, thereby increasing the
adhesion strength, whereas the addition of CaO decreased the
ash melt fraction, thereby decreasing the adhesion strength.

Figure 10. Effect of steel type on adhesion strength. KCl−K2SO4 (50
wt %) deposit, sintered at 650 °C for 4 h, measured at 600 °C, steels
preoxidized for 24 h, 4 data points (24 for TP347HFG).

Figure 11. Log-normal distribution of adhesion strength data. KCl−
K2SO4 (50 wt %) deposit, sintered at 650 °C for 4 h, measured at 600
°C, TP347HFG steel preoxidized for 24 h, 24 data points.

Table 4. Adhesion Strength of Different Types of Deposits

deposit type
adhesion strength

(kPa)

biomass ash deposits, current lab-scale investigation 1−350
biomass ash deposits, full-scale investigations4 20−250
coal ash deposits, lab-scale investigations9−11 35−350
deposits from kraft recovery boilers, lab-scale
investigations5

1000−16000

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.7b01312
Energy Fuels 2017, 31, 8733−8741

8739

http://dx.doi.org/10.1021/acs.energyfuels.7b01312


Furthermore, the type of steel used did not seem to have a
considerable effect on the adhesion strength. Finally, experi-
ments revealed that adhesion strength data roughly follow a
log-normal distribution.
This study identified that the adhesion strength of ash

deposits is dependent on two factors: ash melt fraction, and
corrosion occurring at the deposit−tube interface. A higher ash
melt fraction at the deposit−tube interface leads to an increase
in adhesion strength. Corrosion occurring at the interface leads
to the formation of corrosion products, which form a eutectic
system with the inner layer of deposit and increase the local
melt fraction, thereby increasing the adhesion strength.
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Tensile Adhesion Strength of Biomass Ash Deposits: Effect of the
Temperature Gradient and Ash Chemistry
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ABSTRACT: Replacing coal with biomass in power plants is a viable option for reducing net CO2 emissions and combating
climate change. However, biomass combustion in boilers may exacerbate problems related to ash deposition and corrosion,
demanding effective deposit removal. The tensile adhesion strength of model biomass ash deposits, containing mixtures of KCl,
K2SO4, CaO, CaSO4, and K2Si4O9, has been investigated in this study. The deposits were prepared on superheater steel tubes and
sintered in an oven. The superheater steel tube was cooled by air, incorporating a temperature gradient across the deposits. After
sintering, the deposits were removed using an electrically controlled arm and the corresponding tensile adhesion strength was
measured. The influence of the flue gas temperature (500−700 °C), steel surface temperature (500−650 °C), and deposit
composition were investigated. The results revealed that increasing the flue gas temperature as well as the steel surface
temperature led to a sharp increase in the tensile adhesion strength of the model deposits. The sharp increase was typically
observed near the melting temperature (or deformation temperature) of the investigated model deposits. Furthermore, migration
of molten/vapor species from the outer layer of the deposit to the deposit−tube interface, causing liquid-state sintering, was
observed at high flue gas temperatures, leading to an increase in the tensile adhesion strength. Varying the ash chemistry of the
model deposits revealed that the melt fraction of the deposit was highly influential in determining the deposit adhesion strength.
The addition of compounds that increased the melt fraction of the deposit increased the tensile adhesion strength, whereas the
addition of inert compounds with a high melting point, such as CaO, decreased the tensile adhesion strength. Moreover, the
results suggested that the adhesion strength of the deposits was influenced by the corrosion occurring at the deposit−tube
interface.

■ INTRODUCTION

Following the Paris Agreement at COP21,1 global efforts to
mitigate climate change have accelerated. Being a CO2-neutral
fuel, biomass can potentially replace coal for providing flexible
electricity and heat production. Globally, the supply of biomass
for energy has been growing at 2.5% every year since 2010, with
bioenergy contributing 10.5% of the global primary energy
consumption.2 With Denmark aiming to replace coal with
biomass in pulverized fuel power plants by 2030,3 biomass
firing and co-firing are gaining increased importance. However,
biomass-fired boilers encounter numerous operational chal-
lenges, several of which are related to the critical volatile ash-
forming elements, such as K and Cl, causing severe ash
deposition and corrosion on boiler surfaces.4,5 Deposit
formation in boilers may occur through several mechanisms,
including diffusion and condensation of vapors, thermopho-
resis, convective diffusion, and inertial impaction.6,7 Ash
deposition on boiler surfaces hinders heat transfer to the
steam cycle, thereby reducing boiler efficiency.8 Moreover, ash
deposition may completely block the flue gas channels in severe
cases, resulting in expensive boiler shutdowns. Therefore,
timely and effective deposit removal are essential for max-
imizing boiler efficiency and availability.
Shedding of ash deposits in boilers may occur naturally,

without any operational influence, or may be induced artificially
(e.g., using soot blowing or load changes). Deposit shedding

may occur through several mechanisms, including erosion,
debonding, molten slag flow, and thermal and mechanical
stresses within the deposits.5 Erosion occurs when sharp-edged
fly ash particles collide with non-molten deposits, resulting in
deposit removal through chipping or repeated deformation.
Debonding occurs when the generated stress (e.g., by soot
blowing or as a result of the weight of the deposit) exceeds the
adhesion strength at the deposit−tube interface, resulting in
deposit removal from the tube surface. If the temperature of the
outer layer of the deposit is sufficiently high for the formation
of low-viscosity slags, molten phases may flow off the deposit.
Thermal shocks caused by temperature changes in the boiler
may induce deposit shedding due to differences among the
thermal expansion coefficients of the tube, the corrosion layer,
and the deposit. Full-scale investigations have identified that
debonding is the dominant mechanism for deposit shedding in
suspension-fired biomass boilers.9 Hence, quantification of the
adhesion strength of ash deposits is essential for understanding
deposit shedding and for optimizing artificial removal of
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deposits (e.g., by soot blowing) in boilers. Since soot blowing in
boilers may produce both lateral (lift) and longitudinal (drag)
forces on deposits,10 it is important to quantify both the shear
and tensile adhesion strength of ash deposits.
The adhesion strength of coal ash deposits11−13 and deposits

in kraft recovery boilers10 has been investigated in previous
studies, while a few studies have quantified the compression
and bend strength of ash deposits.14−17 The authors have
previously investigated the shear adhesion strength of biomass
ash deposits to superheater steel tubes, describing the influence
of the sintering temperature, sintering time, deposit composi-
tion, thermal shocks on the deposit, and steel type.18 However,
the majority of studies investigating the adhesion strength of
ash deposits have been performed under isothermal conditions.
While a few studies have incorporated temperature gradients
across the deposit layer to understand the effect of
corrosion,19−21 the effect of temperature gradients on the
adhesion strength of ash deposits has not been investigated
previously, to the best knowledge of the authors.
The temperature difference across deposits in full-scale

boilers can be greater than 200 °C.19,22 Previous studies have
indicated that the physical and chemical properties of the
deposit may be influenced by the presence of a temperature
gradient across the deposit.19,22 Differences in temperature
across the deposit may cause variations in temperature-
dependent sintering and vaporization and condensations of
alkali- and chlorine-rich species within the deposit. Further-
more, the Soret effect may be observed, where a concentration
gradient across the deposit is induced by a temperature
gradient.23 Therefore, incorporation of a temperature gradient
across the deposit is essential for a realistic simulation of
operational boiler conditions.
In this study, the tensile adhesion strength of salt-rich

biomass ash deposits was investigated, under the influence of a
temperature gradient across the deposits. Artificial biomass fly
ash deposits were prepared from mixtures of KCl, K2SO4, CaO,
CaSO4, and K2Si4O9 on air-cooled superheater steel tubes and
sintered in an oven. After sintering, the deposits were removed
using an electrically controlled arm, and the corresponding
tensile adhesion strength was measured. The influence of the
flue gas temperature, steel surface temperature, and deposit
composition was investigated.

■ EXPERIMENTAL SECTION
Materials. Artificial biomass ash deposits were prepared using

mixtures of KCl (CAS Registry Number 7447-40-7, Sigma-Aldrich),
K2SO4 (CAS Registry Number 7778-80-5, Sigma-Aldrich), CaO (CAS
Registry Number 1305-78-8, Sigma-Aldrich), CaSO4 (CAS Registry
Number 7778-18-9, Alfa Aesar), and K2Si4O9 (CAS Registry Number
1312-76-1, Alfa Aesar). The materials were milled and sieved
individually to obtain a particle size distribution in the range of 32−
90 μm. However, it should be noted that fly ash particles in biomass
boilers typically form a bimodal size distribution, containing sub-
micrometer particles as well as larger particles with sizes up to 200
μm.6,24 Accurately reproducing the typical bimodal size distribution of
fly ash for the experiments is a tedious process. Therefore, a fixed
particle size distribution in the range of 32−90 μm was adopted for
comparing the influence of ash chemistry. The materials were mixed in
different combinations to create model deposits, as shown in Table 1,
along with their eutectic temperature/glass transition temperature.25

Furthermore, an experiment was performed using straw fly ash
obtained from the baghouse filter of the grate-fired boiler in
Avedøreværket unit 2.5,26 The steam cycle of the 100 MWth boiler
was operated at 580 °C and 300 bar, with approximately 25 tons/h of
wheat straw used at full load. Straw was fed to the boiler on a vibrating

grate, and primary air was supplied through the grate, whereas
secondary air was injected in the freeboard.5 The fly ash composition
and ash-melting analyses27 are provided in Table 2. The fly ash was

rich in KCl and K2SO4, with an ash deformation temperature of 640
°C, slightly lower than the eutectic temperature of the KCl−K2SO4
system (690 °C). The particle size distribution of the fly ash is
provided in Figure 1. It should be noted that sub-micrometer particles
were not detected in the investigated fly ash, probably as a result of the
agglomeration occurring during storage.

The deposits were prepared on a superheater steel tube
(TP347HFG, Salzgitter Mannesmann), with an outer diameter of 38
mm, a thickness of 5 mm, and a length of 200 mm. The chemical
composition of the tube can be found in previously published
literature.18 TP347HFG is characterized by its high Cr, Mn, and Ni
contents. The presence of Cr and Mn in steel reduces oxide scale
growth by forming Cr−Mn spinels,28,29 improving the overall
corrosion resistance,30 while Ni deters Cl-induced corrosion.31

Apart from hindering corrosion, preoxidation of steel tubes provides
a more accurate replication of operational boiler tubes.32−35

Thermogravimetric analysis of the steel tubes at 600 °C in a previous
investigation18 has indicated that the majority of the oxidation occurs
rapidly in the first 10 h, with the oxidation rate slowing down
significantly after 24 h. Therefore, the steel tubes were preoxidized for
24 h at 600 °C prior to sample preparation.

Sample Preparation. The required components constituting the
model deposit were mechanically mixed with a 50% isopropanol
solution to prepare a uniform slurry. The use of slurries to prepare ash
deposits is in accordance with European Union (EU) guidelines.36−38

The slurry was molded into eight cubical-shaped deposits on the
superheater steel tube using a Teflon mold, as shown in Figure 2. The
superheater steel tube was placed inside the mold, and the mold was
securely closed using clamps. During the molding process, hooks used

Table 1. Eutectic Temperature/Glass Transition
Temperature of the Investigated Model Depositsa

composition
eutectic temperature/glass transition

temperature (°C)

KCl + K2SO4
b 690

KCl + K2SO4 + CaOb 690
KCl + K2SO4 + CaSO4

b 644
KCl + K2SO4 + K2Si4O9

c 650
aEutectic data obtained from Janz et al.25 bEutectic temperature.
cGlass transition temperature.

Table 2. Composition, Particle Size, and Ash-Melting
Analyses of the Investigated Straw Fly Ash, Obtained from a
Grate-Fired Boiler

element composition (wt %, dry basis)

Al −
Ca 1.3
Cl 19
Fe 0.044
K 43
Mg 0.12
Na 0.9
P −
S 7.9
Si 1.1
Ti −
Mn 0.059
deformation temperature27 (°C) 640
hemispherical temperature27 (°C) 640
fluid temperature27 (°C) 760
median particle size (μm) 51.7
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for tensile strength measurements were inserted into the mold to allow
the deposit to be debonded perpendicular to the steel tube.
Subsequently, the deposit slurry was injected into the mold and
shaped into cubical pellets, with sides of 15 mm each, leading to a
contact surface area of 223 mm2. Thereafter, the Teflon mold was
opened, leaving the superheater steel tube with eight deposits.
It should be noted that the deposit formation process in boilers is

different from the samples prepared in this study.6,22

Deposit Sintering. The superheater steel tube containing the
deposits was placed around a double annular cooling probe in an oven,
and the deposit hooks were connected to the corresponding strength
measurement arms, as shown in Figure 3. Air flowed through the
channels of the cooling probe, with the primary air flowing in through
the innermost channel and flowing out through the outermost
channel, while the secondary air flowed through the annular region of
the cooling probe, as shown in Figure 4a.

The following nomenclature has been used to refer to the different
measured temperatures in the experimental setup (see Figure 4a):

• Flue gas temperature is the gas temperature in the oven heating
chamber (oven temperature).

• Cooling probe temperature is the temperature at the outer
surface of the cooling probe (and the inner surface of the
superheater steel tube), measured at the axial centerpoint of the
superheater steel tube. The flow rate of the primary air was
controlled electronically, such that the cooling probe temper-
ature is maintained at a desired value. The cooling probe could
be maintained at a temperature of up to 200 °C lower than that
of the flue gas (oven temperature). The cooling probe
temperature in the experimental setup is analogous to the
steam temperature in boilers.

• Steel surface temperature is the temperature at the outer
surface of the superheater steel tube, measured at the
centerpoint of the deposit−tube interface. Eight deposits
correspond to eight steel surface temperatures. The steel
surface temperatures were higher than the cooling probe
temperatures as a result of the presence of a vertical
temperature gradient (ΔTv) across the steel tube. Furthermore,
the steel surface temperature varied along the length of the
superheater steel tube as a result of the presence of a horizontal
temperature gradient (ΔTh).

The secondary air allowed for additional cooling and reduced ΔTh.
The flow rate of the secondary air was controlled manually using a
rotameter and was optimized to minimize ΔTh. It was identified that a
secondary air flow rate of 50 NL/min, which was the maximum
possible flow rate, resulted in minimum temperature gradients across
the steel tube, advocating the use of 50 NL/min of secondary air
throughout all experiments.

The steel surface temperatures were measured by mounting six
thermocouples on the outer surface of the superheater steel tube. The
temperature gradients along the steel tube at a flue gas temperature of
650 °C and cooling probe temperatures of 450−650 °C are shown in
Figure 4b. It was observed that a horizontal temperature gradient of up
to 64 °C existed along the steel surface (ΔTh = 0−64 °C). It should be
noted that the air supply to the cooling probe was shut off for the
measurement, corresponding to a cooling probe temperature of 650
°C, resulting in isothermal conditions. Furthermore, the mean steel
surface temperature was up to 88 °C higher than the cooling probe
temperature (ΔTv = 0−88 °C). Both ΔTh and ΔTv decreased with an
increasing cooling probe temperature. Previous studies in full-scale
boilers have identified that the steel surface temperature is typically
around 20−50 °C higher than the steam temperature.22,39

It should be noted that the measurements to quantify the steel
surface temperatures were performed in the absence of the deposits.
The presence of the deposits might result in slight differences.
Furthermore, the steel surface temperature was measured at six
locations, whereas the superheater steel tube contained eight deposits.
The steel surface temperatures at the center of the deposits were
interpolated linearly, wherever required, using the measured data.

After the superheater steel tube with the deposits was placed around
the cooling probe, the oven was heated to the required temperature at
a uniform heating rate of 10 °C/min. Subsequently, the deposits were
allowed to sinter for 2 h. A purge air flow of 25 NL/min, acting as the
flue gas, was injected into the oven, to protect the heating elements
from corrosion. Baseline experiments were performed with a flue gas
temperature of 650 °C and a cooling probe temperature of 500 °C,
using a model deposit containing KCl and K2SO4 (50 wt %). Typical
steam temperatures in biomass boilers range from 440 to 580 °C,

Figure 1. Particle size distribution of the investigated straw fly ash,
obtained using a Malvern Mastersizer 3000. D10 = 8.01 μm; D50 = 51.7
μm; and D90 = 142 μm.

Figure 2. Teflon mold used for sample preparation. (a) After the
superheater steel tube was positioned, the hooks were inserted into the
mold, followed by injection of the deposit slurry. (b) Subsequently, the
deposits and superheater steel tube were removed, by opening the
Teflon mold.
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while typical flue gas temperatures in the superheater/tube bank
region range from 580 to 1300 °C.4,26,39,40

Measurement of the Tensile Adhesion Strength. After
sintering, tensile adhesion strength measurements were performed
using a movable actuator and load cell system mounted on the frame

Figure 3. Experimental setup for adhesion strength measurements. The superheater steel tube with the deposits was placed around the air-cooled
probe inside the oven, and the deposits were connected to the strength measurement arms.

Figure 4. (a) Cross-sectional view of the mounted air-cooled probe. The cooling probe temperature was measured on the outer surface of the
cooling probe (and the inner surface of the superheater steel tube) at the axial centerpoint of the superheater steel tube. Steel surface temperatures
refer to the temperatures at the outer surface of the superheater steel tube. Horizontal and vertical temperature gradients exist along/across the
superheater steel tube and the deposits. (b) Temperature along the outer surface of the superheater steel tube, with a flue gas temperature of 650 °C.
The axial position was measured from the left edge of the superheater steel tube.
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of the oven. For each measurement, the actuator was connected to the
required strength measurement arm, pulling it slowly at a speed of 2.5
mm/s to debond the deposit, while the corresponding force was
measured using the load cell. The tensile adhesion strength was
calculated by dividing the measured force by the contact area between
the deposit and steel tube.
The strength measurement arms were directed through an air-

cooled plate heat exchanger, installed in the outer shell of the oven, for
protecting the heat-sensitive actuator and the load cell.
Statistical Data Analysis Using Welch’s t Test. Two-tail

Welch’s t test41 for unpaired data with unequal variances was
performed on the experimental data to analyze the statistical difference
between two data sets. The test compared the two data sets,
calculating the t value (T) as shown below

=
μ − μ

+σ σ
T

N N

1 2

1
2

1

2
2

2

where μ and σ are the mean and standard deviation of the data sets,
and N represents the sample size. Subsequently, the p value (p) was
calculated, as shown below

= | | ≤ α ν−p P T t( )1 /2,

t1−α/2,ν is the critical value of the t distribution, where ν represents the
degree of freedom and α is the significance level. A typical value of
0.05 was chosen for the significance level, corresponding to a
confidence level of 95%, indicating that the data sets in consideration
are significantly different if p ≤ 0.05. Previous studies10,18 have
indicated that the adhesion strength data for boiler deposits typically
follow a log-normal distribution. Because Welch’s t test requires that
the data follow a normal distribution, the t test was performed using
the logarithmic values of the measured adhesion strength.

■ RESULTS AND DISCUSSION
Effect of the Steel Surface Temperature. Figure 5 shows

the effect of the steel surface temperature on the tensile
adhesion strength of the investigated model deposits,
containing KCl and K2SO4 (50 wt %), which was sintered for
2 h with a flue gas temperature of 650 °C. The cooling probe
temperature was varied from 450 to 650 °C, resulting in the

corresponding steel surface temperatures varying from 501 to
650 °C. The experiments revealed that the tensile adhesion
strength of the model deposits was low (<12 kPa) at steel
surface temperatures below 600 °C at the investigated
conditions. Several deposits did not adhere to the steel tube,
resulting in zero adhesion strength. However, the adhesion
strength increased sharply at a steel surface temperature of 650
°C, with a mean tensile adhesion strength of 31.79 kPa.
Two-tail Welch’s t test41 for unpaired data with unequal

variances was performed on the experimental data, as shown in
Table 3. The results revealed that a statistically significant
difference did not exist between cooling probe temperatures of
450−500 and 500−600 °C. However, adhesion strength data at
a cooling probe temperature of 650 °C was significantly
different from adhesion strength data at 600 and 450 °C, with p
values of 0.0425 and 0.0019, respectively. The results from the t
test substantiate the sharp increase in adhesion strength at 650
°C.
Previous investigations have shown that corrosion leads to

the formation of a partially molten layer at the deposit−tube
interface, resulting in a sharp increase in adhesion strength.18

Corrosion occurs at the deposit−tube interface, resulting in the
formation of Fe/Cr chlorides, oxides, chromates, etc. with
increasing steel surface temperatures, causing a higher degree of
corrosion.18,36,42,43 Because most of the corrosion products
form a complex eutectic system with the KCl−K2SO4 model
deposit,44,45 a partially molten layer was formed at the deposit−
tube interface, even below the eutectic temperature of the
KCl−K2SO4 system (690 °C). The partially molten layer
increased the physical contact area between the deposit and the
tube on a molecular scale, thereby increasing adsorption.
Furthermore, the corrosion reactions occurring between the
deposit and the steel tube may have increased surface
adhesion.46 Visual observations of the deposit−tube interface
after debonding indicated the presence of a thick corrosion
layer at a steel surface temperature of 650 °C.
It should be noted that debonding always occurred at the

deposit−tube interface for the aforementioned experiments.
The results concur with previous lab-scale investigations,18

where a sharp increase in the adhesion strength was observed
near the melting temperature/ash deformation temperature of
the ash deposit, as well as full-scale deposit probe
investigations,9 where deposits formed on a steel tube at
higher steel surface temperatures required larger soot-blowing
peak impact pressures to be removed. Furthermore, the mean
tensile adhesion strength of the KCl−K2SO4 (50 wt %)
deposits measured in this study at 650 °C and isothermal
conditions (31.79 kPa) is similar in magnitude to the mean
shear adhesion strength of KCl−K2SO4 (50 wt %) deposits at
650 °C (30.82 kPa) measured in a previous study.18

A high degree of scatter was observed in the present
experimental data. Previous lab-scale10,18 and full-scale9 studies
have also indicated that adhesion strength data for boiler
deposits display a high degree of scatter, typically following a
log-normal distribution.

Effect of the Flue Gas Temperature. To investigate the
effect of the flue gas temperature on the tensile adhesion
strength of ash deposits, experiments were carried out with
model deposits containing KCl and K2SO4 (50 wt %). The
deposits were sintered for 2 h with the cooling probe
temperature maintained at 500 °C, while the flue gas
temperature was varied from 500 to 700 °C.

Figure 5. Effect of the steel surface temperature on tensile adhesion
strength. KCl−K2SO4 (50 wt %) deposits were sintered with a flue gas
temperature of 650 °C for 2 h. Superheater steel (TP347HFG) was
preoxidized for 24 h.
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As seen in Figure 6, it was observed that the tensile adhesion
strength of the model deposits did not change significantly with
flue gas temperatures of 500−650 °C at the investigated
conditions. The mean steel surface temperature varied from
500 to 558 °C, when the flue gas temperature was varied from
500 to 650 °C. However, when the flue gas temperature was
increased to 700 °C, a sharp increase in the tensile adhesion
strength was observed. At a flue gas temperature of 700 °C and
a cooling probe temperature of 500 °C, the steel surface
temperature was 576 °C. Statistical analysis of the obtained
experimental data using Welch’s t test (see Table 4) confirmed
that the data set corresponding to a flue temperature of 700 °C
was significantly different from the data set corresponding to
650 °C, whereas no statistically significant difference could be
observed from 500 to 650 °C.

To understand the increase in tensile adhesion strength at a
flue gas temperature of 700 °C, the corresponding deposit was
analyzed using scanning electron microscopy and energy-
dispersive X-ray spectroscopy (SEM−EDS). The debonded
deposit was cast in epoxy and polished, without any exposure to
water, thereby preventing any dissolution, recrystallization, and
removal of salts. The images revealed the presence of a thick
molten layer at the deposit−tube interface, as shown in Figure
7b. K2SO4 particles were suspended in the KCl−K2SO4 melt,
where the composition of KCl in the melt was 8 wt %.
However, KCl particles could be identified in the outer layer of
the deposit (see Figure 7a).
The high molten content at the deposit−tube interface may

be attributed to several factors. At a flue gas temperature of 700
°C, the outer layer of the KCl−K2SO4 model deposit became
partially molten, because KCl and K2SO4 form a eutectic
system with a eutectic temperature of 690 °C (see Table 1). As
a result, the molten outer layer probably trickled down through
the pores of the deposit due to capillary and gravitational
forces, solidifying at lower temperatures near the deposit−tube
interface. This phenomenon is observed in full-scale boilers in
the form of liquid-state sintering,5,47,48 resulting in the
formation of hard and strongly adherent deposits, and has
been observed in previous experimental investigations.19,49,50

Sintering increases the bulk density and thermal conductivity
of the deposits,51 thereby increasing the temperature of the
deposit over time and further increasing the molten content at
the deposit−tube interface. Furthermore, significant gas-phase
migration may have occurred within the deposit, where species
on the outer layer of the deposit vaporized, diffused through the
pores of the deposit, and eventually condensed near the
deposit−tube interface.50 Therefore, the high molten/con-
densed content at the deposit−tube interface increased the
surface wetting and, therefore, increased the tensile adhesion
strength.
It should be noted that the dissolution of KCl and K2SO4 in

the 50% isopropanol solution during sample preparation may
have increased the molten content at the deposit−tube
interface. Furthermore, corrosion occurring at the deposit−

Table 3. Statistical Analysis of Data Sets with Varying Cooling Probe Temperaturesa

compared data sets

cooling probe temperature, mean steel surface
temperature (°C)

cooling probe temperature, mean steel surface
temperature (°C) T p = P(|T| ≤ t1−α/2,ν)

data significantly different?
(p ≤ 0.05?)

450, 538 500, 562 −0.5281 0.6089 no
500, 562 600, 628 −0.7199 0.4881 no
600, 628 650, 650 −2.2932 0.0425 yes
450, 538 650, 650 −3.9671 0.0019 yes

aTwo-tail Welch’s t test for unpaired data with unequal variances, with α = 0.05. KCl−K2SO4 (50 wt %) deposits were sintered with a flue gas
temperature of 650 °C for 2 h.

Figure 6. Effect of the flue gas temperature on the tensile adhesion
strength. KCl−K2SO4 (50 wt %) deposits were sintered with a cooling
probe temperature of 500 °C for 2 h. Mean steel surface temperatures
varied from 500 to 576 °C. Superheater steel (TP347HFG) was
preoxidized for 24 h.

Table 4. Statistical Analysis of Data Sets with Varying Flue Gas Temperaturesa

compared data sets

flue gas temperature (°C) flue gas temperature (°C) T p = P(|T| ≤ t1−α/2,ν) data significantly different? (p ≤ 0.05?)

500 550 1.2965 0.2514 no
550 600 −1.1280 0.3024 no
600 650 −0.3018 0.7684 no
650 700 −2.5395 0.0294 yes

aTwo-tail Welch’s t test for unpaired data with unequal variances, with α = 0.05. KCl−K2SO4 (50 wt %) deposits were sintered with a cooling probe
temperature of 500 °C for 2 h. Mean steel surface temperatures varied from 500 to 576 °C.
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tube interface may have contributed toward the formation of
the molten layer.18 However, with a steel surface temperature
of 576 °C, the corrosion layer is not expected to cause a
significant increase in the tensile adhesion strength, as
suggested by the results described in Figure 5.
Increasing the flue gas temperature to 750 °C led to a high

degree of molten content, which severely reduced the deposit
thickness, such that the adhesion strength could not be
measured.
The results suggest that a temperature gradient across the

deposit may induce migration of molten/vapor species from the
outer layer of the deposit to the deposit−tube interface, causing
liquid-state sintering and possibly leading to an increase in
deposit adhesion strength. However, a further investigation

spanning over a larger range of flue gas temperatures and time
is required to completely understand the effect of sintering on
the adhesion strength.

Effect of the Deposit Composition. To understand the
effect of different components present in ash deposits, the
composition of the model deposits was varied by adding CaO,
CaSO4, and K2Si4O9 to the KCl−K2SO4 model deposit.
Furthermore, experiments were conducted with the straw fly

ash obtained from the Avedøreværket grate-fired boiler (see
Table 2 for fly ash properties and Figure 1 for particle size
distribution).
Figure 8 shows the effect of the deposit composition on the

tensile adhesion strength. The addition of CaO to the model
deposit containing KCl and K2SO4 considerably decreased the
adhesion strength at the investigated conditions, with several
deposits not adhering to the steel tubes. In comparison of the
adhesion strength data of the model deposit containing KCl
and K2SO4 (50 wt %) to the model deposit containing KCl,
K2SO4, and CaO (33 wt %) using Welsh’s t test, the obtained p
value was 0.0011 (see Table 5), implying that the difference in
the data sets is statistically significant.
Calcium is widely present in deposits formed in coal and

wood-fired boilers, primarily as oxides and sulfates.22,52 Because
CaO does not form a eutectic melt with the KCl−K2SO4
system, the addition of CaO reduced the melt fraction, thereby
decreasing adhesion strength.18

However, as shown in Figure 8, the addition of CaSO4
significantly increased the adhesion strength of the model
deposit containing KCl and K2SO4. The increase in adhesion
strength, which was determined to be statistically significant
(see Table 5), can be attributed to the fact that KCl−K2SO4−
CaSO4 forms a eutectic system, with a eutectic temperature of
644 °C (see Table 1). As a result, a molten layer at the outer
surface of the deposit was formed, which probably trickled
down through the deposit pores to induce liquid-state sintering

Figure 7. SEM image of a KCl−K2SO4 (50 wt %) deposit, sintered
with a flue gas temperature of 700 °C and a steel surface temperature
of 576 °C (cooling probe temperature of 500 °C) for 2 h at the (a)
outer layer of the deposit, in contact with the flue gas, and (b) inner
layer of the deposit, in contact with the superheater steel tube.

Figure 8. Effect of the deposit composition on the tensile adhesion
strength. Deposits were sintered with a flue gas temperature of 650 °C,
a cooling probe temperature of 500 °C, and a mean steel surface
temperature of 562 °C for 2 h. Superheater steel (TP347HFG) was
preoxidized for 24 h.
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and, therefore, increased the tensile adhesion strength of the
deposits. Furthermore, corrosion occurring at the deposit−tube
interface may have resulted in an increased melt fraction at the
interface, because the corrosion products form a complex
eutectic system with KCl, K2SO4, and CaSO4.

25

CaO in boilers may react with SO2 or SO3 in the flue gas to
undergo sulfation, forming CaSO4.

53−55 Sulfation may occur in
the gas phase prior to deposition or in the solid phase after
deposition on boiler surfaces.18 Furthermore, iron oxide in the
steel may catalytically convert SO2 to SO3,

45,56 thereby
catalyzing the overall sulfation reaction and increasing the
concentration of CaSO4 near the steel surface.
Replacing CaO with CaSO4 in the model deposit resulted in

an increase in deposit adhesion strength, indicating that
sulfation of Ca in boilers may result in the formation of
strongly adherent deposits. Previous investigations have also
indicated that sulfation of ash deposits may increase their
adhesion strength.18 However, further investigation is required
to completely understand the effect of sulfation on ash deposits.
The presence of silicates has been identified in slagging

deposits and in sintered biomass ash deposits.5,22,57 The
addition of K2Si4O9 to the model deposit containing KCl and
K2SO4 increased its adhesion strength, as shown in Figure 8.
The increase in the tensile adhesion strength was statistically
significant (see Table 5). Differential scanning calorimetry
(DSC) analysis of K2Si4O9 in a previous investigation18 has
revealed the formation of a glass phase at 650 °C. The
formation of a glass phase probably caused deposit sintering
and increased the contact area between the deposit and the
tube, thereby increasing the tensile adhesion strength of the
deposits.
The tensile adhesion strength of deposits prepared from

straw fly ash was similar in magnitude to model deposits
containing KCl and K2SO4 (50 wt %). Statistical analysis using
Welch’s t test indicated that a significant statistical difference
between the corresponding two data sets did not exist (see
Table 5). This can be attributed to the composition of the straw
fly ash, which is dominated by KCl and K2SO4 (approximately
50 wt % each). The results further suggest that the difference in
the particle size distribution of the straw fly ash and the model
deposit did not significantly influence the tensile adhesion
strength.
The tensile adhesion strength of biomass ash deposits

investigated in this study is similar in magnitude to the shear
adhesion strength of biomass ash deposits, as seen from a
comparison to previous lab-scale investigations18 (1−350 kPa)
and full-scale investigations (20−250 kPa)9 as well as coal ash
deposits from lab-scale investigations (35−350 kPa).11−13

However, the deposits from kraft recovery boilers possess a
higher adhesion strength, as seen from lab-scale investigations
(1000−16 000 kPa).10

The present results allow for a better understanding of
deposit shedding in boilers and recognize the influence of the
melt fraction at the deposit−tube interface, corrosion, and
sintering on the deposit adhesion strength in boilers.

■ CONCLUSION
The tensile adhesion strength of model deposits containing
KCl, K2SO4, CaO, CaSO4, K2Si4O9, and straw fly ash obtained
from a grate-fired boiler was investigated in this study. Artificial
ash deposits were prepared on superheater steel tubes and
sintered in an oven under the influence of a temperature
gradient across the deposits. The influence of the flue gas
temperature, steel surface temperature, and deposit composi-
tion were investigated.
The results revealed that the tensile adhesion strength of the

model deposits containing KCl and K2SO4 (50 wt %) was low
(<12 kPa) at steel surface temperatures below 600 °C, with
several deposits not adhering to the steel tube. However, the
tensile adhesion strength increased sharply at a steel surface
temperature of 650 °C at the investigated conditions, with a
mean value of 31.79 kPa. Corrosion products created at the
deposit−tube interface formed a eutectic system with the
deposit constituents at 650 °C, thereby forming a partially
molten layer at the deposit−tube interface and increasing the
adhesion strength.
Furthermore, the results showed that varying the flue gas

temperature from 500 to 650 °C did not have a significant
effect on the adhesion strength of the model deposits.
However, at a flue gas temperature of 700 °C, a sharp increase
in the tensile adhesion strength was observed. The temperature
gradient across the deposits, at a flue gas temperature of 700
°C, induced migration of molten/vapor species from the outer
layer of the deposit to the deposit−tube interface, causing
liquid-state sintering and, thereby, increasing the tensile
adhesion strength.
Variation of the chemistry of the model deposits revealed

that the melt fraction of the ash deposit is an important
parameter for determining the deposit adhesion strength. The
addition of compounds that increased the melt fraction of the
deposit increased the tensile adhesion strength, whereas the
addition of inert compounds with a high melting point, such as
CaO, decreased the tensile adhesion strength. Furthermore, the
tensile adhesion strength of the deposits prepared using straw
fly ash was similar in magnitude to model deposits containing
KCl and K2SO4.
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Abstract 

Fly ash deposition on boiler surfaces is a major operational problem encountered in biomass-fired boil- 
ers. Understanding deposit formation, and developing modelling tools, will allow improvements in boiler 
efficiency and availability. In this study, deposit formation of a model biomass ash species (K 2 Si 4 O 9 ) on 

steel tubes, was investigated in a lab-scale Entrained Flow Reactor. K 2 Si 4 O 9 was injected into the reactor, 
to form deposits on an air-cooled probe, simulating deposit formation on superheater tubes in boilers. The 
influence of flue gas temperature (589 – 968 °C), probe surface temperature (300 – 550 °C), flue gas velocity 
(0.7 – 3.5 m/s), fly ash flux (10,000 – 40,000 g/m 

2 h), and probe residence time (up to 60 min) was investigated. 
The results revealed that increasing flue gas temperature and probe surface temperature increased the stick- 
ing probability of the fly ash particles, thereby increasing the rate of deposit formation. However, increasing 
flue gas velocity resulted in a decrease in the deposit formation rate, due to increased particle rebound. Fur- 
thermore, the deposit formation rate increased with probe residence time and fly ash flux. Inertial impaction 

was the primary mechanism of deposit formation, forming deposits only on the upstream side of the steel 
tube. A mechanistic model was developed for predicting deposit formation in the reactor. Deposit formation 

by thermophoresis and inertial impaction was incorporated into the model, and the sticking probability of 
the ash particles was estimated by accounting for energy dissipation due to particle deformation. The model 
reasonably predicted the influence of flue gas temperature and fly ash flux on the deposit formation rate. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

Keywords: Biomass; Fly ash; Deposit formation; Fouling; Ash sticking probability 

 

 

 

1. Introduction 

Combustion of biomass for electricity and heat
production is a promising solution for reducing
net CO 2 emissions. Denmark is planning to phase
∗ Corresponding author. 
E-mail address: ylax@kt.dtu.dk (Y. Laxminarayan). 
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1540-7489 © 2018 The Combustion Institute. Published by Elsev
out coal by 2030, with intentions to replace it 
with biomass in pulverized fuel-fired power plants 
[1] . However, the inorganic content in biomass 
causes several operational problems, including 
increased deposition of chemically aggressive ash 

species on boiler surfaces. Ash deposits hinder 
heat transfer to the steam cycle, thereby reduc- 
ing boiler efficiency, causing corrosion of boiler 
surfaces, and blocking flue gas channels in severe 
ier Inc. All rights reserved. 
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ases, causing unscheduled boiler shut-downs [2] .
herefore, reducing deposit formation is essential

or maximizing boiler efficiency and availability. 
Inorganic species in the flue gas may occur as

apors, submicron aerosol particles, and larger fly
sh particles. The vapor species may undergo het-
rogeneous condensation on heat transfer surfaces.
eposition of submicron aerosol particles may

ccur via thermophoresis, Brownian motion or
ddy diffusion [3] . Deposition of larger fly ash par-
icles primarily occurs via inertial impaction, and
ubsequent particle sticking, which is dependent on
he collision efficiency and sticking probability of 
he fly ash particles to boiler surfaces [3] . However,
uantification of sticking probability has been a
hallenge. 

Simple sticking models correlate the sticking
robability with the viscosity of the particles and
he deposit surface [4] . When the ash composition
s dominated by alkali salts, the sticking proba-
ility may be expressed as a function of the melt
raction of the particle/deposit surface [3] . In the
ow temperature region of the boilers, where the
sh predominantly exists as viscoelastic particles,
eposition can be described using detailed models,
ccounting for energy dissipation due to particle
eformation [5] . Such models define a critical ve-

ocity of the incoming particle, such that deposition
ccurs if the particle velocity is lower than the criti-
al velocity. A comprehensive review of ash sticking
nd rebound criteria may be found in literature [6] .

Several experimental investigations quanti-
ying deposit formation in full-scale grate-fired
7,8] and suspension-fired [9–12] boilers, as well
s pilot-scale and lab-scale studies [13–18] , have
een reported. However, a comprehensive fun-
amental investigation, quantifying the effect of 
perating conditions and ash chemistry on deposit
uild-up, at well-defined conditions relevant for
iomass-fired boilers, is lacking. 

In this study, ash deposition on steel tubes
n a laboratory Entrained Flow Reactor (EFR)
as quantified, at conditions simulating full-scale
iomass-fired boilers. Model biomass fly ash, com-
rised of K 2 Si 4 O 9 , was injected into the reactor, to

orm deposits on an air-cooled probe. The influence
f flue gas temperature, probe surface temperature,
ue gas velocity, fly ash flux, and probe residence
ime was investigated. Furthermore, a mechanistic
odel was developed to predict deposit formation

n the reactor. 

. Experimental section 

.1. Materials 

Experiments were carried out with amorphous
 2 Si 4 O 9 (Alfa Aesar, CAS number: 1312-76-1).
he majority of biomass fly ashes and deposits con-

ain significant quantities of amorphous materials
[10,19,20] , including silicates [2,21] , characterized
by their viscoelastic behavior, justifying the use of 
K 2 Si 4 O 9 for experimental analysis. Additionally,
biomass fly ash deposits may contain alkali metal
compounds such as KCl and K 2 SO 4 [21] . The influ-
ence of fly ash composition on deposit formation
has been investigated in a subsequent study [22] . 

The K 2 Si 4 O 9 had a volume-median parti-
cle diameter (D 50 ) of 62.3 μm (D 10 = 7.31 μm,
D 90 = 272 μm, dry basis). Further details on the
particle size distribution may be found in the sup-
plemental material (Fig. S.1). However, it should
be noted that fly ash in boilers typically forms
a bimodal particle size distribution, containing
submicron particles, as well as larger particles [3] .
K 2 Si 4 O 9 was subjected to Differential Scanning
Calorimetry (DSC), revealing that K 2 Si 4 O 9 forms
a glass phase at 650 °C, after which the viscosity
of K 2 Si 4 O 9 decreases with increasing temperature
[23] . 

2.2. Experimental setup 

The EFR setup consisted of a gas supply
system, a screw feeder for injecting solids, a gas
preheater, a 2 m long electrically heated furnace
(inner diameter = 80 mm), and a fly ash deposition
system comprising of a steel tube mounted on an
air-cooled probe. A schematic representation of 
the setup is shown in Fig. 1 . A detailed description
of the EFR may be found in previously published
literature [22,24,25] . 

K 2 Si 4 O 9 particles were mixed with primary air,
and fed into the furnace, together with preheated
secondary air. The walls of the furnace could
be heated up to 1450 °C. It should be noted that
the particle and gas temperatures in the furnace
might be slightly lower than the temperature of the
furnace walls. 

After the furnace, the entrained flow entered
a bottom chamber, where the K 2 Si 4 O 9 particles
formed deposits on a steel tube (type 316), simu-
lating deposit formation on the first row of platen
superheater tubes in boilers. For each experiment,
the steel tubes were used as received, without
any pre-oxidization. The steel tube, with an outer
diameter of 10 mm, a thickness of 1 mm, and a
length of 140 mm, was mounted on a retractable
annular cooling probe (diameter of 8 mm), as
shown in Fig. 2 . 

The temperature measured between the outer
surface of the cooling probe and the inner surface
of the steel tube, at the axial centerline of the
reactor (referred to as probe surface temperature,
see Fig. 2 ), was controlled electronically. The
cooling probe surface temperature is analogous
to steam temperature in boilers. A horizontal
temperature gradient ( �T, see Fig. 2 ), of typically
50 °C, was present along the cooling probe. The
bottom chamber of the EFR was water-cooled,
resulting in a decrease in the flue gas temperature.
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Fig. 1. Schematic representation of the Entrained Flow 

Reactor. 

Fig. 2. Bottom chamber of the EFR. Deposits are formed 
on the steel tube mounted on the probe. 

 

 

 

 

 

 

Therefore, the flue gas temperature in the bottom
chamber was measured by replacing the cooling
probe with a suction pyrometer. 

The fly ash deposition process was recorded by
a high-speed camera, mounted on a port in the bot-
tom chamber (see Fig. 1 ). After deposit formation
for a specified duration, the probe was retracted,
and the deposit was removed and weighed. 
2.3. Experimental conditions 

Baseline experiments were performed at 
a furnace temperature of 1100 °C, resulting in 

a flue gas temperature of 781 °C near the probe, 
a probe surface temperature of 475 °C, a flue gas 
velocity of 1 m/s (at the furnace temperature), a 
fly ash flux of 20,400 g/m 

2 h, corresponding to a 
fly ash concentration of 26.57 g/Nm 

3 , using pure 
K 2 Si 4 O 9 for 15 min. In other experiments, the flue 
gas temperature was varied from 589 to 968 °C, the 
probe surface temperature from 300 to 550 °C, the 
flue gas velocity from 0.7 to 3.5 m/s, the fly ash flux 
from 10,000 to 40,000 g/m 

2 h, with probe residence 
times of up to 60 min. 

Typical superheater steam temperatures in 

biomass-fired boilers range from 440 – 580 °C, 
while the flue gas temperatures in the super- 
heater/tube bank region range from 580 – 1300 °C 

[9,20,26,27] . The flue gas velocity in full-scale 
boilers ranges from 4 – 8 m/s [3,9] . However, lower 
gas velocities were adopted during the experiments 
in order to maintain a similar Stokes number ( ≈ 1). 
The typical fly ash flux in biomass boilers varies 
from 10,000 to 60,000 g/m 

2 h [20] . However, the 
corresponding fly ash concentrations in the exper- 
iments (13 – 53 g/Nm 

3 ), are higher than the typical 
fly ash concentrations in full-scale biomass-fired 

boilers (1 – 6 g/Nm 

3 ). 

3. Deposit formation model 

A mechanistic deposit formation model was 
developed to simulate deposit formation in the 
reactor. The model incorporated deposit forma- 
tion by thermophoresis and inertial impaction 

of K 2 Si 4 O 9 particles, while deposit formation by 
condensation was neglected due to the absence of 
vapor species in the gas phase. 

dm ( t, θ ) 
dt 

= 

˙ T ( t, θ ) + 

˙ I ( t, θ ) (1) 

where m is the mass of the deposit (kg), t is the 
time (s), and θ is the angular position (radians). 

The rate of deposit formation by thermophore- 
sis ( ̇  T ( t, θ ) ) was described using Eq. (2 ) [28] . 

˙ T ( t, θ ) = u T ( θ ) · C · s ( θ ) (2) 

where u T is the thermophoretic velocity (m/s), C is 
the concentration of K 2 Si 4 O 9 (kg/m 

3 ), and s is the 
surface area of the deposit (m 

2 ). 
The rate of deposit formation by inertial 

impaction 

˙ I ( t, θ ) was described using Eq. (3 ) [3] . 

˙ I = u g · C · ηI ( θ ) · ηs ( θ ) · s ( θ ) (3) 

where u g is the gas velocity (m/s), ηI is the local 
collision efficiency of each particle, and ηs is the 
sticking probability of the ash particles. Since the 
K 2 Si 4 O 9 particles are viscoelastic in nature, the 
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ticking probability of ash particles was estimated
y accounting for energy dissipation due to particle
eformation. The critical velocity of the incoming
articles ( u p, crit ) was calculated [5] , such that 

s = 

{ 

0 u p · sin 

(
αimpa ct 

)
> u p, crit 

1 u p · sin 

(
αimpa ct 

) ≤ u p, crit 

(4)

here u p is the particle velocity (m/s) and αimpact is
he angle of impaction (radians). 

The critical velocity of the incoming particle
s a function of the particle diameter ( d p ), particle
ensity ( ρp ), interface energy (surface tension) ( �)
nd equivalent Young’s modulus ( E ) [29] . 

 p,crit = 

(
2�

d p 

)5 / 6 

(
ρ3 

p E 

2 
)1 / 6 (5)

1 
E 

= 

1 − υ2 
particle 

E particle 
+ 

1 − υ2 
deposit 

E deposit 
(6)

here υ is the Poisson’s ratio. The Young’s modulus
as estimated as E = A · exp (−BT ) , where A and
 are empirical constants obtained from literature

30] . 
Furthermore, the model incorporated heat

ransfer across the deposit layer and the steel tube,
s described by Eq. (7 ). 

k tube 

δtube 

(
T tube − T probe 

) = 

k deposit 

δdeposit 

(
T deposit − T tube 

)
= h gd 

(
T gas − T deposit 

) + εσ
(
T 

4 
gas − T 

4 
deposit 

)
(7)

T gas is the gas temperature, whereas T deposit ,
 tube , and T probe are the temperatures at the sur-

ace of the deposit, steel tube and probe (K). k,
, h , ɛ , and σ refer to the thermal conductivity
W/mK), thickness (m), heat transfer coefficient
W/m 

2 K 

1 ), emissivity, and Stefan Boltzmann
onstant (W/m 

2 K). 
The particles were assumed to be isothermal,

ith the corresponding heat transfer equation
escribed in Eq. (8 ). 

p 

(π

6 
d 3 p 

)
C p 

dT part icle 

dt ′ 
= h gp 

(
πd 2 p 

)(
T gas − T part icle 

)
+ εσ

(
πd 2 p 

)(
T 

4 
gas − T 

4 
part icle 

)
(8)

p , C p , d p , T particle and t ′ refer to the particle density
kg/m 

3 ), specific heat capacity (J/kgK), diameter
m), temperature (K) and residence time (s). 

It was assumed that the particles in the furnace
ere perfectly entrained in the gas flow, resulting

n equal particle and gas velocities. The terminal
elocity of the K 2 Si 4 O 9 particles was estimated
o be 2% of the gas velocity, using the Wen and
u drag model [31] , justifying the aforementioned
ssumption. 

Further details on the model, and equations
sed for estimating physical properties, may be

ound in the supplemental material and previously
ublished literature [5,19,22] . 
4. Results and discussion 

4.1. Effect of flue gas temperature 

The effect of flue gas temperature on deposit
formation rate is shown in Fig. 3 . It was observed
that the deposit formation rate increased with
increasing flue gas temperature at the investigated
conditions. Visual observations of the formed
deposits (see Fig. 3 ) revealed that deposits were
formed only on the upstream side of the steel
tube, suggesting that K 2 Si 4 O 9 deposition occurred
primarily via inertial impaction. Studies on deposit
formation in full-scale pulverized biomass-fired
boilers have also identified inertial impaction as
the primary mechanism of deposit formation
[3,9,21] . Increasing the flue gas temperature de-
creased the viscosity/Young’s modulus of the
K 2 Si 4 O 9 particles, thereby resulting in stickier
particles, and increasing deposit formation via
inertial impaction. The experimental results were
reproducible with a relative standard error of 4%,
based on 5 repetitions of baseline experiments. 

The experimental results agree with full-scale
investigations [9] , where increasing flue gas tem-
peratures led to increased deposit formation.
Furthermore, it was observed that increasing the
flue gas temperature in the experiments resulted
in increased adhesion strength of the deposits to
the steel tube, as indicated by previous studies [23] .
Deposit shedding was not observed in any of the
reported experiments. 

The deposit formation model was able to pre-
dict the influence of flue gas temperature on the
observed deposit formation rates with an accuracy
(R 

2 ) of 94% (see Fig. 3 ), suggesting a fairly accu-
rate representation of the sticking probability of 
the fly ash particles. 

4.2. Effect of probe surface temperature 

Figure 3 also shows the effect of probe surface
temperature on the deposit formation rate. It was
observed that increasing the probe surface temper-
ature from 300 °C to 450 °C increased the deposit
formation rate at the investigated conditions.
However, increasing the probe surface temperature
from 450 – 550 °C did not influence the rate of 
deposit formation significantly. 

Increasing the probe surface temperature in-
creased the temperature at the surface of the
deposit, thereby decreasing the corresponding
viscosity/Young’s modulus. This resulted in an in-
creased sticking probability of the deposit surface,
causing increased deposit formation. However,
quantification of the temperature at the surface
of the deposit would aid in understanding the
observed effect of probe surface temperature on
the rate of deposit formation. 

The results suggest that increasing steam
temperatures in boilers might increase deposit
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Fig. 3. Effect of flue gas temperature and probe surface temperature on the deposit formation rate. Experiments performed 
with K 2 Si 4 O 9 with a median particle size of 62.3 μm, mean gas velocity of 1 m/s, fly ash flux of 20,400 g/m 

2 h for 15 min. 
Flue gas temperature during variation of probe surface temperature = 781 °C. Probe surface temperature during variation 
of flue gas temperature = 475 °C. Images captured at the end of the experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

formation. However, above a certain steam tem-
perature, determined by the thermal properties
of the deposit, a further increase in the steam
temperature might not influence the rate of deposit
formation. The results concur with a previous
investigation [14] , where varying probe surface
temperatures from 475 – 650 °C had a negligible
effect on the deposition rate of peat and straw.
Nevertheless, it should be noted that high steam
temperatures might lead to severe corrosion of the
superheater tubes in boilers [27] . 

The model was unable to accurately predict
the influence of probe surface temperature (see
Fig. 3 ), especially from 300 – 400 °C, suggesting
that the sticking probability of the deposit surface
requires a more accurate representation in the
model. Furthermore, the deviations may have
emanated from the heat transfer equations in the
model, which do not account for the decrease
in local gas temperatures induced by the cooling
probe, especially when the probe surface temper-
ature is maintained at 300 °C. CFD simulations
of the deposit formation process in the EFR may
provide more accurate model predictions. The
model predicted a relatively linear decrease in the
deposit formation rate with increasing probe sur-
face temperature, due to a decrease in the estimated
thermophoretic deposition with reducing temper-
ature gradients in the thermal boundary layer. 

4.3. Effect of mean flue gas velocity 

Figure 4 shows the effect of mean flue gas
velocity on the deposit formation rate for flue
gas temperatures of 781 and 968 °C. At a flue 
gas temperature of 781 °C, it was observed that 
increasing the flue gas velocity from 0.7 – 3 m/s 
reduced the deposit formation rate, with a sharp 

decrease observed between 1 – 1.6 m/s. However, 
at a flue gas temperature of 968 °C, the deposit 
formation rate remained relatively constant from 

1 – 3 m/s, and decreased in value from 3 – 3.5 m/s. 
Furthermore, it was observed that the thickness 
of the formed deposits decreased with increasing 
mean flue gas velocity (see Fig. 4 ). 

Increasing the flue gas velocity, and thereby 
the particle velocity, increases the kinetic energy 
of the impacting particles. If the particle velocity 
exceeds the critical velocity of impaction, the 
particle is unable to dissipate its kinetic energy, and 

rebounds from the deposit after impaction. The 
critical velocity is a function of the particle size and 

temperature-dependent particle properties. Never- 
theless, a relatively sharp decrease in the deposit 
formation rate with increasing gas velocity was 
observed, which may be attributed to the fact that 
the particles with the largest diameter and mass 
have the lowest critical velocity. Furthermore, the 
experimental observations suggest that the critical 
velocity of the K 2 Si 4 O 9 particles increased with in- 
creasing temperature at the investigated conditions. 

The model predicted a gradual decrease in the 
deposit formation rate with increasing flue gas 
velocity (see Fig. 4 ), with an accuracy (R 

2 ) of 
38%. However, the model was unable to predict 
the sharp decrease in deposit formation rate at 
1 m/s and 781 °C, and at 3 m/s and 968 °C, probably 
because the model assumed a uniform plug flow 
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Fig. 4. Effect of mean gas velocity on the deposit formation rate. Experiments performed with K 2 Si 4 O 9 with a median 
particle size of 62.3 μm, probe surface temperature of 475 °C, fly ash flux of 20,400 g/m 

2 h for 15 min. Images captured at 
the end of the experiments. 
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n the furnace. Furthermore, agglomeration of 
articles in the furnace/screw feeder have not been
ccounted for in the model. 

At baseline conditions, the critical velocity
redicted by the model varied from 0.23 – 1.4 m/s

or particle diameters from 10 – 100 μm. These
alues agree with previous investigations, where
he critical velocity varied from 0.1 – 1.2 m/s for
article diameters from 10 – 100 μm [32–35] . 

.4. Effect of probe residence time 

The effect of probe residence time on deposit
ormation rate can be seen in Fig. 5 . The deposit
ormation rate increased with time up to 30 min,
t the investigated conditions. However, further
ncrease in time did not significantly influence the
eposit formation rate. 

As the deposit grew in size, the temperature
t the surface of the deposit increased, thereby
ncreasing the sticking probability of the deposit
urface. Therefore, the fraction of impacting par-
icles undergoing deposition increased over time.
owever, the growth rate of the deposit remained

onstant after 30 min of deposition. Further inves-
igation, quantifying the temperature history of the
eposit surface, is required to completely under-
tand the deposit formation process. Nevertheless,
he results highlight the importance of a sticky
urface for deposit build-up via inertial impaction.
he results are consistent with the experiments in
ection 4.2 , suggesting that the deposit formation
ate may not further increase above a certain
emperature at the surface of the deposit. 
The model predicted a relatively linear in-
crease in the deposit formation rate with time (see
Fig. 5 ), with an accuracy (R 

2 ) of 39%. This increase
may be attributed to the increasing local collision
efficiency of the incoming particles with increasing
deposit thickness. However, the model is not able
to predict the saturation in deposit formation
rate after 30 min, probably due to an inaccurate
representation of the sticking probability of the
deposit surface and/or the heat transfer model. 

Due to the high temperatures at the deposit
surface, sintered deposits could be observed for
experiments performed longer than 30 min. Fur-
thermore, natural shedding events were observed
only when experiments longer than 60 min were
conducted. The large deposits were unstable,
breaking away from the steel tube at the deposit-
tube interface. A video of deposit formation and
shedding on the steel tube can be found in the
supplemental material (Video S1), or accessed
at youtu.be/gLSHd8fAZo0. The results concur
with previous investigations [12,23] , establishing
debonding as the dominant mechanism of deposit
shedding in boilers. 

4.5. Effect of fly ash flux 

The effect of fly ash flux on deposit forma-
tion rate can be observed in Fig. 5 . The deposit
formation rate increased linearly with increasing
ash flux at the investigated conditions. Increasing
ash flux increased the total number of particles
impacting the steel tube, thereby resulting in a
corresponding increase in the deposit formation
rate. The results agree with previous full-scale in-
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Fig. 5. Effect of time and fly ash flux on the deposit formation rate. Experiments performed with K 2 Si 4 O 9 with a median 
particle size of 62.3 μm, flue gas temperature of 781 °C, probe surface temperature of 475 °C, and mean gas velocity of 1 m/s. 
Fly ash flux during variation of time = 20,400 g/m 

2 h. Time during variation of fly ash flux = 15 min. Images captured at 
the end of the experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

vestigations [7] , which indicated a linear increase in
the rate of deposit formation via inertial impaction
with increasing ash flux. 

The model was able to predict the increase
in deposit formation rate with increasing ash
flux, with an accuracy (R 

2 ) of 86%. However, the
slightly smaller slope of the model predictions may
be attributed to an inaccurate representation of 
the sticking probability of the deposit surface. 

5. Conclusions 

The deposit formation of K 2 Si 4 O 9 on an air-
cooled steel tube was investigated in a laboratory-
scale Entrained Flow Reactor. 

The results revealed that increasing the flue gas
temperature from 589 – 968 °C, and the probe sur-
face temperature from 300 – 450 °C, increased the
deposit formation rate. However, varying the probe
surface temperature from 450 – 550 °C did not in-
fluence the deposit formation rate significantly, at
the investigated conditions. Furthermore, increas-
ing flue gas velocity from 0.7 – 3.5 m/s resulted in
a decrease in the rate of deposit formation. 

The deposit formation rate increased with probe
residence time. However, the growth rate of the de-
posit was constant after 30 min at the investigated
conditions. Furthermore, increasing fly ash flux
resulted in a linear increase in the deposit forma-
tion rate. Inertial impaction was observed to be the
primary mechanism of deposit formation, forming 
deposits only on the upstream side of the steel tube. 

A mechanistic model was developed to predict 
deposit formation in the reactor. The model was 
able to reasonably predict the influence of flue 
gas temperature and fly ash flux, suggesting that 
accounting for energy dissipation due to particle 
deformation, for predicting the sticking probabil- 
ity of incoming ash particles, seems to be fairly 
successful in predicting the influence of changes in 

local conditions on the deposit formation process. 
However, the model was unable to accurately pre- 
dict the influence of probe surface temperature, gas 
velocity and probe residence time. Improvements 
in the prediction of the sticking probability of the 
deposit surface, as well as CFD simulations of 
the deposit formation process in the reactor, are 
desirable to improve model predictions. 

The obtained results provide an improved 

understanding of K 2 Si 4 O 9 deposit formation 

in boilers, describing the influence of operating 
conditions on deposit growth. Furthermore, the 
experimental data may be used to develop novel 
sticking criteria to predict deposit growth in 

full-scale boilers. 
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ABSTRACT: The reaction of gaseous KOH with kaolin and mullite powder under suspension-fired conditions was studied by
entrained flow reactor (EFR) experiments. A water-based slurry containing kaolin/mullite and KOH was fed into the reactor and
the reacted solid samples were analyzed to quantify the K-capture level. The effect of reaction temperature, K-concentration in
the flue gas, and, thereby, molar ratio of K/(Al+Si) in reactants, gas residence time, and solid particle size on K-capture reaction
was systematically investigated. Corresponding equilibrium calculations were conducted with FactSage 7.0. The experimental
results showed that kaolin reached almost full conversion to K-aluminosilicates under suspension-fired conditions at 1100−1450
°C for a residence time of 1.2 s and a particle size of D50 = 5.47 μm. The amount of potassium captured by kaolin generally
followed the equilibrium at temperatures above 1100 °C, but lower conversion was observed at 800 and 900 °C. Crystalline
kaliophilite (KAlSiO4) was formed at higher temperatures (1300 and 1450 °C), whereas, amorphous K-aluminosilicate was
formed at lower temperatures. Coarse kaolin (D50 = 13.48 μm) captured KOH less effectively than normal (D50 = 5.47 μm) and
fine (D50 = 3.51 μm) kaolin powder at 1100 and 1300 °C. The difference was less significant at 900 °C. Mullite generated from
kaolin captured KOH less effectively than kaolin at temperatures below 1100 °C. However, at 1300 and 1450 °C, the amount of
potassium captured by mullite became comparable to that of kaolin.

1. INTRODUCTION

Suspension-combustion boilers (also called pulverized fuel
combustion boilers) are increasingly used for the production of
power and heat from biomass.1,2 Combustion of biomass in
suspension-fired boilers can produce renewable, CO2-neutral
electricity with a higher electrical efficiency, compared with that
of grate-fired boilers.3 However, during the combustion process
of biomass, significant amounts of K-species, such as KOH,
KCl, and K2SO4, are released to the gas phase in the boiler
chamber, and this leads to deposit formation and corrosion,4−12

as well as deactivation of SCR (selective catalytic reduction)
catalysts.13−18 Ash deposition and corrosion problems may be
mitigated by reducing the super heater temperature. However,
this will cause a reduced electrical efficiency of power
plants.3,19−22

To minimize the ash-related problems in biomass combus-
tion, different treatments and processing technologies have
been developed, including the use of alkali scavenging
additives,23−30 co-combustion with other biofuels or fossil
fuels that are rich in Si or Al,31−35 utilizing effective deposit
removal techniques,36 and a combination of different
thermochemical processes.37,38 Among these, using additives
is a promising option, primarily because of its high effectiveness
and the low requirements for boiler.
The basic principle of additive use is that the additives are

injected into boilers to react with the problematic gaseous K-
salts (such as KOH and KCl), forming K-species (such as K-
aluminosilicates) with low corrosivity and high melting
temperatures.2,23,26,27,29,39−46 Biomass firing additives can
generally be categorized into Al−Si-based, S-based, P-based,

and Ca-based, according to the major elements present in the
additives.2,42,47−50

Kaolin51−55 and coal fly ash52 are typical Al−Si-based
additives for biomass combustion and they have been studied
in laboratory-scale experiments. In addition, coal fly ash has
been commercially utilized in full-scale biomass suspension-
firing boilers in Denmark, and has been shown to have the
capacity to significantly remedy deposition and corrosion
problems.29,40 The mineralogical composition of coal fly ash is
complex, including mainly mineral phases such as quartz,
mullite, kaolinite, illite, siderite, etc.56,57 Among these mineral
phases, kaolinite has been shown to be one of the most effective
one for K-capture.58 Kaolinite is a layered aluminosilicate
mineral with chemical formula of Al2Si2O5(OH)4. Kaolin is a
type of clay that is rich in kaolinite. Investigating the K-capture
reaction by kaolin is important for obtaining an improved
understanding of K-capture by coal fly ash.
Kaolin undergoes complex transformation when being

heated up. Above 450 °C, kaolin transfers into metakaolin via
a dehydroxylation reaction as shown in reaction R1.51

→ · + g

Al Si O (OH) (kaolin)

Al O 2SiO (metakaolin) 2H O( )
2 2 5 4

2 3 2 2 (R1)

Metakaolin is a type of amorphous aluminosilicate that reacts
effectively with gaseous K-salts.51 Metakaolin further transforms

Received: November 22, 2017
Revised: January 15, 2018
Published: January 17, 2018

Article

pubs.acs.org/EFCite This: Energy Fuels 2018, 32, 1851−1862

© 2018 American Chemical Society 1851 DOI: 10.1021/acs.energyfuels.7b03645
Energy Fuels 2018, 32, 1851−1862

D
ow

nl
oa

de
d 

vi
a 

D
T

IC
 N

A
T

L
 T

E
C

H
 I

N
FO

R
M

A
T

IO
N

 C
T

R
 o

n 
Ju

ly
 5

, 2
01

8 
at

 1
3:

59
:1

5 
(U

T
C

).
 

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.
 

pubs.acs.org/EF
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.energyfuels.7b03645
http://dx.doi.org/10.1021/acs.energyfuels.7b03645


to a spinel structure and amorphous SiO2 when it is heated to
temperatures above 980 °C (see reaction R2).

·

→ · +

Al O 2SiO (metakaolin)

Al O SiO (spinel) SiO (amorphous)
2 3 2

2 3 2 2 (R2)

Mullite starts to form at ∼1100 °C, and its amount increases
with temperature and time, according to reaction R3.59

· +

→ · +

3(Al O SiO ) (spinel) 3SiO (amorphous)

3Al O 2SiO (mullite) 4SiO (amorphous)
2 3 2 2

2 3 2 2
(R3)

At temperatures above 1400 °C, needle-shaped mullite grains
are formed, and the size and the aspect ratio of the mullite
grains increase with increasing calcination temperature.59

Generally, compared to metakaolin, mullite is believed to be
less reactive for alkali capture.52 Thus, the transformation of
kaolin at high temperatures may influence the K-capture
reaction. To achieve the best K-capture results, kaolin should be
injected into boilers at an optimal temperature window.
Alkali capture, especially the Na-capture reaction by kaolin,

has been widely studied, primarily because of its application for
cleaning Na-species from hot flue gases in combined cycle gas
turbine (CCGT) power plants60−62 and for dealing with ash-
related problems in combustion of Na-rich low rank coals in
power plant boilers.28,63−65 However, when it comes to
biomass combustion, K-capture reaction is of greater concern,
but it has been studied to a less extent.51

Gas-phase release and speciation of potassium are dependent
on many factors, including combustion conditions, fuel ash
transformation chemistry, etc. In the combustion of biomass
with high K content but low Cl and S contents, KOH(g) is the
dominant K-species in the high-temperature flue gas.66,67 When
S and Cl are available, KCl and K2SO4 would be formed during
the combustion process, but at high temperature, KCl and
K2SO4 can also transfer into KOH in the presence of water.51

KOH is a troublesome K-species and the main reactions
involved for kaolin/metakaolin to capture KOH are shown in
reactions R4 and R5.66

· +

→ +

Al O 2SiO (metakaolin) 2KOH

2KAlSiO (kalsilite) H O
2 3 2

4 2 (R4)

· + +

→ +

Al O 2SiO (metakaolin) 2KOH 2SiO

2KAlSi O (leucite) H O
2 3 2 2

2 6 2 (R5)

The two main products are kalsilite (KAlSiO4) and leucite
(KAlSi2O6), with melting temperatures above 1600 and 1500
°C, respectively. Therefore, the melt-induced slagging and
corrosion in biomass-fired boilers could be significantly
mitigated by the use of kaolin.3,22,68 However, the kinetics
and detailed knowledge on the KOH-capture reaction by kaolin
is still limited, especially, for suspension combustion.
To the authors’ knowledge, the only literature available on

alkali capture by dispersed kaolin particles under suspension-
fired conditions is the experimental study by Wendt and co-
workers63,69,70 done in a 17 kW down-flow combustor, which
simulated the conditions in suspension-fired boilers. A sodium
acetate solution was injected into the reactor to produce a
sodium vapor. The effects of temperature and residence time, as
well as the presence of sulfur and chlorine, on the Na-capture
reaction were studied. Results showed that the rate of NaOH

adsorption was higher than that of NaCl, and they proposed
that NaOH is the only reacting species in both cases. However,
whether the kinetics of Na and K capture by kaolin are the
same has not been established.52

Gaseous KOH capture by kaolin pellets (∼1 mm) in a fixed
bed reactor was studied by Quang and co-workers.51,71,72 They
found that kaolin captured KCl more effectively than KOH,
indicating that KCl and KOH can both react directly with
kaolin. The KOH concentration was very low in these studies,
with a typical KOH concentration of 1.1 ppm, which is far
below the K concentration in biomass suspension-fired boilers.5

The degree of conversion of kaolin to K-aluminosilicates may
be limited by equilibrium constraints. In addition, the rate of
reaction may be limited by the external and internal diffusion of
the gaseous potassium species, and by the reaction kinetics.
Typically, a decreased kaolin particle size and/or an increased
residence time lead to an increased conversion to the products.
Under suspension-fired conditions, the reaction between

gaseous KOH and dispersed kaolin particles may be affected by
the local temperature, the additive particle size and
composition, and the reaction time. Understanding the
influence of different parameters on the K-capture reaction is
crucial and helpful for providing recommendation for optimal
utilization of kaolin and coal fly ash in full-scale boilers.
The objective of this work is to develop a method to study

the K-capture reactions by solid additives under well-controlled
suspension-fired conditions, and to systematically investigate
the impact of different parameters on the K-capture reaction by
solid additives, such as reaction temperature, K concentration/
molar ratio of K/(Al+Si) in the reactant, kaolin particle size, gas
residence time, and the high-temperature transformation of
kaolin. This paper is Part 1 of a series of two papers studying
the potassium capture by kaolin. This paper focuses on the
KOH capture by kaolin; the second one focuses on the K-
capture reaction by kaolin using KCl, K2CO3, and K2SO4.

2. EXPERIMENTAL SECTION
2.1. Materials. Kaolin powders of three different particle sizes and

a mullite powder were utilized in this study. The particle size
distribution (PSD) of the materials was analyzed with a Malvern 3000
particle size distribution analyzer. Based on the PSD, the three kaolin
powders are named as normal kaolin powder (D50 = 5.47 μm), fine
kaolin powder (D50 = 3.51 μm), and coarse kaolin powder (D50 =
13.48 μm). The normal kaolin powder was purchased from VWR
Chemicals, and the fine kaolin powder was generated by grinding the
normal kaolin powder in a ball mill. The coarse kaolin powder was
obtained by grinding kaolin stones purchased from Ward’s Science.
Mullite powder was generated by heat treatment of the normal kaolin
powder (D50 = 5.47 μm) at 1100 °C for 24 h.59 The calcinated mullite
sample was regrinded, to break the agglomerated blocks, and to get a
D50 of 5.90 μm, which is similar to that of the normal kaolin powder
(D50 = 5.47 μm).

The materials were analyzed by ICP-OES (inductively coupled
plasma atomic emission spectroscopy) and XRD (X-ray diffraction),
for elemental composition and mineralogical composition. The
elemental composition of the three kaolin samples was similar, as
shown in Table 1. The molar (Na+K)/(Si+Al) ratio of the three kaolin
samples is ∼0.02, indicating that a large fraction of Al and Si are
available for K-capture through reactions R4 and R5. The molar Si/Al
ratio of the normal and the coarse kaolin powder is 1.12 and 1.17,
respectively, which is higher than the theoretical molar Si/Al ratio of
kaolinite (Al2Si2O5(OH)4). This is due to the presence of quartz
(SiO2), confirmed by the XRD spectrum of the kaolin powder shown
in Figure 1.

As shown in Table 1, the BET surface area of the normal kaolin is
12.70 m2/g. The BET surface area of the fine and coarse kaolin is
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similar to that of normal kaolin. However, the BET surface area of
mullite is much smaller than that of the parental kaolin, implying a
significant sintering process during the mullite preparation process.
XRD spectra of the normal kaolin, coarse kaolin, and mullite are

shown in Figure 1. The XRD spectrum of the fine kaolin is the same as
that of the normal kaolin and, thus, is not included. The spectra show
that kaolinite (Al2Si2O5(OH)4) and quartz (SiO2) are the main
mineral phases in the three kaolin samples. In the mullite sample,
mullite (3Al2O3·2SiO2) and quartz (SiO2) are detected as the main
mineral phases. No kaolinite was detected in the mullite sample,
indicating a complete transformation from kaolinite to mullite during
heat treatment.
2.2. Setup. Experiments were conducted in the DTU Entrained

Flow Reactor (EFR), as shown in Figure 2, which can simulate the
conditions in suspension-fired boilers. The EFR consists of a gas
supply system, a liquid/slurry sample feeding system, a gas preheater, a
vertical reactor which is electrically heated by 7 heating elements, a
bottom chamber and a particle and a flue gas extraction system. The
vertical reactor tube is 2 m long, and the inner diameter is 79 mm. The
reactor can be heated up to 1450 °C. A 0.8 m long preheater is placed
above the reactor tube for preheating the secondary gas.
To obtain a high KOH vaporization degree and a good contact of

salt vapor to additives, a slurry containing KOH and kaolin was fed
into the EFR, instead of feeding solid KOH and kaolin powder into
the reactor directly.73,74 The slurry was subsequently fed into the
reactor, using a peristaltic pump through a water-cooled feeding probe,
as shown in Figure 3. During each experiment, the slurry was stirred
with a magnetic stirrer to keep it homogeneous.

The slurry also contained ethanol, which combusted in the reactor,
producing CO2. Therefore, the feeding rate stability can be indirectly
monitored by measuring the CO2 concentration in the flue gas. Slurry
fed into the reactor was atomized, at the outlet of the water-cooled
feeding probe by a 30 NL/min primary air flow, as shown in Figure 3.
The atomized slurry droplets were mixed with the preheated
secondary air and subsequently evaporated. KOH transferred into
gas phase and reacted with solid additives (kaolin or mullite) in the
reactor tube. At the outlet of the reactor, the flue gas and the entrained
solid samples entered into a water-cooled bottom chamber, where the
flue gas was divided into two fractions, with ∼50% going to the
sampling probe and subsequently to the solid sampling line, while the
remaining 50% vent directly to the ventilation. The sampling probe is
∼1.5 m long and air-cooled, keeping the flue gas temperature at ∼300
°C. A quench gas (10 NL/min) was introduced at the inlet of the
sampling probe, to quench the flue gas and the reaction. The
quenching gas also helped to prevent the deposition of solid samples
on the inner wall of the sampling tube. The entrained large solid
particles and aerosols were captured, respectively, by a cyclone (with a
cutoff diameter of 2.3 μm) and a metal filter (with a pore size of 0.8

Table 1. Characteristics of the Solid Additives

fine
kaolin

normal
kaolin

coarse
kaolin mullite

O (wt %, dry) 56.9 56.9 55.88 51.30
S (wt %, dry) 0.02 0.02 0.03 0.02
Si (wt %, dry) 22.0 22.0 23.0 24.8
Al (wt %, dry) 19.0 19.0 19.0 21.4
Fe (wt %, dry) 0.47 0.47 0.46 0.53
Ca (wt %, dry) 0.1 0.1 0.1 0.11
Mg (wt %, dry) 0.14 0.14 0.12 0.16
Na (wt %, dry) 0.1 0.1 0.1 0.1
K (wt %, dry) 1.1 1.1 1.2 1.2
Ti (wt %, dry) 0.02 0.02 0.01 0.02
P (wt %, dry) 0.05 0.05 0.05 0.06
Cl (wt %, dry) 0.1 0.1 0.05 0.11

D50 (μm) 3.51 5.47 13.48 5.90

BET surface area(m2/g) 13.02 12.70 11.83 5.30

Figure 1. XRD spectra of the kaolin and mullite: (a) normal kaolin
with D50 = 5.47 μm and (b, c) coarse kaolin with D50 = 13.48 μm
(panel (b)) and mullite (panel (c)).

Figure 2. Schematic of the Entrained Flow Reactor (EFR).

Figure 3. Slurry feeding and atomizing system of the DTU EFR.
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μm) in the sampling line. The cyclone and filter were both heated to
200 °C, to avoid condensation of water vapor. Each experiment lasted
∼60 min, and the solid samples were collected for further analysis.
In order to avoid unexpected air leakage into the EFR, the reactor

was operated at a pressure slightly higher (∼1.0−3.0 mbar) than
atmospheric pressure, and the possible gas escaping from the reactor
was captured by a shell around the reactor and pumped to ventilation.
2.3. Experimental Matrix. Two sets of experiments were

conducted in the EFR: KOH evaporation experiments and KOH-
capture experiments using kaolin of three different particle sizes, as
well as mullite. The experimental conditions are summarized in Table
2, and more detailed information is available in Appendix I in the
Supporting Information. In the KOH evaporation experiments
(experiment series (A) in Table 2), KOH solution was injected into
the EFR without solid additives, to study the evaporation and
transformation behavior of KOH at high temperature. The
concentration of KOH in the flue gas was kept at 500 ppmv. The
mass of solid samples collected in the cyclone and filter were weighted
to study the vaporization of KOH. In addition, the collected solid
samples were analyzed via XRD to determine the transformation of
KOH at high temperatures.
In the KOH-capture experiments (experiment series B−F) in Table

2), a slurry containing both KOH and kaolin/mullite was injected into
the EFR. In all the KOH-capture experiments, the concentration of

kaolin in the flue gas was kept constant, while the amount of KOH in
the feeding slurry was adjusted. Thereby, the concentration of KOH in
the flue gas was changed consequently. The KOH concentration (K
concentration in Table 2) in the flue gas was changed from 50 ppmv
to 1000 ppmv, and the molar ratio of K/(Al+Si) in reactants was
correspondingly changed from 0.048 to 0.961.

2.4. Analytical Methods. To quantify the amount of potassium
captured by kaolin, the reacted solid samples were analyzed with ICP-
OES. The concentration of major elements (Al, Ca, Fe, Mg, P, S, K, Si,
Na, and Ti) was determined according to Danish Standard DS/EN
15290 (Solid BiofuelsDetermination of Major Elements). Danish
Standard DS/EN ISO 16995 (Solid BiofuelsDetermination of
Water-Soluble Chloride, Sodium and Potassium) was used to
determine the concentration of water-soluble potassium and chlorine.
The concentration of total potassium and water-soluble potassium of
product samples were both analyzed.

Two parameters were defined for quantifying the amount of
potassium captured by kaolin: the K-conversion (XK), and the K-
capture level (CK). XK is defined as the percentage (%) of input KOH
chemically captured by solid additives (kaolin/mullite) forming water-
insoluble K-aluminosilicate. CK is the mass of potassium captured by 1
g of additive (kaolin/mullite) (g K/(g additive)).

As shown in Figure 4, potassium in the reactants originated both
from the salt (KOH) and the additives (kaolin/mullite). The majority

Table 2. Conditions of Experiments in the Entrained Flow Reactor (EFR)

experimental series additives temp (°C) gas residence time (s) K concentration (ppmv) K/(Al+Si)

(A) KOH evaporation experiments
no additive 800 1.2 500 no Al, Si
no additive 900 1.2 500 no Al, Si
no additive 1100 1.2 500 no Al, Si
no additive 1300 1.2 500 no Al, Si
no additive 1450 1.2 500 no Al, Si

(B) KOH capture by kaolin (impact of
K-concentration)

normal kaolin (D50 = 5.47 μm) 1100 1.2 50 0.048
normal kaolin (D50 = 5.47 μm) 1100 1.2 250 0.240
normal kaolin (D50 = 5.47 μm) 1100 1.2 500 0.481
normal kaolin (D50 = 5.47 μm) 1100 1.2 750 0.721
normal kaolin (D50 = 5.47 μm) 1100 1.2 1000 0.961

(C) KOH-capture by kaolin (impact of
temperature)

normal kaolin (D50 = 5.47 μm) 800 1.2 50, 500 0.048, 0.481
normal kaolin (D50 = 5.47 μm) 900 1.2 50, 500 0.048, 0.481
normal kaolin (D50 = 5.47 μm) 1100 1.2 50, 500 0.048, 0.481
normal kaolin (D50 = 5.47 μm) 1300a 1.2 50, 500 0.048, 0.481
normal kaolin (D50 = 5.47 μm) 1450 1.2 50, 500 0.048, 0.481

(D) KOH-capture by kaolin (impact of
residence time)

normal kaolin (D50 = 5.47 μm)

800, 1100

0.7 500 0.481
normal kaolin (D50 = 5.47 μm) 1.2 500 0.481
normal kaolin (D50 = 5.47 μm) 1.5 500 0.481
normal kaolin (D50 = 5.47 μm) 1.9 500 0.481

(E) KOH-capture by kaolin (impact of kaolin
particle size)

fine kaolin (D50 = 3.51 μm) 900, 1100, 1300 1.2 500 0.481
normal kaolin (D50 = 5.47 μm) 800, 900, 1100, 1300,a 1450 1.2 500 0.481
coarse kaolin (D50 = 13.48 μm) 900, 1100, 1300 1.2 500 0.481

(F) KOH-capture by mullite
mullite (D50 = 5.90 μm) 800, 900, 1100, 1300, 1450 1.2 500 0.471

aExperiments were repeated.
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of potassium in the reactants was from KOH, which was water-soluble
(part A). The remaining potassium was from additives, and it was
water-insoluble (part D). During the KOH-capture reaction, part of
the water-soluble K reacted with kaolin/mullite, forming water-
insoluble K-aluminosilicate (part C), while the unreacted KOH
remained water-soluble (part B). The K-conversion (XK), and K-
capture level (CK) were calculated based on the ICP-OES analysis
results of reacted samples, as shown in eqs 1 and 2.

= ×X
C
A

100%K (1)

=C
n M X

mK
KOH K K

ad (2)

In eq 1, C is the amount of water-insoluble potassium formed by the
K-capture reaction and A is the amount of potassium from KOH fed
into the reactor, as shown in Figure 4. nKsalt (mol) is the molar amount
of KOH fed into the reactor, MK is the molar mass of K (g/mol), and
mad is the mass of solid additives fed into the reactor (g). The details of
the method for quantifying K-capture can be found in Appendix II of
the Supporting Information.
To characterize the mineralogical composition of the reacted solid

products, the collected samples were washed with deionized water at
room temperature for 24 h to remove the water-soluble compounds
(i.e., the K-salts in the reactant), and then filtered using 0.4 μm
membranes. Subsequently, the water-washed solid samples were
subjected to X-ray diffractometry (XRD) analysis. The XRD spectra
were determined with a Huber diffractometer with characteristic Cu
Kα radiation and operation conditions of 40 kV and 40 mA. The
wavelength was 1.54056 Å. The identification of the main crystalline
phase was performed with the JADE 6.0 software package (MDI,
Livermore, CA) and the PDF2-2004 diffraction database.
2.5. Equilibrium Calculations. To understand the transformation

of KOH at high temperature without additive injection, global
equilibrium calculations under the conditions shown in experimental
series A in Table 2 were conducted. To make a comparison of the
experimental K-conversion (XK) and K-capture level (CK) relative to
equilibrium, global equilibrium calculations were carried out under the

conditions shown in experimental series B−F in Table 2. The
calculations were performed using the Equilibrium module of the
software FactSage 7.0. The databases of FactPS, FToxid, FTsalt, and
FTpulp were employed for the calculations. Information about the
different databases can be found in the literature.75,76

3. RESULTS AND DISCUSSION

3.1. Evaporation and Transformation of KOH in the
EFR. Equilibrium calculations as well as EFR experiments
(experimental series A in Table 2) were conducted to
investigate the evaporation and transformation of KOH at
high temperatures. The mass fractions of the collected solid
products in cyclone and filter are shown in Figure 5A. The
results of corresponding equilibrium calculations are shown in
Figure 5B.
In the EFR sampling system, the large particles were

collected in the cyclone, while the aerosols were collected in
the filter. When the K-salts were completely vaporized in the
reactor and then cooled down in the extraction probe, aerosols
would form and all solid products would be collected in the
filter. If some of the salt particles generated from evaporation of
slurry droplets were not fully vaporized, both aerosols and some
larger particles would be present, resulting in some solid
material being collected also by the cyclone. The experimental
data in Figure 5A indicate that a complete vaporization of KOH
was obtained at 1100 °C. At 800 and 900 °C, the mass fraction
of samples collected in the cyclone was 2.0% and 1.5%,
respectively, indicating that a small amount of KOH had not
evaporated. This is in agreement with the equilibrium
calculations (Figure 5(B)), which predict that the majority of
KOH appears as vapor at temperatures above 820 °C.
XRD analysis of the solid samples collected from the KOH

evaporation experiments showed they consisted of K2CO3·
1.5H2O. During cooling, gaseous or condensed KOH reacts
with CO2 to form K2CO3, which then absorbs moisture from
the air, forming K2CO3·1.5H2O.

3.2. Representativeness of Solid Product Samples.
The solid products from the EFR experiments, including
samples from the sampling probe, cyclone, and filter, were
carefully collected. For each experiment, the collected solid
products corresponded to ∼58%−75% of the theoretical
amount solid samples extracted by the probe. The rest were
lost, mainly by deposition on the inner wall of the reactor
tube.77

Therefore, in order to be able to determine the conversion
degree of the reaction based on the collected solid product
samples, the representativeness of the collected solid product
samples were checked. This was done by comparing the molar

Figure 4. Potassium transformations in the K-capture reaction.

Figure 5. (A) Mass distribution of solid samples collected in cyclone and filter from KOH evaporation experiments; (B) equilibrium calculation
results of KOH evaporation under conditions of experimental series A of Table 2.
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ratio of K/(Al+Si) in the products with that of the fed
reactants. The results based on ICP-OES analysis are shown in
Figure 6. The molar ratios of K/(Al+Si) in the collected solid
samples are almost identical to those of the reactants, implying
that the solid product samples are representative.

3.3. Evolution of Kaolin in the EFR. Slurries of normal
kaolin (D50 = 5.47 μm) without and with KOH were fed into
the EFR at 1300 °C, where the residence time was 1.2 s. XRD
and SEM-EDX were utilized to study the mineralogical and
morphological evolutions of kaolin during the reaction with
KOH. The XRD spectra of the raw kaolin, the dehydroxylated
kaolin (i.e., product of kaolin fed into the EFR without KOH),
mullite, and the water-washed KOH-captured kaolin samples
are compared in Figure 7.
The results show that only mullite and quartz were detected

in the dehydroxylated kaolin (spectrum (c) in Figure 7); no
kaolinite was detected. This reveals that, at 1300 °C, with a
residence time of 1.2 s, all kaolinite from raw kaolin has
decomposed completely. However, the peaks corresponding to
mullite of the dehydroxylated kaolin are obviously weaker,

compared to the peaks of the mullite powder (spectrum (b) in
Figure 7). This shows that not all the decomposed kaolinite was
converted to crystalline mullite, with some remaining as
amorphous species, such as metakaolin and amorphous silica.59

In the water-washed KOH-reacted kaolin (spectrum (a) in
Figure 7), crystalline kaliophilite (KAlSiO4) was detected, as
the reaction product of kaolin and KOH at high temperatures
(1300 °C) in the EFR.
The SEM images of raw kaolin, the dehydroxylated kaolin,

and water-washed KOH-reacted kaolin are compared in Figure
8. It is seen that raw kaolin particles are all in the form of an
irregular flaky shape, while the dehydroxylated kaolin particles
are slightly more spherical but keep the original inner flaky
structure. The flaky structure indicates that no significant
melting occurred at 1300 °C, in agreement with the reported
mullite melting point of 1830 °C.78 For the KOH-reacted
kaolin sample, some spherical particles with smooth surface
were observed, showing the particles experienced melting in the
EFR. Since the kaliophilite (KAlSiO4) detected in the KOH-
reacted solid product has a melting point of 1800 °C,69 it is
very likely that some amorphous products with low melting
point also were formed.
Water-washed KOH-reacted kaolin (Figure 8C) was

analyzed with SEM-EDX to get the elemental composition.
The result shows that the molar ratio of K:Al:Si is 1:1.18:1.37,
i.e., with extra Si compared to the chemical formula of
kaliophilite (KAlSiO4). This is attributed to the presence of
quartz (SiO2), which was also detected with the XRD analysis.
It could also be due to the formation of some amorphous Si-
species, which cannot be detected by XRD analysis.

3.4. Equilibrium Calculations. Equilibrium calculations
were carried out for the same conditions as in the EFR, but
with a wider temperature range (from 500 °C to 1800 °C). The
influence of both the KOH concentration and thereby the
molar K/(Al+Si) ratio in the reactants, and the reaction
temperature, were studied by the calculations. A summary of
the equilibrium calculation results is shown in Table 3. The
detailed results of the calculations are shown in Appendix III in
the Supporting Information.

Figure 6. Comparison of K/(Al+Si) in collected solid products and
that of fed reactants.

Figure 7. XRD spectra of raw, dehydroxylated, and KOH-reacted kaolin (water-washed): KOH-reacted kaolin (spectrum a), mullite obtained at
1100 °C, 24 h (spectrum b), dehydroxylated kaolin (spectrum c), and raw kaolin (spectrum d). For the samples used to obtain spectra (a) and (c),
the reaction temperature in the EFR was 1300 °C, and the gas residence time was 1.2 s.
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The results in Table 3 indicate that the main K-
aluminosilicate species formed from the reaction between
KOH and kaolin varies with the molar ratio of K/(Al+Si) in the
input. At 800−1450 °C, with 50 ppmv KOH, sanidine
(KAlSi3O8) is the main aluminosilicate product, with K:Al:Si
= 1:1:3; with 250 ppmv KOH, both sanidine (KAlSi3O8) and
leucite (KAlSi2O6) are major K-aluminosilicates, whereas, with
500−1000 ppmv KOH, kaliophilite (KAlSiO4) with K:Al:Si =
1:1:1 became the dominating K-aluminosilicate.
3.5. Impact of the Potassium Concentration. The

experimental K-capture level (CK) and K-conversion (XK) are
compared with the estimations from equilibrium calculations in

Figure 9. The KOH concentration in the flue gas varied from
50 ppmv to 1000 ppmv, while the reaction temperature was
kept constant at 1100 °C. The experimental data followed a
similar trend but was always slightly lower, compared to the
equilibrium prediction. When the KOH concentration
increased from 50 ppmv to 500 ppmv, the CK value for kaolin
increased from 0.022 g K/(g kaolin) to 0.227 g K/(g kaolin).
However, no obvious increase in CK is observed when the KOH
concentration increased further to 750 and 1000 ppmv. This is
probably because the active compound in kaolin has been fully
converted to K-aluminosilicates, while the increased KOH
remained unreacted. The equilibrium constrain can explain the
decrease in XK. The value of XK decreased slightly from 95.8%
to 84.6% when the KOH concentration increased from 50
ppmv to 500 ppmv, while XK decreased sharply when the KOH
concentration increased from 500 ppmv to 1000 ppmv, as
shown in Figure 9B.
The XRD spectra of the water-washed KOH-reacted kaolin

at 50, 250, and 500 ppmv KOH are compared in Figure 10. The
spectra at 750 ppmv and 1000 ppmv were similar to that at 500
ppmv and are not included. The results show that, in the 50
ppmv KOH product, only quartz and mullite were detected as
the main crystalline phases. No crystalline K-aluminosilicate
was detected in the sample, although sanidine (KAlSi3O8) was
predicted by the equilibrium calculations shown in Table 3.
This is probably because the concentration of K-aluminosili-
cates is low and/or they remained in an amorphous state, which
cannot be detected. The 250 ppmv KOH spectrum shows that
leucite (KAlSi2O6) with a molar ratio of K:Al:Si = 1:1:2 was the
main K-aluminosilicate, while kaliophilite (KAlSiO4) with a
molar ratio of K:Al:Si = 1:1:1 became the main K-
aluminosilicate at 500 ppmv KOH. The XRD analysis results
generally agree with the equilibrium calculations shown in
Table 3.

3.6. Impact of Reaction Temperature. The CK and XK
obtained at different reaction temperatures (800−1450 °C) and
two different KOH concentrations (50 ppmv and 500 ppmv)
were compared with the equilibrium calculation results in
Figure 11. Figure 11A and 11B show that, at 500 ppmv KOH,
the CK value increased from 0.166 g K/(g kaolin) to 0.241 g K/
(g kaolin) by 43.6%, when the reaction temperature increased
from 800 to 1300 °C. The value of XK increased from 62.1% to
89.1%, correspondingly. However, when the temperature was
increased further to 1450 °C, CK and XK decreased to 0.198 g
K/(g kaolin) and 74.0%, respectively. This is caused by a
change in the equilibrium products with a decreased amount of
kaliophilite (KAlSiO4) and an increased amount of leucite
(KAlSi2O6) at high temperatures. At 1300 and 1450 °C, the
value of CK is close to the equilibrium calculation value. At 1100
°C and below, the CK values are below the equilibrium levels,
implying the process is kinetic-controlled.
Figures 11C and 11D show that, at 50 ppmv KOH, the K-

capture level (CK) was predicted to be 0.023 g K/(g kaolin), by
the equilibrium calculations, and the predicted value of XK was
>99.2% throughout the entire temperature range. At temper-
atures >1100 °C, the experimental values of CK and XK were
close to the equilibrium calculations. At 800 and 900 °C, the
experimental result is slightly lower than the value predicted by
the equilibrium calculations. The only K-aluminosilicate
predicted by the calculations is sanidine (KAlSi3O8), with a
molar ratio of K:Al:Si = 1:1:3.
The water-washed 500 ppmv KOH-reacted kaolin samples

were subjected to XRD analysis, with the spectra shown in

Figure 8. SEM images of (A) raw kaolin, (B) dehydroxylated kaolin
(without KOH fed at 1300 °C, residence time was 1.2 s), and (C)
water-washed KOH-reacted kaolin (500 ppmv KOH by kaolin at 1300
°C, residence time was 1.2 s, and the K/(Al+Si) ratio in the reactant
was 0.481).
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Figure 12. It shows that, with the temperature increased from
800 °C to 1450 °C, the peaks of kaliophilite (KAlSiO4)
increased significantly, indicating that either kaliophilite was
generated in larger quantities or it became more crystalline with
the increasing temperature or due to a faster cooling rate in the
sampling system. No other crystalline K-aluminosilicate

product was detected, although leucite (KAlSi2O6) was also
predicted by the equilibrium calculations. The formation of
kaliophilite was also observed in experimental studies by
Steenari and her co-workers.45 Kalsilite (KAlSiO4), which is a
polymorph of kaliophilite, was also widely reported in previous
studies.51,69,71,79 At 800 and 900 °C, no clear signal of K-

Table 3. Summary of the Equilibrium Calculation Results of KOH Capture by Kaolin

input conditions temp (°C) K-species appearing Al conc (%) Si conc (%) K conc (%) K-capture (g K/g kaolin)

50 ppmv KOH, K/(Al+Si) = 0.048
800 100% KAlSi3O8 9 23 100 0.023
900 100% KAlSi3O8 9 23 100 0.023
1100 100% KAlSi3O8 9 23 100 0.023
1300 100% KAlSi3O8 9 23 100 0.023
1450 99% KAlSi3O8 + 1% KOH 9 23 99 0.022

250 ppmv KOH, K/(Al+Si) = 0.240
800 25% KAlSi3O8 + 75% KAlSi2O6 49 98 100 0.129
900 25% KAlSi3O8 + 75% KAlSi2O6 49 98 100 0.129
1100 24% KAlSi3O8 + 76% KAlSi2O6 49 97 100 0.129
1300 20% KAlSi3O8 + 80% KAlSi2O6 49 96 100 0.128
1450 22% KAlSi3O8 + 77% KAlSi2O6 49 96 99 0.128

500 ppmv KOH, K/(Al+Si) = 0.481
800 92% KAlSiO4 + 6% KAlSi2O6 100 98 98 0.264
900 91% KAlSiO4 + 7% KAlSi2O6 + 1% KOH 100 99 98 0.264
1100 91% KAlSiO4 + 7% KAlSi2O6 + 2% KOH 100 99 98 0.263
1300 82% KAlSiO4 + 12% KAlSi2O6 + 6% KOH 95 100 94 0.252
1450 50% KAlSiO4 + 28% KAlSi2O6 + 21% KOH 79 100 78 0.209

750 ppmv KOH, K/(Al+Si) = 0.721
800 57% KAlSiO4 + 8% KAlO2 + 31% K2SiO3 + 3% KOH 88 78 57 0.231
900 63% KAlSiO4 + 1% KAlO2 + 18% K2SiO3 + 16% KOH 98 87 63 0.258
1100 65% KAlSiO4 + 8% K2Si2O5 + 27% KOH 100 89 65 0.263
1300 57% KAlSiO4 + 8% KAlSi2O6 + 35% KOH 100 100 65 0.263
1450 57% KAlSiO4 + 8% KAlSi2O6 + 35% KOH 100 100 65 0.263

1000 ppmv KOH, K/(Al+Si) = 0.961
800 29% KAlSiO4 + 19% KAlO2 + 49% K2SiO3 + 3% KOH 61 55 29 0.161
900 35% KAlSiO4 + 13% KAlO2 + 38% K2SiO3 + 14% KOH 73 65 35 0.191
1100 48% KAlSiO4 + 11% K2SiO3 + 41% KOH 100 89 48 0.264
1300 43% KAlSiO4 + 6% KAlSi2O6 + 52% KOH 100 100 48 0.264
1450 43% KAlSiO4 + 6% KAlSi2O6 + 51% KOH + 1% K 100 100 48 0.264

Figure 9. K-capture level (CK) and K conversion (XK) of KOH capture by normal kaolin (D50 = 5.47 μm) at different KOH concentrations from 50
ppmv to 1000 ppmv (the molar K/(Al+Si) ratio in reactants varied from 0.048 to 0.961). The reaction temperature was 1100 °C, and the gas
residence time was 1.2 s.
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aluminosilicate was detected by XRD. This is probably because
the formed K-aluminosilicate existed in an amorphous form at
lower temperatures. Kaolinite was detected in the 800 and 900
°C solid products, indicating an incomplete dehydroxylation of
kaolin at temperatures below 900 °C in the EFR.
3.7. Impact of Gas Residence Time. The impact of gas

residence time on the KOH-capture reaction was investigated
at 800 and 1100 °C. At 800 °C, the gas residence time varied
from 1.2 s to 1.9 s, while at 1100 °C, it was changed from 0.7 s
to 1.7 s. In all experiments, the KOH concentration in the flue
gas and the molar ratio of K/(Al+Si) in the reactants were kept
constant, at 500 ppmv and 0.481, respectively. The

experimental results were compared to the equilibrium
calculation results in Figure 13.
At 800 °C, as shown in Figure 13A, when the gas residence

time increased from 1.2 s to 1.9 s, CK increases by 25.4% from
0.166 g K/g kaolin to 0.209 g K/g kaolin. However, at 1100 °C,
when the gas residence time increased from 0.7 s to 1.2 s, CK
increased by 7.6%, from 0.211 g K/(g kaolin) to 0.227 g K/(g
kaolin). When the gas residence time increased further from 1.2
s to 1.7 s, CK increased to 0.236 by 4.1%.
In summary, the KOH-capture reaction by kaolin reached

equilibrium at temperatures of 1300 and 1450 °C, with a gas
residence time of 1.2 s and a kaolin particle size of D50 = 5.47

Figure 10. XRD spectra of water-washed KOH-reacted kaolin at 50, 250, and 500 ppmv KOH. The reaction temperature was 1100 °C, the molar
ratios of K/(Al+Si) were 0.048, 0.240, and 0.481, and the gas residence time was 1.2 s.

Figure 11. K-capture level (CK) and K-conversion (XK) of KOH capture by normal kaolin (D50 = 5.47 μm) at temperatures from 800 °C to 1450
°C: (A, B) the KOH concentration was 500 ppmv, and the molar K/(Al+Si) ratio was 0.481; (C, D) the KOH concentration was 50 ppmv, and the
molar K/(Al+Si) ratio was 0.048. Gas residence time was 1.2 s for all experiments, and equilibrium calculation results are included for comparison.
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μm. At 1100 °C with a residence time of 1.7 s, the reaction is
close to the equilibrium. However, at 800 °C, CK is obviously
further away from the equilibrium, even with a longer residence
time of 1.9 s, showing that the reaction is more kinetically or
diffusion-controlled at 800 °C.
3.8. Impact of Kaolin Particle Size. The CK values of fine

kaolin, normal kaolin, and coarse kaolin at 800−1450 °C were
compared to the equilibrium calculation results in Figure 14.
Generally, the results show that, at 900−1300 °C, fine kaolin
and normal kaolin behaved similarly, and CK did not increase
when the D50 of kaolin decreased from 5.47 μm to 3.51 μm. For
coarse kaolin, the CK value is similar to that of normal and fine
kaolin at 900 °C. However, it became lower than the CK value
of normal and fine kaolin at 1100 and 1300 °C. This indicates
that the conversion at 1100 and 1300 °C is partly limited by the
transport processes, at least for the coarse kaolin. However, at
800 °C, the reaction appears to be kinetically limited.
3.9. KOH Capture by Mullite. The KOH capture level of

mullite (D50 = 5.90 μm) was compared with that of normal
kaolin (D50 = 5.47 μm) in Figure 15, at reaction temperatures
of 800−1450 °C, a gas residence time of 1.2 s, and a KOH
concentration of 500 ppmv. The EFR experimental results
show, that at low temperatures (800−1100 °C), the CK value of
mullite is much lower than that of kaolin. This is probably

partly because the BET surface area of mullite is smaller than
that of kaolin (shown in Table 1) and thereby limited the
internal KOH transport in the particles. On the other hand, the
kinetics of the mullite−KOH reaction is probably slower than
that of the kaolin−KOH reaction. At 1300 and 1450 °C, the CK
value of mullite increased significantly, and at 1450 °C, the
value is close to that of the normal kaolin powder. This is
probably because, at high temperatures (1300 and 1450 °C),
the KOH-reacted mullite particles are melted, and the KOH
diffusion mechanism changed from a slow gas−solid diffusion
to a faster gas−liquid diffusion, which improved the transport
of KOH inside the mullite particles. A similar phenomenon was
observed by Zheng et al., when the KCl capture by mullite
pellets was studied in a fixed-bed reactor.52

4. CONCLUSIONS
The impact of different parameters, including the potassium
concentration in flue gas (molar ratio of K/(Al+Si) in
reactants), the reaction temperature, the residence time, and

Figure 12. XRD spectra of water-washed solid samples from the
experiments of KOH capture by normal kaolin (D50 = 5.47 μm) at
different reaction temperatures, from 800 °C to 1450 °C. KOH
concentration was 500 ppmv, (K/(Al+Si) = 0.481) and the gas
residence time was 1.2 s.

Figure 13. K-capture level (CK) of KOH capture by the normal kaolin (D50 = 5.47 μm) at different gas residence times. The reaction temperature
was (A) 800 °C and (B) 1100 °C, and the KOH concentration was 500 ppmv (K/(Al+Si) = 0.481). Equilibrium calculation results are included for
comparison.

Figure 14. K-capture level (CK) of KOH capture by kaolin of different
particle size: fine kaolin (D50 = 3.51 μm), normal kaolin (D50 = 5.47
μm), and coarse kaolin (D50 = 13.48 μm). KOH concentration was
500 ppmv (the K/(Al+Si) molar ratio in the reactant was 0.481), and
gas residence time was 1.2 s. Equilibrium calculations are included for
comparison.
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the kaolin particle size, as well as the high-temperature phase
transformations of kaolin, on the KOH-capture reaction under
suspension-fired conditions was investigated, by experiments in
an entrained flow reactor and by thermodynamic equilibrium
calculations.
The K-capture level (CK) increased significantly when the

KOH concentration increased from 50 ppmv to 500 ppmv,
corresponding to an increase in the K/(Al+Si) molar ratio from
0.048 to 0.48, whereas no obvious increase was observed when
KOH concentration increased further to 750 and 1000 ppmv.
Leucite (KAlSi2O6) was formed at 250 ppmv KOH (K/(Al+Si)
= 0.240), and kaliophilite (KAlSiO4) was the dominant K-
aluminosilicate at 500 ppmv KOH and above (K/(Al+Si) ≥
0.481).
An almost full conversion of kaolin (D50 = 5.47 μm) to K-

aluminosilicate was obtained without kinetic or transport
limitations at temperatures above 1100 °C and the applied
conditions (residence time of 1.2 s, and a KOH concentration
of 500 ppmv). However, at 800 and 900 °C, the experimental
data were considerably lower than the equilibrium predictions,
and the K-capture level increased significantly when residence
time increased, implying the reaction is probably kinetically
controlled. The optimal temperature window for injecting
kaolin for K-capture under suspension-fired conditions is
1100−1300 °C. At 1100 °C or above, crystalline kaliophilite
(KAlSiO4) was detected by XRD analysis, whereas, at 800 and
900 °C, amorphous K-aluminosilicate was formed.
Fine kaolin powder (D50 = 3.51 μm) and normal kaolin

powder (D50 = 5.47 μm) behaved similarly, in terms of K-
capture level (CK), while coarse kaolin (D50 = 13.48 μm)
showed a considerably smaller K-capture level at 1100 and
1300 °C. This is probably because KOH diffusion into the
kaolin particles became a limiting factor for the coarse kaolin at
1100 °C and above. At 900 °C, where the difference was
smaller, the reaction is more kinetically controlled and the
additive particle size did not influence the reaction significantly
with the applied particle sizes.
Mullite captured KOH less effectively, compared to kaolin at

temperatures below 1100 °C. However, the CK value of mullite
increased significantly at 1300 and 1450 °C. At 1450 °C, the K-
capture level of mullite is comparable to that of kaolin.
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ABSTRACT: The reaction of kaolin powder with K2CO3, KCl, and K2SO4 under 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 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 values 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, potas-
sium is released to gas phase in different forms depending on the
ash chemistry of the fuels and combustion conditions. K-species
including of 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 and 850 °C, respectively. The binary system of KCl
and K2SO4 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 combus-
tion.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 andmullite 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-aluminosili-
cate, 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

· + + →

+

Al O 2SiO (metakaolin) 2KCl H O

2KAlSiO (kalsilite/kaliophilite) 2HCl (g)

2 3 2 2

4 (R1)

· + + + →

+

Al O 2SiO (metakaolin) 2SiO 2KCl H O

2KAlSi O (leucite) 2HCl (g)

2 3 2 2 2

2 6
(R2)
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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 previ-

ously.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 h). 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 concen-
tration (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 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 via 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 equili-
brium.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 NaOHwas obviously higher than that of NaCl. They proposed
that NaOH was the only reacting species in both 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 of K
in the temperature range of 1100−1300 °C, with a kaolin particle
size ofD50 = 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
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 this
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

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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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 (cutoff
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.

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 +

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 1.2 500 no Al, Si
KCl no additive 900 1.2 500 no Al, Si
K2SO4 no additive 1100 1.2 500 no Al, Si

no additive 1300 1.2 500 no Al, Si
no additive 1450 1.2 500 no Al, Si

(B) K2CO3-capture by kaolin (impact of K-concentration)
K2CO3 kaolin 1100 1.2 500 0.481
K2CO3 kaolin 1100 1.2 1000 0.961

(C) K2CO3-capture by kaolin (impact of temperature)
K2CO3 kaolin 800 1.2 500 0.481
K2CO3 kaolin 900 1.2 500 0.481
K2CO3 kaolin 1100 1.2 500 0.481
K2CO3 kaolin 1300 1.2 500 0.481
K2CO3 kaolin 1450 1.2 500 0.481

(D) KCl-capture by kaolin (impact of K-concentration)
KCl kaolin 1300 1.0−1.2 50a 0.048
KCl kaolin 1300 1.0−1.2 250a 0.240
KCl kaolin 1300 1.0−1.2 500a 0.481
KCl kaolin 1300 1.0−1.2 750 0.721
KCl kaolin 1300 1.0−1.2 1000 0.961

(E) KCl-capture by kaolin (impact of temperature)
KCl kaolin 900 1.0−1.2 50, 500 0.048, 0.481
KCl kaolin 1100 1.0−1.2 50, 500 0.048, 0.481
KCl kaolin 1300a 1.0−1.2 50, 500 0.048, 0.481
KCl kaolin 1450 1.0−1.2 50, 500 0.048, 0.481

(F) KCl-capture by kaolin (impact of residence time)
KCl kaolin 1100, 1300 0.6 500 0.481
KCl kaolin 1100, 1300 0.8 500 0.481
KCl kaolin 1100, 1300 1.2 500 0.481
KCl kaolin 1100, 1300 1.9 500 0.481

(G) K2SO4-capture by kaolin (impact of K-concentration)
K2SO4 kaolin 1100 1.2 50 0.048
K2SO4 kaolin 1100 1.2 500 0.481
K2SO4 kaolin 1100 1.2 1000 0.961

(H) K2SO4-capture by kaolin (impact of temperature)
K2SO4 kaolin 800 1.2 500 0.481
K2SO4 kaolin 900 1.2 500 0.481
K2SO4 kaolin 1100 1.2 500 0.481
K2SO4 kaolin 1450 1.2 500

aNote: Experiments were repeated.
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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 of 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 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 databases
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 1A−C. Results of
corresponding equilibrium calculations were shown in Figure
1D−F.
For K2CO3, the experimental results reveal that, at temper-

atures ≥1100 °C, all solid samples were captured by the filter,
implying that a complete vaporization was obtained. At 800 and
900 °C, 1.6% and 2.7% of the product samples was captured by
the cyclone, respectively. An increase of CO2 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

Figure 1.Mass distribution of solid samples collected in the cyclone and filter from K-salt vaporization experiments for (A) K2CO3, (B) KCl, and (C)
K2SO4, and corresponding equilibrium calculation results for (D) K2CO3, (E) KCl, and (F) K2SO4.
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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 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
fromKCl 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
coexisted, while at 1070−1220 °C, liquid, gaseous K2SO4, and
gaseous KOH coexisted, 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 1C. 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 and 900 °C, as 91% and 95%
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 of K (25−500 ppmv of 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 to 0.216 g
K/(g additive) when the K2CO3 concentration increased from 25

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.

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, and residence time was 1.2 s. Equilibrium calculation results are included for comparison.
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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 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 to 0.231 g K/(g
additive) by 31.1%, when the reaction temperature increased
from 800 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 of
K/(g of additive) and 66.1%, respectively. This is likely due to the

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

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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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 summar-
ized 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 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) coexisting. 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-aluminosili-
cate.
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. To investigate the
influence of reaction temperature on the KCl-capture reaction,
experiments were conducted at temperatures from 800 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 parts a and b of Figure 5, at 500 ppmv KCl, the K-

capture level (CK) was close to the equilibrium prediction and
stayed steady at about 0.142 g of K/(g of additive) at
temperatures from 900 to 1300 °C. The K-conversion (XK)
was also steady at about 55.0%. TheCK and XK of KCl were lower

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 h) is calculated from the literature.50
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than that of KOH capture by kaolin (CK of KOH was 0.193−
0.241 g of K/(g of 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 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 toward
KCl.50 XRD analysis of calcinated kaolin samples in the EFR
showed that the mullite formation became significant only above
1450 °C.

Figure 6. XRD spectra of water-washed KCl-reacted kaolin samples at 1300 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 and 1.2 s at 1300 and 1450 °C, respectively.

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 temperatures were 1100 and 1300 °C.
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As shown in Figure 5A, 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 h) was much longer than that in
the EFR (about 1 s). 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 h. Another possible reason is that kaolin
was in the 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 to 1300 °C, due to the increased sintering
degree of kaolin pellets. However, CK increased again when
temperature was further increased to 1400 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 900−1300 °C. In summary, the

favorable temperature window for KCl-capture by kaolin is
900−1300 °C.
Figure 5 C andD shows 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 of K/(g of
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 and 1450 °C are compared in Figure 6. The results show
that leucite (KAlSi2O6) was formed by the KCl−kaolin reaction
at 1300 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 and 1300 °C.
The KCl concentration in the flue gas was kept constant at 500
ppmv, with K/(Al + Si) = 0.481. TheCK andXK results are shown
in Figure 7.

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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The results in Figure 7 A and B show that at 1100 °Cwhen the
gas residence time increased from 0.8 to 1.2 s, the CK increased
from 0.114 g of K/(g of additive) to 0.128 g of K/(g of 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 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) coexisting. 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 experimental CK
and XK were obviously lower than the equilibrium data, although
they followed a similar trend. The experimental CK increased
from 0.018 to 0.115 g of K/(g of additive), when the K2SO4-
concentration in flue gas increased from 25 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 to 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
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 vapor-
ization of K2SO4 at low temperatures also inhibited the

Figure 8.CK (K-capture level) andXK (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.

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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conversion of K2SO4. At 1450 °C, the transformation of kaolin
into mullite became significant, and the formed mullite is less
reactive toward 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

somuch 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 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 exper-

imental 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 11A, 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 5A) indicate that KCl-capture by kaolin
behaved similarly at 1100 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 first
decomposed into KOH and CO2, and then the formed KOH
reacted with kaolin forming K-aluminosilicate. The decom-
position of K2CO3 has been observed in the K2CO3 vaporization
and transformation experiments, which has been discussed in
section 3.1.

+ → +K CO H O 2KOH CO (g)2 3 2 2 (R3)

· +

→ + H O

Al O 2SiO 2KOH

2KAlSiO (kaliophilite) 2
2 3 2

4 2 (R4)

· + +

→ +

Al O 2SiO 2SiO 2KOH

2KAlSi O (leucite) 2H O
2 3 2 2

2 6 2 (R5)

Figure 10. XRD spectra of water-washed K2SO4-reacted kaolin at 1100 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.

Figure 11. Comparison of KOH, K2CO3, KCl, and K2SO4 capture by kaolin at different K-concentrations and temperatures. In part A, KOH, K2CO3,
and K2SO4 experiments were at 1100 °C, and KCl experiments were at 1300 °C. In part B, the K-concentration was 500 ppmv for all experiments.
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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 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 cofiring straw and coal where KCl and K2SO4 both exist, since
Al and Si from the cofired 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 increased from 50 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 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 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 of K/g kaolin could be obtained. The
results imply that more kaolin shall be used in boilers if Cl-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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A B S T R A C T

The KOH-capture reaction by coal fly ash at suspension-fired conditions was studied through entrained flow
reactor (EFR) experiments and chemical equilibrium calculations. The influence of KOH-concentration
(50–1000 ppmv), reaction temperature (800–1450 °C), and coal fly ash particle size (D50= 6.03–33.70 μm) on
the reaction was investigated. The results revealed that, at 50 ppmv KOH (molar ratio of K/(Al+ Si)= 0.048 of
feed), the measured K-capture level (CK) of coal fly ash was comparable to the equilibrium prediction, while at
250 ppmv KOH and above, the measured data were lower than chemical equilibrium. Similar to the KOH-kaolin
reaction reported in our previous study, leucite (KAlSi2O6) and kaliophilite (KAlSiO4) were formed from the
KOH-coal fly ash reaction. However, coal fly ash captured KOH less effectively compared to kaolin at 250 ppmv
KOH and above. Studies at different temperatures showed that, at 800 °C, the KOH-coal fly ash reaction was
probably kinetically controlled. At 900–1300 °C it was diffusion limited, while at 1450 °C, it was equilibrium
limited to some extent. At 500 ppmv KOH (molar ratio of K/(Al+ Si)= 0.481), and a gas residence time of 1.2 s,
0.063 g K/(g additive) and 0.087 g K/(g additive) was captured by coal fly ash (D50=10.20 μm) at 900 and
1450 °C, respectively. Experiments with coal fly ash of different particle sizes showed that a higher K-capture
level were obtained using finer particle sizes, indicating some internal diffusion control of the process.

1. Introduction

Existing coal suspension-fired boilers have been converted to bio-
mass combustion to increase the share of renewable power and district
heat production in Denmark [1,2]. Compared to traditional biomass
grate-fired power plants, biomass suspension-fired power plants have
higher efficiency, and they can compensate for the fluctuations of the
wind power production [3]. However, the alkali elements (mainly K) in
biomass fuels to a high degree evaporates during combustion in PF
(pulverized fuel) boilers [4–7], and are present in the gas phase as KOH,
KCl or K2SO4 [8–10]. When the flue gas is cooling down, these K-
compounds condense and may form sticky deposit on super-heater and
reheater tubes, resulting in accelerated deposit formation as well as
corrosion. Additionally, K-salt aerosols formed from nucleation and
condensation of gaseous K-species can deteriorate the performance of
de-NOx SCR catalyst through physical deposition and chemical poi-
soning [11–14].

One option to deal with these alkali-induced problems is to inject
additives that can react with volatile alkali species to form less pro-
blematic compounds with higher melting points. Various additives have

been investigated, and they can largely be categorized into four groups:
Al-Si based [3,15–18], S-based [19–21], P-based [22] and Ca-based
[23], according to the major elements that are present in the additives
[3,24]. Among the different additives, coal fly ash was the only one that
has been commercially utilized in full-scale suspension-fired boilers due
to its low cost and high effectiveness [1,2,25].

Coal fly ash is a solid residue from combustion of coal.
Approximately 500 million tons of coal fly ash are produced worldwide
each year [26]. Coal fly ash could be an environmental concern if not
handled properly [26]. The mineralogical composition of coal fly ash is
quite complex, depending on the parental coal and the combustion
technology. The dominant mineral phases include quartz, mullite, illite
and siderite [27]. The effectiveness of coal fly ash in capturing volatile
K-species from biomass has been observed in co-combustion of coal and
biomass [28–30].

The K-capture reaction by coal fly ash was studied by Wu and co-
workers in a full-scale biomass suspension-fired boiler [1,2]. The im-
pact of injection of coal fly ash in different amounts on the deposition
behavior, deposit composition and the formation of aerosols was in-
vestigated. With the addition of coal fly ash, the amount of aerosols
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formed was greatly suppressed, with its composition changed from K-S-
Cl rich to Ca-P-Si rich [2]. The composition of the ash deposit is also
significantly influenced. The amount of K2SO4 in inner layer deposit
collected from high-temperature flue gas (1300 °C) was greatly reduced.
KCl, KOH, and K2CO3 completely disappeared, when adding coal fly
ash. The large outer deposit also transferred from K-Ca-Si rich to Si-Al
rich, resulting in an easier and more frequent removal of the deposits.
In the deposits formed at low-temperature flue gas (800 °C), KCl dis-
appeared, and the content of KOH and K2CO3 was significantly de-
creased. The corrosion risk was considerably decreased consequently.
However, because of the complexity of the full-scale system, no quan-
titative data such as the potassium capture amount of per unit of coal
fly ash could be obtained.

Quantitative and detailed study on K-capture reaction by coal fly
ash at high-temperature conditions is still rare. To the authors’
knowledge, the only two quantitative studies on K-capture by coal fly
ash were both conducted in fixed bed reactors, where coal fly ash
pellets with a diameter of 1.5mm or piles of coal ash were utilized
[15,31]. However, the residence time of coal fly ash in these fixed bed
reactors was in an order of hours, significantly larger than that of
biomass suspension-fired boilers, where coal fly ash particles only stay a
few seconds in the flue gas [1,2].

The objective of this work is to study quantitatively the K-capture
behavior of coal fly ash at well-controlled conditions in suspension, and
to understand the influence of reaction conditions. This paper focuses
on the KOH capture by coal fly ash. Results on K2CO3, KCl and K2SO4

capture by coal fly ash will be published in another paper.

2. Experimental

2.1. Materials

A coal fly ash from the unit 2 of Asnæsværket Power Plant (ASV2),
Denmark was utilized in this work. The ASV2 coal fly ash was sieved to
0–32 μm and 32–45 μm, named as ASV2CFA0-32 and ASV2CFA32-45,
respectively. Additionally, the ASV2CFA0-32 was ground in a ball mill
to get a finer coal ash sample, named as ASV2CFAGR. The three ash
samples were all analyzed with a Malvern 3000 particle size analyzer.
The median diameter (D50) of ASV2CFA0-32, ASV2CFA32-45 and
ASV2CFAGR was 10.20 μm, 33.70 μm and 6.03 μm, respectively. The
D50 of ASV2CFAGR is comparable with that of kaolin (5.47 μm) and
mullite (5.90 μm) utilized in our previous studies [32,33]. A sieving
analysis showed that ASV2CFA0-32 contributed 63.0 wt% of the ASV2
coal fly ash, while ASV2CFA32-45 made up 14.4 wt%. The three coal fly
ashes size fractions were also subjected to ICP-OES analysis, with the
results summarized in Table 1. The three ash size fractions had similar
composition and were all rich in Al and Si. The molar ratio of (K+Na)/
(Al+ Si) of the three ash fractions was around 0.02, indicating that

there was a large surplus of Al and Si in the ashes which could parti-
cipate the K-capture reaction. The coal fly ashes was also analyzed with
XRD (X-ray Diffraction), and the results showed that mullite
(3Al2O3·2SiO2) and quartz (SiO2) were the main crystalline phases, with
no crystalline alkali or alkali earth species detected. This indicated that
the small amounts of Na, K, Ca and Mg detected by ICP-OES were
present in amorphous species.

2.2. Setup

The DTU Entrained Flow Reactor (EFR) (Fig. 1) utilized in this
study, can simulate the conditions in suspension-fired boilers. It consists
of a gas supply system, a liquid/slurry sample feeding system, a gas
preheater, a vertical reactor tube, a bottom chamber and a particle and
flue gas sampling system. The vertical reactor tube is 2m long and the
inner diameter is 79mm. It can be heated up to 1450 °C by 7 electrical
heating elements.

Instead of feeding solid KOH powder and coal fly ash directly into
the reactor [19], solid KOH and coal fly ashes were mixed with deio-
nized water, to make a homogeneous slurry. The slurry was subse-
quently fed into the reactor through water-cooled feeding probe, with a
feeding rate varying from 3.2 to 6.2 g/min. The slurry was subsequently
atomized by a 30 Nl/min primary air. The atomized slurry droplets
were mixed with preheated secondary air (40–87 Nl/min) and subse-
quently vaporized. KOH evaporated and reacted with coal fly ash in the
reactor tube. Solid particles and aerosols were collected by a cyclone
(with a cut-off diameter of 2.3 μm) and a metal filter (with a pore size of
0.8 μm), respectively. The cyclone and filter were heated to 200 °C to
avoid condensation of water vapor. Detailed information on the EFR
reactor and the slurry feeding system can be found elsewhere [32,33].

2.3. Experimental matrix

The conditions of the EFR experiments of KOH capture by coal fly
ashes are summarized in Table 2. The influence of the KOH-con-
centration, the molar ratio of K/(Al+ Si) in reactants, the reaction
temperature and the coal fly ash particle size on the KOH-capture re-
action were investigated.

In the experimental series (A) of Table 2, the concentration of coal
fly ash in the feeding slurry was kept constant while the feed amount of
KOH was varied, to investigate the effect of KOH concentration in flue
gas (50–1000 ppmv) and the molar ratio of K/(Al+ Si) in reactants
(0.048–0.961). In series (B), the temperature in reactor was changed
from 800 to 1450 °C. Two different KOH concentrations in the flue gas
were studied: 50 ppmv and 500 ppmv. In series (C), the influence of
coal fly ash particle size on the K-capture reaction was studied, using
ASV2CFAGR (D50= 6.03 µm), ASV2CFA0-32 (D50= 10.20 μm) and
ASV2CFA32-45 (D50= 33.70 μm). The results were also compared to
data from our previous study on KOH capture by kaolin and mullite
[32,33]. The gas residence time in the reactor was kept at 1.2 s in all the
experiments.

2.4. Analytical methods

The collected solid samples were subjected to ICP-OES (Inductively
Coupled Plasma Atomic Emission Spectroscopy) to quantify the amount
of potassium captured by coal fly ash. The concentrations of major
elements were determined according to the Danish Standard DS/EN
15290 (Solid Biofuels- Determination of Major Elements). The con-
centration of water-soluble K and Cl was analyzed according to the
standard DS/EN ISO 16995 (Solid Biofuels- Determination of water-
soluble Chloride, Sodium and Potassium).

Two parameters were defined to quantify the K-capture degree by
coal fly ash: the K-conversion (XK), and the K-capture level (CK). XK is
the percentage (%) of input K-compound (KOH) chemically captured by
additives (coal fly ash) forming water-insoluble K-aluminosilicate. CK is

Table 1
Characteristics of the coal fly ashes.

Name ASV2CFAGR ASV2CFA0-32 ASV2CFA32-45

particle size (µm) 0–32 0–32 32–45
D50 (µm) D50=6.03 D50= 10.20 D50= 33.70
BET surface area (m2/g) 9.07 8.04 3.41
O (wt% dry base) 46.60 46.60 45.06
S (wt% dry base) 0.26 0.26 0.21
P (wt% dry base) 0.64 0.64 0.57
Si (wt% dry base) 22.0 22.0 21.0
Al (wt% dry base) 14.0 14.0 13.0
Fe (wt% dry base) 2.9 2.9 3.0
Ca (wt% dry base) 4.50 4.50 5.2
Mg (wt% dry base) 0.97 0.97 0.88
Na (wt% dry base) 0.27 0.27 0.2
K (wt% dry base) 0.87 0.87 0.67
Ti (wt% dry base) 0.88 0.88 0.74
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the mass of potassium captured by 1 g of additive (coal fly ash) (g K/g
additive). Details of the calculation method can be found in our pre-
vious work [32,33].

Additionally, solid products were also analyzed with XRD (X-ray
diffraction analysis) to determine the mineralogical composition.
Samples collected from the EFR experiments were washed with

deionized water at room temperature for 24 h to remove the water-
soluble compounds (like unreacted K-salts) and then filtered and dried.
The XRD spectra were obtained with a Huber diffractometer, and the
main crystalline phases were identified with JADE 6.0 using database of
PDF2-2004.

Fig. 1. Schematic of the Entrained Flow Reactor (EFR).

Table 2
Conditions of the experiments in the Entrained Flow Reactor (EFR).

Experimental series K-species additives D50 of additives/μm Temp./°C Gas residence time/s K in gas /ppmv K/(Al+ Si)

(A)
KOH-capture by CFA (impact of K-concentration)

KOH ASV2CFA0-32 10.20 1300 1.2 50 0.048
250 0.240
500 0.481
750 0.721
1000 0.961

(B)
KOH-capture by CFA (impact of temperature)

KOH ASV2CFA0-32 10.20 800 1.2 50, 500 0.481
900
1100
1300
1450

(C)
KOH-capture by CFA (impact of CFA particle size)

KOH ASV2CFAGR0-32 6.03 1300 1.2 500 0.481
ASV2CFA0-32 10.20

KOH AMVCFA0-32 33.70
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2.5. Equilibrium calculation

Chemical equilibrium calculations have been widely utilized to in-
vestigate the speciation of alkali as well as the interaction between
alkali and coal ash minerals during combustion [28–30]. In the present
study, global equilibrium calculations were carried out using the
equilibrium module of FactSage 7.0. Experimental results and equili-
brium calculation data were compared to better understand the results.

The chemical equilibrium calculations were performed at atmo-
spheric pressure in the temperature range of 500–1800 °C. Four data-
bases including FactPS, FToxid, FTsalt and FTpulp were employed. Gas,
liquid and solid compound species were selected for the equilibrium
calculations. Detailed information about the databases [34] and cal-
culation settings are included in the Supplementary material. The cal-
culation results of key points are summarized in Table 3.

3. Results and discussion

3.1. Representativeness of solid product samples

Although the solid samples obtained from the sampling system
(sampling tube, cyclone, and filter) were carefully collected, the mass
balance for each experiment only closed within about 58–75%. The
difference was due to the deposition on the inner wall of the vertical
reactor tube and other places. The calculation of K-capture level (CK)
and K-conversion (XK) was based on the assumption that the collected
samples are representative. The representativeness of the product
samples was examined by comparing the molar ratio of K/(Al+ Si) in
products with that of the fed reactants. The result basing on ICP-OES
analysis is shown in Fig. 2. It shows that the molar ratio of K/(Al+ Si)
in the collected solid samples is close to that of fed reactants, suggesting
that the solid samples are representative.

3.2. KOH capture by coal fly ash

3.2.1. Equilibrium calculations
The equilibrium calculation results of KOH capture by ASV2CFA0-

32 at different temperatures (800–1450 °C) and KOH concentrations

(50–1000 ppmv) are summarized in Table 3. Results that are more
detailed can be found in the Supplementary material.

The calculations indicate that the type of the K-aluminosilicates
formed from the KOH-capture reaction changes with the K-concentra-
tion or the molar ratio of K/(Al+ Si) in reactants. At 50 ppmv KOH
(molar K/(Al+ Si) in reactant was 0.048), sanidine (KAlSi3O8) with
K:Al:Si= 1:1:3 was predicted as the main K-aluminosilicate through
the whole temperature range 800–1450 °C. When the KOH concentra-
tion increased to 250 ppmv, leucite (KAlSi2O6) with a molar ratio of
K:Al:Si= 1:1:2 became the dominant K-aluminosilicate. At 500, 750
and 1000 ppmv KOH, kaliophilite (KAlSiO4) with a molar ratio of
K:Al:Si= 1:1:1 was the main K-aluminosilicate product.

3.2.2. Impact of KOH concentration
The measured K-capture level (CK) and K-conversion (XK) of KOH

Table 3
Equilibrium calculation results of KOH capture by coal fly ash (ASV2CFA0-32).

Input conditions Temp. /°C K-species appearing Al-con. /% Si-con. /% CK/% CK/(g K/(g additive))

50 ppmv KOH, K/(Al+ Si)= 0.048 800 100% KAlSi3O8 12 24 100 0.023
900 100% KAlSi3O8 12 24 100 0.023
1100 100% KAlSi3O8 12 24 100 0.023
1300 100% KAlSi3O8 12 24 100 0.023
1450 98% KAlSi3O8+1% KOH+1% KCl 12 24 98 0.023

250 ppmv KOH, K/(Al+ Si)= 0.240 800 100% KAlSi2O6 60 81 100 0.117
900 100% KAlSi2O6 60 80 100 0.116
1100 98% KAlSi2O6+1% KOH 60 80 98 0.115
1300 93% KAlSi2O6+6% KOH 56 75 93 0.108
1450 93% KAlSi2O6+6% KOH 56 75 93 0.109

500 ppmv KOH, K/(Al+ Si)= 0.481 800 72% KAlSiO4+ 10% KAlSi2O6 100 75 83 0.193
900 71% KAlSiO4+ 12% KAlSi2O6+ 2% KOH 100 77 83 0.193
1100 55% KAlSiO4+ 28% KAlSi2O6+ 15% KOH 100 89 83 0.193
1300 55% KAlSiO4+ 28% KAlSi2O6+ 16% KOH 100 90 83 0.193
1450 57% KAlSi2O6+42% KOH 69 92 57 0.133

750 ppmv KOH, K/(Al+ Si)= 0.721 800 55% KAlSiO4+ 41% K2SiO3+2% KOH 100 67 55 0.193
900 55% KAlSiO4+ 36% K2SiO3+2% K2Si2O5+ 4% KOH 100 67 55 0.193
1100 55% KAlSiO4+ 18% K2Si2O5+ 24% KOH 100 67 55 0.193
1300 36% KAlSiO4+ 19% KAlSi2O6+ 44% KOH 100 90 55 0.193
1450 29% KAlSiO4+ 23% KAlSi2O6+ 47% KOH 94 91 52 0.181

1000 ppmv KOH, K/(Al+ Si)= 0.961 800 32% KAlSiO4+ 9% KAlO2+ 52% K2SiO3+ 4% KOH 78 52 32 0.151
900 41% KAlSiO4+ 1% KAlO2+ 36% K2SiO3+ 21% KOH 99 66 41 0.191
1100 41% KAlSiO4+ 15% K2Si2O5+ 41% KOH 100 67 41 0.193
1300 27% KAlSiO4+ 14% KAlSi2O6+ 58% KOH 100 90 41 0.193
1450 27% KAlSiO4+ 14% KAlSi2O6+ 58% KOH+1% K 100 90 41 0.193
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capture by ASV2CFA0-32 at different KOH concentrations
(50–1000 ppmv) and 1300 °C are compared with equilibrium calcula-
tions in Fig. 3. For 50 ppmv KOH, the measured CK (0.022 g K/(g ad-
ditive)) and XK (95%) of ASV2CFA0-32 are close to the equilibrium
values. However, the experimental CK and XK become remarkably lower
than the equilibrium data at 250 ppmv KOH and above. As the KOH-
concentration in the flue gas increases from 50 ppmv to 500 ppmv, al-
though the K-capture level (CK) increased considerably from 0.022 g K/
(g additive) to 0.074 g K/(g additive), K-conversion (XK) decreased
sharply from 95% to 32%. With a further increase in KOH to 750 and
1000 ppmv, no obvious increase of CK was observed, and the K-con-
version (XK) dropped to 16% at 1000 ppmv, showing that most KOH
remained unreacted in this case. The difference between equilibrium
data and experimental data implied that only part of the coal fly ash
participated in the K-capture reaction.

Also, the measured CK and XK of KOH reaction with kaolin from our
previous study [33] are included for comparison in Fig. 3. The ex-
periments of KOH capture by kaolin were conducted at 1100 °C, while
the experiments with ASV2CFA0-32 were conducted at 1300 °C. Al-
though the reaction temperature was different, the results are still
comparable, because the K-capture behavior of kaolin at 1100 °C and
1300 °C is similar according to our previous study [33]. The results
show that the measured CK and XK of ASV2CFA0-32 were considerably
lower than that of kaolin. There may be several reasons for the lower
efficiency of the coal fly ash compared to kaolin. One possible reason is
that the main mineral phase of coal fly ash, mullite, is less reactive
towards potassium than kaolin and metakaolin. Another possible reason
is that the BET surface area of ASV2CFA0-32 (8.04m2/g) is smaller
than that of kaolin (12.70m2/g), and the median diameter of
ASV2CFA0-32 (10.20 μm) is larger than that of kaolin (5.47 μm). Con-
sequently, there were fewer active sites for KOH-capture in ASV2CFA0-
32 [33]. In addition, diffusion limitations for KOH inside the coal fly
ash particles may have also played a role, resulting in an incomplete
consumption of mullite in the coal fly ash case. The incomplete con-
sumption of mullite is supported by the XRD results shown in Fig. 4, in
which peaks corresponding to mullite were detected in the KOH-reacted
coal fly ash.

The XRD spectra of water-washed KOH-reacted ASV2CFA0-32 at
50 ppmv, 250 ppmv and 500 ppmv KOH are compared in Fig. 4. At
50 ppmv KOH, only mullite and quartz originated from the raw coal fly
ash were detected. No crystalline K-aluminosilicate was detected, al-
though sanidine (KAlSi3O8) was predicted by the equilibrium calcula-
tions. This is probably because either the content of K-aluminosilicate

in the products was too low to be detected, or amorphous K-alumino-
silicates were formed which cannot be detected by XRD. In the
250 ppmv sample, leucite (KAlSi2O6) was detected as the main K-alu-
minosilicate product. In the 500 ppmv sample, kaliophilite (KAlSiO4)
was present as the dominant K-aluminosilicate. The type of K-alumi-
nosilicates detected by XRD, generally agrees with the equilibrium re-
sults as shown in Table 3. Notably, mullite was detected in all the three
KOH-reacted coal fly ash samples, showing that part of the mullite re-
mained unreacted in those samples. This is different from what was
observed in the study of KOH capture by kaolin, where a full conversion
of kaolin to K-aluminosilicate was observed and no mullite was de-
tected in the product samples at 500 ppmv KOH and above with a re-
action temperature of 1100 °C [33].

3.2.3. Impact of reaction temperature
The measured K-capture level (CK) and K-conversion (XK) of KOH

capture by ASV2CFA0-32 at different reaction temperatures
(800–1450 °C) are compared with the equilibrium calculation results in
Fig. 5. KOH concentrations of 50 ppmv and 500 ppmv in the flue gas
were studied. The CK and XK of KOH capture by kaolin at the same
conditions [33] are included as well for comparison. As shown in
Fig. 5(A) and (B), at 500 ppmv KOH, the measured CK and XK of KOH
capture by ASV2CFA0-32 were both significantly lower than equili-
brium data. At 800 °C, the K-capture level (CK) was only 0.025 g K/(g
additive), with 11% of KOH captured as K-aluminosilicate. When the
temperature increased to 900 °C, CK increased significantly to
0.063 g K/(g additive), with 27% of KOH converted to K-aluminosili-
cate. At temperatures of 900–1100 °C, the CK stayed constant. However,
when the reaction temperature increased further to 1300 °C and
1450 °C, CK increased by 38% reaching 0.087 g K/(g additive), with
37% of fed KOH chemically bonded by coal fly ash as K-aluminosilicate
at 1450 °C.

At 50 ppmv KOH, the measured CK and XK of ASV2CFA0-32 were
close to the equilibrium predictions; see Fig. 5(C) and (D). The CK and
XK were both constant and independent of the reaction temperature in
the temperature range of 900–1300 °C. The CK was around 0.019 g K/(g
additive), with about 94% KOH converted to K-aluminosilicate.

Comparison of results of KOH-ASV2CFA0-32 and KOH-kaolin in
Fig. 5 shows that, at 500 ppmv KOH, the CK and XK of ASV2CFA0-32
were considerably lower than that of kaolin, showing that coal fly ash
(ASV2CFA0-32) captures KOH less effectively in this case. Additionally,
the trend of the CK and XK of kaolin and ASV2CFA0-32 at 500 ppmv was
obviously different. For kaolin, CK and XK firstly increased and then

(A) K-capture level (CK) (B) K-conversion (XK) 
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decreased when the reaction temperature was changed from 800 °C to
1450 °C, reaching a peak at 1300 °C. The CK and XK of ASV2CFA0-32
increased sharply when the temperature increased from 800 °C to
900 °C, and it stayed constant at 900–1100 °C. When the reaction
temperature increased further to 1300 °C and 1450 °C, they increased
again, probably because the melting of the coal fly ash particles ac-
celerated the internal diffusion of KOH. However, at 50 ppmv KOH, the

CK and XK of ASV2CFA0-32 were comparable to that of kaolin. The
trend at different temperatures of the two additives (kaolin and
ASV2CFA) was also the same.

The XRD spectra of water-washed 500 ppmv KOH-reacted coal fly
ash at different temperatures (800–1450 °C) are compared in Fig. 6.
Additionally, experiments feeding only coal fly ash (ASV2CFA0-32)
without KOH were carried out at 1100 °C, 1300 °C and 1450 °C. The
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XRD spectra of the residues were the same as that of the raw
ASV2CFA0-32, with only mullite and quartz being detected. This re-
veals that, without KOH addition, no large change of the mineralogical
composition of the coal fly ash took place.

The results in Fig. 6 show that, with KOH addition, at 800 °C and
900 °C, the spectra were almost the same as that of the parental coal fly
ash, with only mullite and quartz detected although chemically cap-
tured K was detected by the ICP analysis (Fig. 5). This shows that the
formed K-aluminosilicate remained in amorphous phase, or that the
concentration of crystalline phase was too low to be detected. In the
1100 °C sample, crystalline kaliophilite (KAlSiO4) was detected. When
the reaction temperature increased further to 1300 °C and 1450 °C, the
peaks of kaliophilite (KAlSiO4) became stronger, indicating that more
crystalline kaliophilite (KAlSiO4) was formed. Notably, mullite and
quartz were detected in all the product samples, showing an incomplete
conversion of the coal fly ash (ASV2CFA). This supports the results that
the measured K-capture level (CK) and K-conversion (XK) were con-
siderably lower than those predicted by equilibrium calculations. In our
previous study on KOH capture by kaolin [33], full conversion of kaolin
into K-aluminosilicate was observed. The difference between kaolin and
ASV2CFA0-32 indicates that, the controlling mechanisms of KOH-cap-
ture reaction by coal fly ash and kaolin in the EFR are different. In the
KOH-kaolin system, the reaction was equilibrium limited, while the
KOH-coal fly ash reaction was probably diffusion or kinetically con-
trolled.

3.2.4. Impact of coal fly ash particle size
The K-capture level (CK) and K-conversion (XK) of KOH by ASV2

coal fly ash of different particle sizes are compared in Fig. 7. At 800 °C,
the CK and XK of ASV2 coal fly ash of different particle sizes are almost
independent of different particle size, probably due to a kinetically
controlled reaction at this temperature. When the reaction temperature
increased to 900 °C and above, the CK of the finer coal fly ash
(ASV2CFAGR) was significantly higher than that of normal coal fly ash
(ASV2CFA0-32). The CK and XK of coarse coal fly ash (ASV2CFA32-45)
were lower than that of ASV2CFA0-32. This indicates that at
900–1300 °C, the reaction was diffusion-influenced.

3.2.5. KOH capture by kaolin, mullite and coal fly ash
The measured K-capture level (CK) and K-conversion (XK) of KOH-

coal fly ash (ASV2CFA0-32 and ASV2CFAGR) obtained at different
temperatures are compared with the experimental results of KOH-

kaolin and mullite from our previous study [33] in Fig. 8. The mullite
sample was generated by heating kaolin at 1100 °C for 24 h [33]. The
median diameter D50 of ASV2CFAGR (D50= 6.02 μm) was comparable
to that of the kaolin (D50= 5.47 μm) and mullite powder
(D50= 5.90 μm), while the D50 of ASV2CFA0-32 was somewhat larger
(10.2 μm). The BET surface area of kaolin (12.7m2/g) was higher than
those of mullite (5.30m2/g) and ASV2CFAGR (9.07m2/g). The main
mineral phase of the mullite powder and the ASV2 coal fly ash
(ASV2CFAGR, ASV2CFA0-32) was mullite, whereas it was kaolinite for
kaolin powder.

The results show that at 800 °C, the CK of ASV2CFA0-32,
ASV2CFAGR and mullite was at the same level, about 0.020 g K/(g
additive), while the value for kaolin was much higher at 0.167 g K/(g
additive). One possible reason is that the BET surface areas of coal fly
ash and mullite were smaller than that of kaolin, resulting in a smaller
amount of reactive spots and a slower internal diffusion of KOH.
Another possible reason is that the kinetics of the KOH-capture reaction
by mullite and kaolinite are different and it is probably slower for
mullite than that of kaolinite or metakaolin. Considering that the BET
surface area and median diameter D50 of ASV2CFAGR were comparable
to those of kaolin but that the CK of kaolin was still considerably higher
than that of ASV2CFAGR, the difference of the kinetics of KOH-capture
by kaolinite and mullite might be the main reason for the observed
difference of CK at 800 °C.

In the temperature range 900–1300 °C, the CK of coal fly ashes,
mullite and kaolin all increased with increasing temperature, but the CK
of coal fly ash and mullite was both considerably lower than that of
kaolin. When the temperature increased further to 1450 °C, the CK of
mullite increased significantly, and it became comparable to that of
kaolin. However, there is a less pronounced increase in CK for the two
ASV2 coal fly ashes. At 1450 °C, the relatively lower CK of the two ASV2
coal fly ashes may be partly due to the equilibrium limit as shown in
Fig. 9, and partly due to internal diffusion limitations. In summary, the
KOH-capture reaction by kaolin, mullite and coal fly ash at 800 °C were
all kinetically controlled. At 900–1300 °C, KOH capture by mullite and
coal fly ash were more diffusion-influenced. At 1450 °C, KOH capture
by kaolin, and mullite was limited by equilibrium, while it is diffusion
influence for coal fly ash (ASV2CFA0-32 and ASV2CFAGR).

4. Conclusions

The KOH-capture reaction by coal fly ash was studied by entrained
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flow reactor experiments and equilibrium calculations. The impacts of
KOH-concentration, molar ratio of K/(Al+ Si) in reactants, reaction
temperature and particle size of coal fly ash were investigated. The
results of KOH-capture experiments using coal fly ash were also com-
pared with that of kaolin and mullite from our previous studies [33].

The experimental results at different KOH concentrations (different

molar ratio of K/(Al+ Si) in feed) with a reaction temperature of
1300 °C, and a gas residence time of 1.2 s showed that, the K-capture
level (CK) of coal fly ash increased with the KOH concentration at
50–500 ppmv KOH (K/(Al+ Si)= 0.048–0.481), but no further in-
crease of K-capture level (CK) was observed at a K-concentration of
750–1000 ppmv. At 50 ppmv KOH, the measured K-capture level (CK)
of coal fly ash was comparable to the equilibrium calculation data and
the experimental CK of kaolin from our previous study [33]. However,
at 250 ppmv KOH and above (molar K/(Al+ Si)≥ 0.240), the mea-
sured CK was lower than the equilibrium data. The main alkali product
species formed were leucite (KAlSi2O6) at 250 ppmv, and kaliophilite
(KAlSiO4) at 500 ppmv. Although the types of formed K-aluminosili-
cates (predicted by equilibrium calculations) agreed with those of the
KOH-kaolin reaction, coal fly ash captured KOH less effectively at
250 ppmv KOH and above (molar K/(Al+ Si)≥ 0.240).

At 500 ppmv KOH (K/(Al+ Si)= 0.481), when the temperature
changed from 800 to 1450 °C, CK of the coal fly ash generally increased
from 0.025 g K/(g additive) to 0.087 g K/(g additive). The K-capture
level (CK) of coal fly ash was lower than that of kaolin throughout the
whole temperature range studied. At 800 °C, with a median particle size
of 10.20 μm, the KOH-capture reaction by coal fly ash was probably
kinetically controlled. At 900–1300 °C, the K-capture level increased
with the decreased particle size and was probably transport or kineti-
cally limited. At 1450 °C the reaction was limited by equilibrium as
well. The gradual increase of CK at 900–1450 °C may be caused by the
increased internal or external transport of KOH.

At 50 ppmv KOH (K/(Al+ Si)= 0.048), representative for the
gaseous potassium level in wood suspension-fired plants, CK of coal fly
ash (around 0.02 g K/(g additive)) was comparable to the equilibrium
data. Results of the reaction between KOH and coal fly ash of different
particle sizes at 900–1300 °C showed that, decreasing the coal fly ash
particle size from D50=10.20 μm to D50= 6.03 μm could increase the
K-capture level (CK) from 0.05 to 0.08 g K/(g additive).
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Appendix A. Supplementary data

Detailed results of the equilibrium calculation of KOH capture by
coal fly ash are included in the supplementary material. Supplementary
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data to this article can be found online at https://doi.org/10.1016/j.
fuel.2018.12.088.
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Abstract:  1 

The potassium capture behavior of two coal fly ashes at well-controlled suspension-fired conditions 2 

was investigated through entrained flow reactor (EFR) experiments and chemical equilibrium 3 

calculations. The impact of local reaction conditions, i.e., the type of K-salts (K2CO3, KCl or K2SO4), 4 

K-concentration in flue gas (molar K/(Al+Si) ratio in reactants), reaction temperature, and coal ash type 5 

on the reaction was studied. The results show that the K-capture level of coal fly ash at a K-concentration 6 

of 500 ppmv (K/(Si+Al) = 0.481) was considerably lower than the equilibrium data as well as the 7 

measured K-capture level of kaolin. However, at 50 ppmv K (with a molar K/(Si+Al) ration of 0.048), 8 

no obvious difference between kaolin and coal fly ash was observed in this work. Comparison of results 9 

for different K-species showed that coal fly ash captured KOH and K2CO3 more effectively than KCl 10 

and K2SO4. Additionally, a coal fly ash with higher content of Si and a lower melting point captured 11 

KCl more effectively than the reference coal fly ash.  12 

 13 

Keywords: Coal fly ash, potassium capture, biomass combustion, additive, K2CO3, KCl 14 

1 Introduction 15 

Biomass suspension-combustion has a higher electrical efficiency and higher load-flexibility 16 

compared to traditional grate-fired boilers, but the ash-related problems, including deposition, corrosion 17 

and SCR catalyst deactivation, may be more severe [1] than that in grate-fired boilers [2-10], due to a 18 

higher concentration of fly ash in the flue gas [6]. Potassium originating from biomass is the primary 19 

cause for the ash-related problems. Potassium may be present as KOH, KCl, K2SO4 in the flue gas or 20 
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other forms depending on the fuel composition, ash transformation chemistry, combustion conditions, 21 

etc. [3]. In the combustion of woody biomass which contains relatively lower chlorine and sulfur, 22 

potassium exists in the flue gas in the boiler chamber mainly as gaseous KOH [11, 12]. When firing straw 23 

or other chlorine-rich biomass, chlorine facilitates the release of potassium, and KCl becomes the main 24 

K-species in the high temperature flue gas [8, 13]. Apart from accelerating deposit formation and SCR 25 

catalyst deactivation, severe corrosion is also attributed to KCl [14-18]. When firing bio-fuels containing 26 

sulfur, another K-compound, K2SO4, can be formed [9]. The binary system of KCl and K2SO4 may melt 27 

at temperatures as low as 690 °C [19], forming a sticky surface on super-heaters and boiler surfaces, 28 

which results in accelerated fouling and slagging.  29 

Various technologies have been developed to overcome these ash-related problems in biomass-fired 30 

boilers, including the use of additives [20-28], co-firing [29], leaching [30-33], and application of anti-31 

corrosion coating or materials [34, 35]. Kaolin and coal fly ash are effective additives which can 32 

chemically capture K-species forming K-aluminosilicates with higher melting points. 33 

Coal fly ash is the only additive that has been commercially utilized in full-scale biomass suspension-34 

fired boilers for K-capture [12, 36]. In a full-scale boiler measuring campaign conducted by Wu and co-35 

workers [36], the influence of the addition of coal fly ash on the transformation of potassium, the 36 

deposition behavior, the deposit composition and the formation of sub-micrometer aerosols was 37 

systematically investigated [12, 36]. The formation of aerosols was significantly suppressed, and the 38 

composition of the aerosols changed from K-S-Cl rich to Ca-P-Si rich [12] with the addition of coal fly 39 

ash. The large outer deposit changed from K-Ca-Si rich to Si-Al rich, resulting in an easier and more 40 

frequent removal of the deposits [36]. However, due to the complexity of full-scale boiler combustion 41 

and the inevitable variation of conditions (bulk chemistry of fuel, load of boiler, etc.), it is almost 42 
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impossible to conduct well-controlled quantitative studies on the K-capture reaction of coal fly ash in 43 

full-scale boilers. 44 

Some lab-scale experiments have been carried out to understand the K-capture reaction 45 

systematically [37, 38]. Zheng et al. [37] studied the KCl capture behavior of coal fly ash pellets in a lab-46 

scale fixed bed reactor, where two types of coal ash were utilized: bituminous coal ash and lignite coal 47 

ash. The influences of parent coal type, the reaction temperature, and the K-concentration on the reaction 48 

were investigated. The results were also compared with that of kaolin [39], showing that bituminous coal 49 

ash with a high content of Al and Si behaved similarly to kaolin and captured KCl effectively. However, 50 

the lignite coal ash pellets, which were rich in Ca and Mg, only captured negligible amounts of potassium 51 

[37].  52 

In another fixed bed reactor study, Liu et al.[38] investigated the KCl capture reaction by bituminous 53 

coal fly ash (70-100 μm) which were paved in a stainless steel wires holder [38]. The impact of reaction 54 

temperature, KCl-concentration and the reaction atmosphere was investigated. The results indicated that 55 

900 °C was the optimal K-capture temperature for the investigated coal fly ash. In addition, a reducing 56 

atmosphere and the presence of water vapor promoted the K-capture capability of the coal fly ash [38]. 57 

Through these fixed bed studies, important data on K-capture by coal fly ash were obtained. However, 58 

the reaction conditions in the fixed bed reactors are obviously different from those in full-scale 59 

suspension-fired boilers [37]. In the fixed bed reactors, coal ash was usually in the form of pellets, flakes, 60 

piles or paved in holders  [37, 40, 41], causing the reaction with gaseous K-species to be limited by 61 

internal diffusion. In suspension-fired boilers, coal ash particles are well-dispersed in the flue gas, having 62 

a size smaller than 100 μm, and the controlling mechanism can be quite different. The K-capture reaction 63 

under suspension-fired conditions can be limited by thermal equilibrium, mass transfer, or chemical 64 
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kinetics. Additionally, local reaction temperature, gas atmosphere, additive particle size, additive 65 

composition and reaction time also impact upon the K-capture reaction by coal fly ash [37, 42, 43]. 66 

However, knowledge on the K-capture reaction of coal ash is limited, and quantitative experimental 67 

results on K-capture by coal fly ash at suspension-fired conditions are still not available. Understanding 68 

the reaction as well as its relation to local parameters is desirable to achieve an optimal performance of 69 

added coal fly ash and model development.  70 

The objective of this work is to investigate quantitatively the reaction between coal fly ash and K-71 

species at suspension-fired conditions. The impacts of coal ash type, ash particle size, K-species type, K-72 

concentration, and reaction temperature on the K-capture reaction were investigated. This paper is the 73 

second one of a series of two papers studying the potassium capture reaction with coal fly ash. The first 74 

paper focused on the KOH capture reaction by coal fly ash [44], and the present paper addresses the 75 

reaction of coal fly ash with KCl, K2CO3 and K2SO4. 76 

2 Experimental 77 

2.1 Materials 78 

Two types of coal fly ashes were utilized in this study. One was from unit 2 of Asnæsværket Power 79 

Plant Denmark, and it was named as ASV2CFA. The other ash sample was from Amager Power Plant 80 

and it was named as AMVCFA. Both coal fly ashes were sieved to 0-32 μm, and the sieved samples were 81 

named as ASV2CFA0-32 and AMVCFA0-32, respectively. The characteristics of the ash samples are 82 

listed in Table 1. Both coal fly ashes have a high content of Al and Si. The molar ratio (K+Na)/(Al+Si) 83 



6 

 

of ASV2CFA0-32 and AMVCFA0-32 was 0.02, and 0.07, respectively. Both values are relatively low, 84 

indicating that there was a large fraction of Al and Si available for the K-capture reaction.  85 

 86 

Table 1. Characteristics of the coal fly ashes. 87 

Name ASV2CFA0-32 AMVCFA0-32 
particle size (µm) 0-32 0-32 
D50 (µm) 10.20 8.42 
O (wt. % dry base) 46.60 49.92 
S (wt. % dry base) 0.26 0.23 
P (wt. % dry base) 0.64 0.30 
Si (wt. % dry base) 22.00 25.00 
Al (wt. % dry base) 14.00 11.00 
Fe (wt. % dry base) 2.90 4.30 
Ca (wt. % dry base) 4.50 4.10 
Mg (wt. % dry base) 0.97 1.40 
Na (wt. % dry base) 0.27 0.92 
K (wt. % dry base) 0.87 2.10 
Ti (wt. % dry base) 0.88 0.53 
BET surface area (m2/g) 8.04 3.18 
deformation temperature (°C) 1280 1200 
hemisphere temperature (°C) 1390 1290 
flow temperature (°C) 1440 1380 

 88 

One difference between the two coal fly ashes was the alkali metal content. The concentration of 89 

(K+Na) in AMVCFA0-32 was about 3.0 wt. %, while it was as low as 1.1 % in ASV2CFA0-32. Alkali 90 

elements generally stay in the form of alkali-aluminosilicates in coal ash. A higher content of alkali 91 

elements in coal ash may thus reduce the availability of Al and Si for alkali-capture. Another difference 92 

was that, the Si/Al molar ratio of ASV2CFA0-32 was around 1.5, while the ratio for AMVCFA0-32 was 93 
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2.2. Usually, Si is present in the form of mullite, quartz or other amorphous species in coal ash. A 94 

relatively higher Si or lower Al content usually implies a lower content of mullite, which is considered 95 

as a crucial mineral phase in coal ash for K-capture reaction forming K-aluminosilicate [36, 37, 42].  96 

Among the alkaline earth metal elements, the content of Ca in AMVCFA0-32 was slightly lower 97 

than that of ASV2CFA0-32, while Mg was slightly higher. Ca is primarily present in coal ash as lime, 98 

anhydrite or calcite [45, 46], and it can also exist together with Mg as CaMg-silicate [47, 48]. Therefore, 99 

Ca and Mg may also affect the availability of Al and Si, but to a lower extent. In summary, the relatively 100 

lower content of Al and higher content of K and Na would be expected to weaken the K-capture ability 101 

of AMVCFA0-32.  102 

In addition to Al and Si, S may also constitute a protective element in coal fly ash, since it can react 103 

with KCl or KOH forming less corrosive potassium sulfate [36]. However, the concentration of S in the 104 

two selected ashes was very low, around 0.25 %, and may not play a key role in the K-capture reaction 105 

in this study.  106 

XRD results show that quartz (SiO2) and mullite (3Al2O3·2SiO2) exist in both two coal fly ashes as 107 

the main mineral phases. However, no crystalline species containing alkali or alkaline earth metal 108 

elements were detected, implying either that the small amount of Na, K, Ca and Mg detected by ICP-109 

OES stay in the form of amorphous species, or that the concentrations were too low to be detected.  110 

Additionally, the melting points (deformation temperature, hemisphere temperature and flow 111 

temperature) of the two coal fly ashes were also analyzed according to ISO540:2008 (Hard coal and coke 112 

- Determination of ash fusibility) in an oxidizing atmosphere. The results are listed in Table 1, and it 113 

revealed that and the melting points of AMVCFA0-32 are lower than that of ASV2CFA0-32.  114 
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2.2 Experimental methods 115 

The DTU Entrained Flow Reactor (EFR) was employed in the experimental work. Detailed 116 

information about the reactor is available elsewhere [27, 39]. The experimental conditions are 117 

summarized in Table 2. In series A of Table 2, to study the influence of KCl concentration, the 118 

concentration of coal fly ash in flue gas was kept constant, while the KCl concentration in flue gas was 119 

varied from 50 ppmv to 750 ppmv. In series (B) and (C), the KCl-concentration was kept constant, while 120 

the reaction temperature was changed from 800 to 1450 °C, to investigate the influence of reaction 121 

temperature. ASV2CFA0-32 and AMVCFA0-32 were utilized in series B and C to compare the KCl 122 

capture behavior of the two ashes. The K2CO3 and K2SO4 capturing behavior by coal fly ash at different 123 

temperatures was investigated in series (D) and (E). 124 

 125 
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Table 2. Experimental conditions of K-capture experiments using coal fly ashes in the EFR. 126 

Experimental series K-species Additives Temp./°C 
Gas residence 

time/s 
K in gas 
/ppmv 

K/(Al+Si) 

(A) 
KCl-capture by ASV2CFA0-32 

(impact of K-concentration) 
KCl ASV2CFA0-32 1300 1.2 

50* 0.048 

250 0.240 

500* 0.481 

750 0.961 

(B) 
KCl-capture by ASV2CFA0-32 

(impact of temperature) 
KCl ASV2CFA0-32 

800 

1.2 50, 500 0.048, 0.481 
900 

1100 
1300 
1450 

(C) 
KCl-capture by AMVCFA0-32 

(impact of temperature) 
KCl AMVCFA0-32 

800 

1.2 500 0.481 
900 

1100 
1300 
1450 

(D) 
K2CO3-capture by ASV2CFA0-32 

(impact of temperature) 
K2CO3 ASV2CFA0-32 

800 

1.2 500 0.481 900 

1300 

(E) 
K2SO4-capture by ASV2CFA0-32 

(impact of temperature) 
K2SO4 ASV2CFA0-32 

800 

1.2 500 0.481 900 

1300* 

*Experiments were repeated. 127 
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Table 3. Equilibrium calculation results of KCl capture by ASV2CFA0-32. 128 

Input conditions Temp. /°C K-species appearing 
Al-

conversion 
/% 

Si-
conversion 

/% 

K-
conversion 

(XK) /% 

K-capture (CK) 
/(g K/g additive) 

50 ppmv KCl, 
K/(Al+Si) =0.048 

800 100 % KAlSi3O8 12 24 100 0.023 
900 100 % KAlSi3O8 12 24 100 0.023 

1100 99 % KAlSi3O8 + 1 % KCl 12 24 99 0.023 
1300 97 % KAlSi3O8 + 3 % KCl 12 23 97 0.023 
1450 92 % KAlSi3O8 + 7 % KCl + 1 % KOH 11 22 92 0.021 

250 ppmv KCl, 
K/(Al+Si) =0.240 

800 95 % KAlSi2O6 + 5 % KCl 57 77 95 0.111 
900 94 % KAlSi2O6 + 6 % KCl 57 76 94 0.110 

1100 89 % KAlSi2O6 + 11 % KCl 54 72 89 0.104 
1300 84 % KAlSi2O6 + 16 % KCl 50  68 84 0.098 
1450 81 % KAlSi2O6 + 18 % KCl + 1 % KOH 49 66 81 0.095 

500 ppmv KCl, 
K/(Al+Si) =0.481 

800 6 % KAlSiO4 + 51 % KAlSi2O6 + 40 % KCl 69 88 57 0.134 
900 55 % KAlSi2O6 + 45 % KCl 66  88 55 0.128 

1100 47 % KAlSi2O6 + 53 % KCl 57  76 47 0.110 
1300 46 % KAlSi2O6 + 53 % KCl + 1 % KOH 56 75 46 0.109 
1450 45 % KAlSi2O6 + 54 % KCl + 1 % KOH 54  72 45 0.104 

750 ppmv KCl, 
K/(Al+Si) =0.721 

 

800 33 % KAlSiO4 + 19 % KAlSi2O6 + 46 % KCl 95 72 52 0.184 
900 3 % KAlSiO4 + 35 % KAlSi2O6 + 63 % KCl 68 73 37 0.131 

1100 33 % KAlSi2O6 + 67 % KCl 59 65 33 0.114 
1300 31 % KAlSi2O6 + 68 % KCl + 1 % KOH 56 62 31 0.109 
1450 31 % KAlSi2O6 + 67 % KCl + 2 % KOH 56 62 31 0.109 

1000 ppmv KCl, 
K/(Al+Si) =0.961 

800 29 % KAlSiO4 + 19 % KAlSi2O6 + 57 % KCl 100 87 41 0.193 
900 16 % KAlSiO4 + 19 % KAlSi2O6 + 65 % KCl 84 87 35 0.162 

1100 25 % KAlSi2O6 + 75 % KCl 60 81 25 0.116 
1300 25 % KAlSi2O6 + 75 % KCl + 1 % KOH 56 75 23 0.109 
1450 23 % KAlSi2O6 + 75 % KCl + 2 % KOH 56 75 23 0.109 

 129 
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 130 

 131 

Table 4. Summary of the equilibrium calculation results of K2CO3 capture by ASV2CFA0-32. 132 

Input conditions Temp. /°C K-species appearing 
Al-

conversion 
/% 

Si-
conversion 

/% 

K-
conversion 

(XK) /% 

K-capture (CK) /(g 
K/g additive) 

250 ppmv K2CO3, 
K/(Al+Si) = 0.481 

800 73 % KAlSiO4 + 10 % KAlSi2O6 100 76 83 0.194 
900 71 % KAlSiO4 + 12 % KAlSi2O6 + 2 % KOH 100 77 83 0.194 

1100 55 % KAlSiO4 + 28 % KAlSi2O6 + 15 % KOH 100 90 83 0.194 
1300 55 % KAlSiO4 + 28 % KAlSi2O6 + 17 % KOH 100 90 83 0.194 
1450 57 % KAlSi2O6 + 42 % KOH 69 92 57 0.133 

 133 

Table 5. Summary of the equilibrium calculation results of K2SO4 capture by ASV2CFA0-32. 134 

Input conditions Temp. /°C K-species appearing 
Al-

conversion 
/% 

Si-
conversion 

/% 

K-
conversion 

(XK) /% 

K-capture (CK) /(g 
K/g additive) 

250 ppmv K2SO4, 
K/(Al+Si) = 0.481 

800 60 % KAlSi2O6 + 40 % K2SO4 73 98 60 0.141 
900 59 % KAlSi2O6 + 28 % K2SO4 72 96 59 0.139 

1100 54 % KAlSiO4 + 28 % KAlSi2O6 + 4 % KOH 99 89 82 0.191 
1300 54 % KAlSiO4 + 28 % KAlSi2O6 + 16 % KOH 100 90 83 0.193 
1450 57 % KAlSi2O6 + 42 % KOH 69 92 57 0.133 

 135 
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The solid products collected from the EFR experiments were analyzed with ICP-OES 136 

(Inductively Coupled Plasma Atomic Emission Spectroscopy) to obtain the elemental composition. 137 

For the ICP-OES analysis, solid samples were totally digested in acid solution or dissolved in 138 

water to determine the total content or the water-soluble content of different elements, including 139 

major elements and water soluble elements.  The major elements (Al, Ca, Fe, Mg, P, S, K, Si, Na 140 

and Ti) were determined according to the Danish Standard of DS/EN 15290 (Solid Biofuels - 141 

Determination of Major Elements). The concentration of water-soluble elements (K and Cl) was 142 

analyzed following the standard of DS/EN ISO 16995 (Solid Biofuels- Determination of water 143 

soluble Chloride, Sodium and Potassium). Additionally, XRD (X-ray Diffraction) analysis was 144 

employed to get the mineralogical composition of solid products. The XRD spectra were obtained 145 

with a Huber diffractometer, and the main crystalline phases were identified with the JADE 6.0 146 

software package (MDI Livermore, CA) and the diffraction database of PDF2-2004. 147 

To quantify the K-capture reaction by coal fly ash, two parameters have been defined: K-148 

conversion (XK) and K-capture level (CK). XK is the percentage (%) of fed K-species chemically 149 

captured by solid additive (coal fly ash) forming water-insoluble K-aluminosilicates. CK is the 150 

mass of potassium captured by 1 g of additive (coal fly ash) (g K/g additive). Both two parameters 151 

can be calculated based on ICP-OES results, and the detailed calculation method is available in 152 

the supplementary material. 153 

 154 

2.3 Equilibrium calculations 155 

Equilibrium data were obtained by preforming global chemical equilibrium calculations using 156 

FactSage 7.0. The equilibrium calculation results were compared with experimental results to 157 
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obtain a better understand of the experimental data. But one should note that equilibrium 158 

calculation data are obtained assuming a fully mixing of all reactants with an enough long time, 159 

which could be not reached in real experiments, and the difference of equilibrium calculation and 160 

experimental results can be partly contributed to this.  161 

3 Results and discussion 162 

3.1 KCl capture by coal fly ash 163 

3.1.1 Equilibrium calculations 164 

Equilibrium calculation results of KCl capture by ASV2CFA0-32 at 50-1000 ppmv KCl and 165 

800-1450 °C were summarized in Table 3. Detailed results of the equilibrium calculations are 166 

provided in Appendix A of the supplementary material. The results show that the type of K-167 

aluminosilicate formed from the K-capture reaction varied with the changing KCl-concentration 168 

and the corresponding molar ratio of K/(Al+Si) in reactants. At 50 ppmv KCl (K/(Al+Si) = 0.048), 169 

sanidine (KAlSi3O8) was the main K-aluminosilicate. When the KCl concentration increased to 170 

250 ppmv and 500 ppmv (K/(Al+Si) = 0.240 and 0.481), leucite (KAlSi2O6) was predicted to be 171 

the dominant K-aluminosilicate at 1100-1450 °C. At 800-900 °C, kaliophilite (KAlSiO4) and 172 

leucite (KAlSi2O6) co-existed in the solid products. The equilibrium K-capture level (CK) 173 

increased when the KCl concentration changed from 50 ppmv to 500 ppmv. However, when the 174 

KCl concentration was increased further to 750 and 1000 ppmv, no further increase of equilibrium 175 

CK was observed. 176 
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3.1.2 Impact of KCl concentration 177 

To investigate the KCl-capture behavior of coal fly ash at different KCl concentrations, 178 

experiments were conducted at 50 ppmv to 750 ppmv KCl, where the molar ratio of K/(Al+Si) in 179 

reactants changed from 0.048 to 0.721, correspondingly. The experimental results and equilibrium 180 

calculation data are compared in Figure 1. Results for KCl-capture by kaolin from our previous 181 

study [39] were also included for comparison. 182 

  

(A) K-capture level (CK) (B) K-conversion (XK) 

Figure 1. K-capture level (CK) and K-conversion (XK) of KCl capture by ASV2CFA0-32 at 183 

50-750 ppmv KCl (molar ratio of K/(Al+Si) changed from 0.048 to 0.721). Reaction temperature 184 

was 1300 °C; the gas residence time was 1.2 s. Experimental data of KCl capture by kaolin from 185 

our previous study [39] and equilibrium calculation data of KCl capture by ASV2CFA0-32 were 186 

included for comparison. 187 

 188 

It is seen from Figure 1, that the measured K-capture level (CK) of ASV2CFA0-32 increased 189 

from 0.019 g K/(g additive) to 0.041 g K/(g additive), when the KCl concentration increased from 190 
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50 ppmv to 500 ppmv. Measured K-conversion (XK) of ASV2CFA0-32 decreased from 80.0 % to 191 

17.5 % correspondingly. However, when the KCl-concentration increased further to 750 ppmv and 192 

1000 ppmv, CK did not increase, with XK decreased further to 11.7 %. Comparing to the 193 

equilibrium calculation results, the measured CK and XK was considerably lower. This implied 194 

that the KCl-ASV2CFA0-32 reaction was far from reaching chemical equilibrium probably due to 195 

internal diffusion limitations of KCl.  196 

Comparing the CK and XK of ASV2CFA0-32 with kaolin [39] in Figure 1, at 250 ppmv KCl 197 

and above, the experimental CK and XK of ASV2CFA0-32 were remarkably lower than that of 198 

kaolin [39]. The lower BET surface area (8.04 m2/g) and the relatively bigger particle size (D50 = 199 

10.20 μm) of ASV2CFA0-32 compared with kaolin (BET surface area = 12.70 m2/g, D50 = 5.47 200 

μm) was one possible reason; another possible reason being the lower reactivity of mullite in coal 201 

fly ash towards potassium, compared to kaolinite [37]. At 50 ppmv KCl (K/(Al+Si) in reactants 202 

was 0.048), the measured CK and XK of ASV2CFA0-32 were comparable to those of kaolin [39]. 203 

The results indicated that at low K-concentrations (50 ppmv) or low K/(Al+Si) molar ratio (0.048), 204 

which is representative for the gaseous potassium level in practical wood suspension-fired plants 205 

[36, 49-51], the K-capture capacity of kaolin and coal fly ash is similar. This is probably because 206 

at lower K/(Al+Si), the mullite in the surface layer of coal fly ash particles is probably sufficient 207 

for capturing the low amount of potassium, therefore the reaction is less influenced by the internal 208 

diffusion of KCl. 209 

  210 



16 

 

 211 
Figure 2. XRD spectra of water-washed KCl-reacted ASV2CFA0-32 at 50 ppmv, 250 ppmv 212 

and 500 ppmv KCl. The reaction temperature was 1300 °C. The molar ratio of K/(Al+Si) in the 213 

reactants changed from 0.048 to 0.481. The gas residence time was 1.2 s. XRD spectrum of coal 214 

fly ash without K feeding was also included for comparison.  215 

 216 

The XRD results of water-washed KCl-reacted ASV2CFA0-32 are shown in Figure 2. It 217 

shows that the XRD spectrum of 50 ppmv KCl-reacted ash is almost identical as that of coal ash 218 

without K feeding, and no crystalline K-aluminosilicate was detected, although sanidine 219 

(KAlSi3O8) was predicted by the equilibrium calculations (Table 3) and some water-insoluble 220 

potassium was detected by ICP-OES analysis. This is probably because K-aluminosilicate 221 

products existed in amorphous phase or its content was too low to be detected. Leucite (KAlSi2O6) 222 

was detected both in the 250 ppmv and 500 ppmv KCl-reacted ash samples. This agrees with the 223 
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equilibrium prediction shown in Table 3. Additionally, the types of K-aluminosilicate detected 224 

also agreed with what was observed in KCl-kaolin reaction in our previous study [39]. Notably, in 225 

addition to K-aluminosilicate, mullite (3Al2O3·2SiO2) and quartz (SiO2) were also detected in all 226 

the KCl-reacted ash samples, indicating that some mullite and quartz originating from the parental 227 

coal fly ash remained unreacted. This is presumably the reason why the measured K-capture level 228 

(CK) of ASV2CFA0-32 was remarkably lower than the equilibrium prediction. 229 

3.1.3 Impact of reaction temperature 230 

The K-capture level (CK) and K-conversion (XK) of KCl capture by ASV2CFA0-32 and 231 

AMVCFA0-32 at different temperatures are shown in Figure 3 and Figure 4, respectively. For 232 

ASV2CFA0-32, experiments were conducted at both 50 ppmv and 500 ppmv KCl. For 233 

AMVCFA0-32, experiments were only conducted with a KCl concentration of 500 ppmv. 234 

  235 
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 236 

  
(A) K-capture level (CK) at 50 ppmv KCl (B) K-conversion (XK) at 50 ppmv KCl 

  
(C) K-capture level (CK) at 500 ppmv KCl (D) K-conversion (XK)  at 500 ppmv KCl 

Figure 3. K-capture level (CK) and K-conversion (XK) of KCl-capture by ASV2CFA0-32 at 237 

800-1450 °C. KCl-concentration was 50 ppmv (molar ratio of K/(Al+Si) = 0.048) in (A) and (B), 238 

and 500 ppmv (molar ratio of K/(Al+Si) = 0.481) in (C) and (D). The gas residence time was 1.2 239 

s. Equilibrium calculation results are included for comparison. 240 

 241 

As shown in Figure 3(A) and (B), at 50 ppmv KCl (K/(Al+Si) = 0.048), the measured CK and 242 

XK of ASV2CFA0-32 were close to the equilibrium calculation data and no obvious change of CK 243 
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was observed within the studied temperature range (800-1450 °C). CK was around 0.018 g K/(g 244 

additive), with about 80 % of the potassium fed captured by coal fly ash.  245 

Figure 3(C) and (D) show that, at 800 °C and 500 ppmv KCl (K/(Al+Si) = 0.481), the 246 

experimental CK is fairly low (0.015 g K/(g additive)). However, when the reaction temperature 247 

increased to 900 °C, the experimental CK increased significantly to 0.035 g K/(g additive). In the 248 

temperature range 900-1100 °C, no significant change of CK and XK was observed. We believe 249 

that this is because, at 800 °C, the KCl-coal fly ash reaction was probably kinetically controlled, 250 

and it was less kinetically influenced at 900-1100 °C. As the reaction temperature increased further 251 

to 1300 and 1450 °C, CK increased gradually to 0.053 g K/(g additive). However, the experimental 252 

CK and XK were both obviously lower than the equilibrium predictions. Noticing the vaporization 253 

degree of KCl (500 ppmv) at different temperatures from 800 to 1450 °C in the EFR was similar 254 

(95.4-99.7%) [39]. The increase of CK at 900-1450 °C, especially at 1300 °C and 1450 °C, is 255 

probably due to the melting of coal ash particles (deformation temperature of ASV2CFA0-32 was 256 

1280 °C), which enhanced the KCl diffusion inside the particle (D50 = 10.20 μm). A similar 257 

phenomenon was observed in the KCl capture experiments using AMVCFA0-32, as discussed 258 

below. 259 

Another interesting result in Figure 3 is that, at 800 °C, CK at 500 ppmv KCl (0.015 g K/(g 260 

additive)) is comparable to that at 50 ppmv KCl (0.014 g K/(g additive)). It shows that, at 800 °C, 261 

increasing the KCl-concentration from 50 to 500 ppmv did not elevate the amount of potassium 262 

captured by coal fly ash under the studied condition. This is probably because the reaction at 263 

800 °C was kinetically controlled and the KCl concentration did not to a large degree influence 264 

the reaction. 265 
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The experimental CK and XK for KCl-capture by AMVCFA0-32 are shown in Figure 4 (A) 266 

and (B). The trend of CK and XK of AMVCFA0-32 at different temperatures was similar to that 267 

of ASV2CFA0-32. At 800 °C, CK was as low as 0.015 g K/(g additive), and it increased to around 268 

0.030 g K/(g additive) at 900 and 1100 °C. When the temperature increased further to 1300 and 269 

1450 °C, CK increased considerably to 0.069 g K/(g additive).  270 

  
(A) K-capture level of AMVCFA0-32 (B) K-conversion of AMVCFA0-32 

Figure 4. K-capture level (CK) and K-conversion (XK) of KCl capture by AMVCFA0-32 at 271 

different temperatures (800-1450 °C). KCl concentration was 500 ppmv with molar ratio of 272 

K/(Al+Si) = 0.481 in reactants. The gas residence time was 1.2 s. Equilibrium calculation results 273 

and fixed bed reactor data* (bituminous coal ash pellets with diameter of 1.5 mm, 1100 °C, 1000 274 

ppmv KCl, residence time was 1 hour) calculated from literature [37] are included for comparison. 275 

 276 

The experimental CK for KCl capture by bituminous coal fly ash pellets (diameter of 1.5 mm 277 

in a fixed bed reactor) from literature [37] is included in Figure 4 (A) for comparison. The KCl 278 

concentration in the fixed bed reactor was 1000 ppmv, and the residence time was 1 hour, i.e., 279 

much longer than that in the EFR (1.2 s) of this study. It is seen that CK in the fixed bed reactor 280 

from literature was considerably higher than that in the EFR at 800-1100 °C. This is because the 281 
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longer residence time in the fixed bed reactor favored the reaction and more Al and Si from coal 282 

fly ash participated in the KCl capture reaction. However, at 1300 °C, the CK in fixed bed and EFR 283 

became comparable despite the difference in residence time and KCl concentration. Possibly, this 284 

is because the melting of the ash particles at high temperature (1300 °C and 1450 °C) made the 285 

reaction in the EFR less diffusion-influenced. 286 

3.1.4 Impact of coal fly ash type 287 

The experimental CK of the two coal ashes (ASV2CFA0-32 and AMVCFA0-32) as well as 288 

that of kaolin from our previous study [39] are compared in Figure 5. The equilibrium calculation 289 

data of KCl capture by the two coal fly ashes were also included. Below 1100 °C, CK and XK of 290 

ASV2CFA0-32 and AMVCFA0-32 were similar, whereas at 1300 °C and 1450 °C, AMVCFA0-291 

32 captured KCl more effectively than ASV2CFA0-32, despite its higher content of K and Na. 292 

One possible explanation is that the melting point of AMVCFA0-32 is lower than that of 293 

ASV2CFA0-32 as shown in Table 1. The melting of the ash particles presumably facilitates 294 

internal diffusion of KCl. Similar phenomena, that the K-capture amount by coal fly ash increased 295 

at 1200 °C and above, was observed by Zheng in a fixed bed study of KCl capture by coal fly ash 296 

pellets [37]. Another possible reason is that the Si concentration in AMVCFA0-32 is higher than 297 

that in ASV2CFA0-32. The higher Si content facilitated the formation of leucite (KAlSi2O6) 298 

(K:Al:Si = 1:1:2) in the KCl-coal fly ash reaction. A higher CK of AMVCFA0-32 was observed 299 

both in the equilibrium calculations and the EFR experiments at 1300 °C and 1450 °C. 300 

 301 
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 302 

Figure 5. Comparison of CK of KCl capture by ASV2CFA0-32, AMVCFA0-32 and kaolin 303 

[39] at different temperature. KCl-concentration was 500 ppmv with molar ratio of K/(Al+Si) = 304 

0.481, gas residence time was 1.2 s. Equilibrium calculation data of KCl capture by ASV2CA0-305 

32 and AMVCFA0-32 were included for comparison. 306 

 307 

3.2 K2CO3 capture by coal fly ash 308 

3.2.1 Equilibrium calculation 309 

Equilibrium calculations of K2CO3 capture by ASV2CFA0-32 were conducted with a K2CO3 310 

concentration of 250 ppmv (K-concentration in flue gas was 500 ppmv), and reaction temperatures 311 

changing from 500 °C to 1800 °C. The equilibrium calculation results are summarized in Table 4, 312 

and detailed data can be found in Appendix B of the supplementary material. 313 

The equilibrium calculation results generally agreed with the prediction for KOH-capture by 314 

ASV2CFA0-32 in our previous study [44]. At 250 ppmv K2CO3 (K/(Al+Si) = 0.481) and 800-315 

1300 °C, kaliophilite (KAlSiO4) was predicted to be the dominant K-aluminosilicate in products, 316 
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together with some (leucite) KAlSi2O6. At 1450 °C, leucite (KAlSi2O6) was present as the 317 

dominant K-aluminosilicate product. The equilibrium CK and XK was constant at 800-1300 °C, 318 

and a decreased CK was predicted at 1450 °C.  319 

3.2.2 Impact of reaction temperature 320 

The measured CK and XK of K2CO3 capture by ASV2CFA0-32 are compared to the 321 

equilibrium calculations in Figure 6, under the conditions of 800-1300 °C, 250 ppmv K2CO3 and 322 

a gas residence time of 1.2 s. The experimental CK and XK of K2CO3 capture by kaolin (D50 = 323 

5.47 μm) from our previous study [39] were included for comparison. We believe that at the 324 

applied temperatures (800°C and above) K2CO3 decomposes to KOH that reacts with the coal fly 325 

ash. 326 

  327 
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(A) K-capture level CK (B) K-conversion XK 
Figure 6.  K-capture level (CK) and K-conversion (XK) of K2CO3 capture by ASV2CFA0-32 328 

at 800-1300 °C. K2CO3 concentration was 250 ppmv (molar ratio of K/(Al+Si) = 0.481). The gas 329 

residence time was 1.2 s. Equilibrium calculation results of K2CO3 capture by ASV2CFA0-32, 330 

and experimental results of K2CO3-capture by kaolin from our previous study [39] are included 331 

for comparison. 332 

 333 

According to our previous work, the vaporization degree of K2CO3 at 800-1450 °C in the EFR 334 

was similar (97.3-99.7 %). However, experimental CK (0.025 g K/(g additive)) at 800 °C was 335 

much lower than that at 900 °C (0.056 g K/(g additive)). The significant difference is probably 336 

because the reaction was kinetically controlled at 800 °C. When the reaction temperature increased 337 

to 1300 °C, CK increased slightly to 0.070 g K/(g additive). The experimental XK had the same 338 

trend as that of CK, and it was below 30 % throughout the whole temperature range studied.  339 

The results also show that the experimental CK and XK of ASV2CFA0-32 were significantly 340 

lower than that of kaolin [39] and the data predicted by equilibrium calculations. The lower BET 341 

surface area of coal fly ash (8.04 m2/g) than that of kaolin (12.70 m2/g), and the bigger particle 342 
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size of ASV2CFA0-32 (D50 = 12.70 μm) than that of kaolin (D50 = 5.47 μm) may cause some of 343 

the difference. Another possible reason is that the main mineral phase in ASV2CFA0-32, mullite, 344 

was less active towards K2CO3. Additionally, the relatively lower Al content of ASV2CFA0-32 345 

may have contributed to the lower CK as well.  346 

 347 

Figure 7. XRD spectra of water-washed K2CO3-reacted ASV2CFA0-32. K2CO3 348 

concentration in flue gas was 250 ppmv; molar ratio of K/(Al+Si) in reactants was 0.481. Gas 349 

residence time was 1.2 s. 350 

The XRD spectra of water-washed K2CO3-reacted ASV2CFA0-32 at different temperatures 351 

were compared in Figure 7. In the 1300 °C sample, kaliophilite (KAlSiO4) was detected together 352 

with mullite and quartz. However, in the 800 °C and 900 °C samples, no crystalline K-353 

aluminosilicate was detected although the ICP-OES analysis showed that the experimental CK at 354 
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900 °C was similar as that of 1300 °C. This is probably because, at 900 °C, only amorphous K-355 

aluminosilicate was formed, and it cannot be detected by XRD.  356 

3.3 K2SO4 capture by coal fly ash 357 

3.3.1 Equilibrium calculation 358 

Equilibrium calculations of K2SO4 capture by ASV2CFA0-32 were conducted at 250 ppmv 359 

K2SO4 and a temperature range from 500 °C to 1800 °C. The equilibrium calculation results are 360 

summarized in Table 5. Detailed results are provided in Appendix C of the supplementary material. 361 

The equilibrium calculations show that at 800 °C, 900 °C and 1450 °C, leucite (KAlSi2O6) 362 

was predicted to be the dominant K-aluminosilicate product. At 1100 °C and 1300 °C, kaliophilite 363 

(KAlSiO4) was predicted to be present as the main K-aluminosilicate in the product. The 364 

calculated CK firstly increased and then decreased with the increasing temperature in the studied 365 

temperature range. 366 

3.3.2 Impact of temperature 367 

The experimental CK and XK of K2SO4 capture by ASV2CFA0-32 are compared with 368 

equilibrium calculations as well as the experimental CK and XK of K2SO4 capture by kaolin [39] 369 

in Figure 8. At 800 °C, CK of ASV2CFA0-32 was 0.013 g K/(g additive), with only 5.7 % K2SO4 370 

converted into K-aluminosilicate. The low conversion was partly because of an incomplete 371 

vaporization of K2SO4, and partly because of that the reaction was slow at 800 °C. At 900 °C and 372 

1300 °C, CK increased to 0.025 g K/(g additive) and 0.037 g K/(g additive) respectively. However, 373 

similar to what was observed for KCl and K2CO3 capture by ASV2CFA0-32, the measured CK 374 

and XK of K2SO4 were remarkably lower than the equilibrium data. This is because the fly ash 375 
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only partly reacted, with some mullite remaining unreacted in products. This was supported by the 376 

XRD results discussed below. 377 

  
(A) K-capture level (CK) (B) K-conversion (XK) 

Figure 8. K-capture level (CK) and K-conversion (XK) of K2SO4 capture by ASV2CFA0-32 378 

at temperatures 800-1300 °C. K2SO4 concentration in flue gas was 250 ppmv (K-concentration in 379 

flue gas is 500 ppmv), and molar ratio of K/(Al+Si) in reactants was 0.481. The gas residence time 380 

was 1.2 s. Equilibrium calculation results of K2SO4 capture by ASV2CFA0-32, and experimental 381 

CK of K2SO4 capture by kaolin [39] are included for comparison. 382 
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 384 

Figure 9.  XRD spectra of water-washed K2SO4-reacted ASV2CFA0-32 at different 385 

temperatures (800, 900 and 1300 °C). K2SO4 concentration was 250 ppmv; molar K/(Al+Si) ratio 386 

in reactants was 0.481. The gas residence time was 1.2 s. 387 

The XRD spectra of water-washed K2SO4-reacted ASV2 coal fly ash are compared in Figure 388 

9. At 800 °C and 900 °C, only mullite and quartz were detected in the products, with no indication 389 

of crystalline K-aluminosilicates. In the 1300 °C sample, leucite (KAlSi2O6) was the only K-390 

aluminosilicate detected, although kaliophilite (KAlSiO4) and leucite (KAlSi2O6) were predicted 391 

to co-exist by the equilibrium calculation. Similar results were observed in the K2SO4-kaolin 392 

reaction using in our previous study [39].  393 
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3.4 Comparison of different K-species 394 

Reaction between ASV2CFA0-32 and different K-species (KOH, K2CO3, KCl and K2SO4) 395 

is compared in Figure 10. The results of KOH-ASV2CFA0-32 reaction are from our previous 396 

study [44]. It shows that the K-capture level (CK) for KOH and K2CO3 by ASV2CFA0-32 were 397 

very similar (0.05-0.07 g K/(g additive)). We attribute this to a rapid conversion of K2CO3 to KOH 398 

in the reactor followed by reaction of KOH with ASV2CFA0-32. A similar behavior was observed 399 

in our previous study where KOH and K2CO3 capture by kaolin was investigated [39]. The trend 400 

of CK of K2SO4 capture by ASV2CFA0-32 at different temperatures generally agreed with that of 401 

KCl (CK = 0.02-0.04 g K/(g additive)). Similar results were also seen in our previous study of KCl 402 

and K2SO4 capture by kaolin [39]. ASV2CFA0-32 captured KOH and K2CO3 more effectively 403 

than KCl and K2SO4 in the studied temperature range and K-concentration.  404 

 405 

Figure 10. Comparison of CK of K-capture by ASV2CFA0-32 using different K-species (KOH, 406 

K2CO3, KCl and K2SO4). The K-concentration was 500 ppmv; molar K/(Al+Si) ratio in reactants 407 

was 0.481. The gas residence time was 1.2 s. *Data of KOH capture by ASV2CFA0-32 was from 408 

our previous study [44].  409 

 410 

0.00

0.05

0.10

0.15

700 900 1100 1300 1500

C K
(g

 K
/ 

g 
ad

di
tiv

e)

Temperature (°C)

KOH*
K₂CO₃
KCl
K₂SO₄



30 

 

The results imply that in the case of capturing KCl or K2SO4, more additives may be needed 411 

to achieve a satisfactory K-capture. The reason for this is that at high temperatures the main 412 

product of the reaction with KCl or K2SO4, is leucite (KAlSi2O6) while the main product of 413 

reactions with KOH and K2CO3 is kaliophilite (KAlSiO4).  In addition, coal fly ash with a 414 

relatively higher content of Si seems more suitable than coal fly ash with a similar Al and Si 415 

contents for K-capture when burning Cl-rich biomass fuels. 416 

4 Conclusions 417 

The K-capture behavior of two coal fly ashes were studied by conducting experiments in an 418 

entrained flow reactor and doing chemical equilibrium calculations. The influence of the type of 419 

K-species, the K-concentration in flue gas (molar ratio of K/(Al+Si) in reactants), reaction 420 

temperature, as well as the type of coal fly ashes on the K-capture reaction was systematically 421 

investigated.  422 

For KCl at 1300 °C, the K-capture level (CK) of coal fly ashes increased from 0.02 g K/(g 423 

additive) to 0.04 g K/(g additive) when the KCl concentration increased from 50 ppmv to 500 424 

ppmv (molar ratio of K/(Al+Si) in reactants increased from 0.048 to 0.481). However, CK did not 425 

increase when the KCl concentration increased further to 750 ppmv (molar ratio of K/(Al+Si) = 426 

0.721).  427 

At 800 °C, the K-capture reaction was kinetically limited and a relatively low K-capture level 428 

(CK) was observed for all studied K-species (KOH, KCl, K2CO3 and K2SO4). At 900 °C and up 429 

to 1450 °C, CK generally increased with increasing reaction temperature for all the applied K-430 

species. Possibly the melting of coal fly ash at high temperature (1300 and 1450 °C) enhanced the 431 
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internal diffusion of K-species, and resulted a higher CK values. KOH and K2CO3 had similar CK 432 

levels of 0.05-0.07 g K/(g additive), and KCl and K2SO4 obtained CK levels of 0.02-0.04 g K/(g 433 

additive) in the temperature range from 900 to 1450°C (with a K-concentration of 500 ppmv, molar 434 

K/(Al+Si) ratio in reactants of 0.481, and a residence time of 1.2 s). At high temperature (1300 °C) 435 

crystalline kaliophilite (KAlSiO4) was detected in K2CO3-reacted coal fly ash, but leucite 436 

(KAlSi2O6) were detected in KCl and K2SO4-reacted coal fly ashes. In addition, mullite was 437 

detected in reacted coal fly ashes by XRD, showing that coal fly ash remained only partially 438 

reacted in the product samples. 439 

The CK and XK levels of the two coal fly ashes were compared with that of kaolin from our 440 

previous studies [27, 39]. CK of the two coal fly ashes was obviously lower than that of kaolin at 441 

500 ppmv K (K/(Al+Si) = 0.481). However, at 50 ppmv K (K/(Al+Si) = 0.048), which is 442 

comparable to the conditions in full-scale wood suspension-fired boilers, CK of kaolin and coal fly 443 

ash was similar. The AMVCFA0-32 coal ash with a lower melting point and high Si content 444 

captured more KCl than ASV2CFA0-32, probably because the internal diffusion of KCl inside the 445 

AMV coal ash particles was enhanced by the melting of the coal ash particles, and the high Si 446 

content facilitated the formation of leucite (KAlSi2O6). 447 

Based on the results obtained from this study, some guidelines on using additives in full-scale 448 

PF-boilers are summarized below. 449 

• The composition of coal fly ash can affect the K-capture behavior. Bituminous coal 450 

ash with high Al and Si contents are preferred as K-capture additive. 451 

• Coal fly ash captures potassium from woody biomass more effectively than from straw 452 

(Cl-rich). Dosage of coal ash should be increased when firing herbaceous biomass 453 

containing Cl or S, like, straw.  454 
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• High-temperature can enhance the K-capture reaction by coal fly ash. Premixing fuel 455 

with coal fly ash and feed the mixture into boilers is preferred, since fully mixing and 456 

high temperatures can both be obtained.  457 
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Appendix I: Quantification of potassium capture reaction 1 

Two parameters have been defined in this study to quantify the potassium capture reaction 2 

between K-salts and coal fly ash: K-conversion (XK) and K-capture level (CK). K-conversion (XK) 3 

is the fraction (%) of fed K-salts chemically captured by solid additive (coal fly ash) forming 4 

water-insoluble K-aluminosilicates. K-capture level (CK) is the mass of potassium captured by 1 5 

g of additive (coal fly ash) (g K/g additive). 6 

 7 

Figure 1. Potassium transformation during the reaction between K-salts and solid additives 8 

(coal fly ash). 9 

As shown in Figure 1, in the reactants, potassium is composed of water-soluble potassium from 10 

K-salts (A), and water-insoluble potassium (D) from additive. During the K-capture reaction, a 11 

fraction of water-soluble potassium reacted with coal fly ash forming water-insoluble K-12 

aluminosilicate (C). The rest water-soluble K-salt did not react and remained water-soluble (B).  13 
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Based on this transformation, K-conversion (XK), and K-capture level (CK) can are fined as 14 

equation (1) and (2). 15 

 16 

𝑋𝑋𝐾𝐾 =  
𝐶𝐶
𝐴𝐴

 × 100 % (1) 

𝐶𝐶𝐾𝐾 =
𝑛𝑛𝐾𝐾𝐾𝐾𝐾𝐾𝑀𝑀𝐾𝐾𝑋𝑋𝐾𝐾

𝑚𝑚𝑎𝑎𝑎𝑎.
 (2) 

In equation (1), C is the molar amount of water-insoluble potassium formed through the K-17 

capture reaction, and A is the molar amount of K-salt fed into the reactor, as shown in Figure 1. In 18 

equation (2),  𝑛𝑛𝐾𝐾𝐾𝐾𝑎𝑎𝐾𝐾𝐾𝐾 (mol) is the molar amount of K-salt fed into the reactor, MK is the molar mass 19 

of potassium (39 g/mol) and 𝑚𝑚𝑎𝑎𝑎𝑎. is the mass of solid additives fed into the reactor (g). The K-20 

conversion (XK) can be calculated according to Equation (3). 21 

𝑋𝑋𝐾𝐾 =
𝐶𝐶
𝐴𝐴

=
𝐴𝐴 − 𝐵𝐵
𝐴𝐴

=  
𝐴𝐴

𝐴𝐴 + 𝐷𝐷 − 𝐵𝐵
𝐴𝐴 + 𝐷𝐷

𝐴𝐴
𝐴𝐴 + 𝐷𝐷

=  
𝑌𝑌𝐹𝐹 − 𝑌𝑌𝑃𝑃
𝑌𝑌𝐹𝐹

× 100% 
(3) 

Where YF and YP are the molar ratio of water-soluble K to total K in the reactants and collected 22 

solid products, respectively. YF can be calculated based on the constituents of slurry and potassium 23 

content in utilized additives, while YP can be calculated based on the ICP-OES result of collected 24 

solid samples. Consequently, CK can be calculated based on XK according to Equation (2). 25 

 26 
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Appendix II: Equilibrium calculation  27 

In order to understand the mechanisms of the K-capture reaction by coal fly ash, equilibrium 28 

calculations of KCl, K2CO3 and K2SO4 capture by coal fly ash were conducted using the 29 

equilibrium module of FactSage 7.0. Four databases, including FactPS, FToxid, FTsalt and FTpulp 30 

were employed in the calculations. Gas, liquid and solid compounds were included in the product 31 

phase. Detailed description of the databases can be found in literatures [1, 2]. The input elements 32 

for all calculations are listed in Table 1. The calculation results of KCl capture by ASV2CFA0-32 33 

were shown in Figure 2(A-E). The results on K2CO3 and K2SO4 capture by ASV2CFA0-32 were 34 

shown in Figure 3 and Figure 4, respectively. 35 
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Table 1. Input conditions for equilibrium calculation of KCl, K2CO3 and K2SO4 capture by ASV2CFA0-32 and AMVCFA0-32. 36 

Additive K-salts Conditions Input elements (mol) 
Al Si Fe Ca Mg Na K Cl S P O N H C 

ASV2CFA 
0-32 

KCl 

50 ppmv K,  
K/(Al+Si) = 0.048 8.28 12.37 0.86 1.88 0.67 0.20 1.00 1.09 0.14 0.34 9927.86 31564.90 3011.24 39.09 

250 ppmv K, 
K/(Al+Si) = 0.240 1.66 2.47 0.17 0.38 0.13 0.04 1.00 1.02 0.03 0.07 1921.74 6095.19 589.80 7.76 

500 ppmv K, 
K/(Al+Si) = 0.481 0.83 1.24 0.09 0.19 0.07 0.02 1.00 1.01 0.01 0.03 965.02 3050.86 300.96 3.88 

750 ppmv K, 
K/(Al+Si) = 0.721 0.55 0.82 0.06 0.13 0.04 0.01 1.00 1.01 0.01 0.02 644.68 2031.73 204.13 2.59 

1000 ppmv K, 
K/(Al+Si) = 0.961 0.41 0.62 0.04 0.09 0.03 0.01 1.00 1.00 0.01 0.02 489.06 1576.69 135.78 1.95 

K2CO3 
500 ppmv K, 

K/(Al+Si) = 0.481 0.83 1.23 0.09 0.19 0.07 0.02 1.00 0.01 0.01 0.03 914.34 2825.33 316.54 4.71 

K2SO4 
500 ppmv K, 

K/(Al+Si) = 0.481 0.83 1.23 0.09 0.19 0.07 0.02 1.00 0.01 0.51 0.03 903.48 2827.02 294.91 4.21 

AMVCFA 
0-32 KCl 500 ppmv K, 

K/(Al+Si) = 0.481 0.63 1.39 0.14 0.18 0.10 0.07 1.00 0.01 0.01 0.02 904.40 2826.38 299.59 3.83 

 37 
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A. Detailed equilibrium calculation results of KCl capture by ASV2CFA0-32. 38 

The equilibrium calculation results of KCl capture by ASV2CFA0-32 are shown in Figure 2 (A-39 

E). The primary Y-axis (left Y-axis) is the fraction of different K-compounds or the conversion 40 

fraction (%) of K, Al or Si forming K-aluminosilicates. The secondary Y-axis (right Y-axis) is the 41 

K-capture level (CK, g K/g additive). The KCl concentration in flue gas was 50, 250, 500, 750 and 42 

1000 ppmv. Corresponding molar ratio of K/(Al+Si) in reactants was varied from 0.048 to 0.961. 43 

The reaction temperature was changed from 500 °C to 1800 °C. 44 
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(B) 250 ppmv KCl, K/(Al+Si) = 0.240 

 

(C) 500 ppmv KCl, K/(Al+Si) = 0.481 
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(D) 750 ppmv KCl, K/(Al+Si) = 0.721 

 

(E) 1000 ppmv KCl, K/(Al+Si) = 0.961 

Figure 2. Detailed equilibrium calculation results of KCl capture by ASV2CFA0-32. 45 
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B. Detailed equilibrium calculation results of K2CO3 capture by ASV2CFA0-32. 46 

The equilibrium calculations of K2CO3 capture by ASV2 coal fly ash 0-32 μm (ASV2CFA0-47 

32) were performed with a K2CO3 concentration of 250 ppmv in the flue gas (K-concentration 48 

was 500 ppmv). The reaction temperature varied from 500 °C to 1800 °C. The detailed results of 49 

the equilibrium calculations were shown in Figure 3. 50 

 

Figure 3. Equilibrium calculation results of K2CO3 capture by ASV2CFA0-32. K2CO3 

concentration in flue gas was 250 ppmv. 

 51 

C. Detailed equilibrium calculation results of K2SO4 capture by ASV2CFA0-32. 52 

The equilibrium calculations of K2SO4 capture by ASV2CFA0-32 was conducted with a K2SO4 53 

concentration of 250 ppmv in the flue gas (K-concentration was 500 ppmv). The reaction 54 

temperature varied from 500 °C to 1800 °C. The detailed results of the equilibrium calculations 55 

were shown in Figure 4. 56 
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 57 

 58 

Figure 4. Detailed equilibrium calculation results of K2SO4 capture by ASV2CFA0-32. K2SO4 59 

concentration in flue gas was 250 ppmv. 60 

 61 

D. Detailed equilibrium calculation results of KCl capture by AMVCFA0-32. 62 

The equilibrium calculations of KCl capture by AMV coal fly ash 0-32 μm (AMVCFA0-32) 63 

were performed with a KCl concentration of 500 ppmv in the flue gas. The reaction temperature 64 

varied from 500 °C to 1800 °C. The detailed results of the equilibrium calculations were shown in 65 

Figure 5. 66 
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 67 

Figure 5. Detailed equilibrium calculation results of KCl capture by AMVCFA0-32. KCl 68 

concentration in flue gas was 500 ppmv. 69 

 70 
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Abstract

Pulverized biomass may self-heat and spontaneously ignite when stored or processed at in-

termediate or even low temperatures. In this work, reaction kinetic parameters for biomass

oxidation and pyrolysis were determined for the temperature range 423–523 K. Thermogravi-

metric analysis was used to determine mass loss kinetics in a stepwise-isothermal heating

program. Two wood species (pine, beech), two agricultural residues (wheat straw, sunflower

husks) and two commercial wood pellet samples were investigated. Atmospheres with 0 %,

20 % and 80 % oxygen were used in the experiments. A pyrolysis model of four parallel

reactions for extractives, hemicellulose, celluose and lignin fit the experimental data for 0 %

O2 well. Oxidation kinetics could be modelled by additional reactions in parallel to the

pyrolysis mechanism. Two mechanisms were tested: (1) considering oxidation of a lumped

1



’volatilizable’ component plus oxidation of char; and (2) separate oxidation reactions for

volatilizable extractives, hemicellulose, celluose and lignin, plus char. The more complex

mechanism did not give a clear advantage over the simpler mechanism. It was further found

that pyrolysis and oxidation reactions for the components could be modelled with the same

activation energy, regardless of which biomass they appear in. For the lumped component

oxidation model, an apparent activation energy of 130 kJ/mol was found. The observed

reaction order in oxygen was in range 0.4–0.5. The models also compared favorably to ad-

ditional experimental data between 373–773 K for a heating rate of 5 K/min. The kinetic

models presented here are intended mainly to describe low-temperature reactions, such as

self-heating of biomass and the onset of smoldering combustion.

1 Introduction

Biomass can replace coal as a fuel for heat and power generation in pulverized fuel fired

boilers. One recent example is the conversion of Danish combined heat and power (CHP)

plants originally built as pulverized-coal fired boilers. This technological switch requires to

store and process solid biomass materials, mainly in form of pellets, in large quantities. In

CHP-facilities, fires have occured in storages and power plant mills that were likely caused by

spontaneous ignition. Excessive self-heating, leading to thermal decomposition and ignition,

is a known problem for storages.1,2 To the authors’ knowledge, the role of self-ignition of

biomass in mill fires, i.e. at elevated temperatures above 423 K, has not been explicitly

researched. However, based on older studies of coal mills, settled dust beds may build up

and self-ignite in these devices.3–5 Predicting such events requires accurate reaction kinetic

data for low temperatures. Unfortunately, such data are scarce for typical fuels such as wood

pellets and agricultural residues.

Additionally, there does not appear to be a consensus on the appropriate kinetic model

for low temperature oxidative conversion. Different researchers have proposed single-reaction
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models,1,6–10 models with two or more parallel reactions,11–17 models with two or more

sequential reactions,18–20 and models involving combinations of serial and parallel reac-

tions.21–26 Where several reactions are used, these have been used to distinguish between

pyrolysis and oxidation, between different biomass components, or different stages of pyrol-

ysis and/or oxidation reaction pathways. A short overview will be given below in the light

of determining kinetic parameters at temperatures relevant to self-heating in power plant

mills.

If only a single reaction is used to model low temperature oxidation, the reported kinetic

parameters vary widely. Activation energies for wood pellets from isothermal calorimetry at

low temperatures (300–350 K) have been measured as 50–80 kJ/mol.1,7 From oven heating

tests, 89 kJ/mol are reported for mahogany wood at 375–450 K.11 Data compiled from oven

tests of different wood species at 370–570 K result in activation energies of 110–125 kJ/mol.6

From self-ignition oven tests according to EN 15188, activation energies of 139 kJ/mol

and 207 kJ/mol are reported for sunflower husk pellets and softwood chips, respectively.10

Kinetic parameters from tests on larger samples may also be influenced by heat and mass

transfer limitations. Thermogravimetric analysis (TGA) is considered a method to avoid such

transport limitations. Single-reaction models have been fit to TGA data, and activation

energies for oxidation of forestry and agricultural residues are given in the range of 61–

68 kJ/mol (at 293–1073 K)9 and 75–116 kJ/mol (at 500–630 K).8

Thermogravimetric analysis has also been used to determine reaction kinetic parameters

for biomass oxidation and pyrolysis in more complex models.12–20,22–26 The most widespread

method is to conduct experiments at several constant heating rates from ambient conditions

to temperatures exceeding 873 K or higher. The experimental data are in turn used to fit

the parameters of a reaction model consisting of two or more seuqential or parallel reactions,

so that this best matches the conversion rate dX/dt as a function of temperature. Mass loss

at low temperatures (<470–525 K) is frequently very low, however, and not well resolved

in the reported experimental data. In the few cases in which mass loss is reported at
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these temperatures, it is attributed to evaporation of moisture.25,26 In both of those cited

works, the evaporation peak is also clearly offset from oxidation and/or pyrolysis of the

organic fraction when plotting conversion rate over temperature. Significant thermal or

oxidative degradation below 470 K is not described in any of the cited TGA-studies.12–20,22–26

Comparison with the experiments at low temperatures (370–570 K) and long holding times

(minutes to years),1,6,7,11 where significant conversion of the organic fraction is observed,

suggests that the heating rates used in typical TGA-studies are too high to resolve the

slow reactions at low temperatures. While experimental procedures slightly vary among

researchers,12–20,22–26 the lower bound for heating rates is usually 5–10 K/min (Anca-Couce

et al.14 also investigated 2.5 K/min), with an upper bound of typically 20–40 K/min. Such

heating rates are interesting to describe propagation of smoldering combustion, which is

associated with heating rates in order of 10–1000 K/min.21 In contrast, this work focuses on

the initiation and onset of smoldering. Based on practical experience with ignition in mill

fires, it is suspected that this incipient smoldering occurs on much larger timescales and at

lower temperatures. Isothermal27–30 and stepwise isothermal thermogravimetric analysis31,32

have been used to investigate torrefaction reactions (a mild pyrolysis, ≈473–573 K), while

only few comparable works are available for oxidative atmosphere (e.g.,33).

The aim of this work is to extend kinetic models of devolatilization and oxidation to

lower temperatures and heating rates. We present a model to describe mass loss kinetics

for six different biomasses, distinguishing between pyrolysis and heterogeneous oxidation

as parallel processes. Thermogravimetric analysis with stepwise isothermal programs in

the range of 423–523 K is used to find the values of the kinetic parameters for each of the

biomasses investigated. The oxygen concentration is varied in the experiments (0 %, 20 % and

80 % oxygen) to separate purely thermal decomposition (pyrolysis) from oxidative reactions,

and to determine the influence of oxygen on the reaction rates. The kinetic models found

for low temperatures under isothermal conditions are then compared to thermogravimetric

experiments at intermediate heating rates (5 K/min) and temperature ranges 373–773 K to
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ensure that they are consistent with the data available in the literature for those conditions.

2 Experimental

Six different biomasses were investigated: beech wood, pine wood and wheat straw as raw

materials, as well as two types of wood pellets obtained from a local CHP-plant, and a

sample of sunflower husk pellets as commercial pelletized fuels. Additionally, experiments

were carried out with cellulose (Sigma-Aldrich C6288), xylan (from cornstalk; abcr Chemie

AB143294) and lignin (alkali; Sigma-Aldrich 471003). Rapeseed oil was used as a model

substance for extractives, as it contains a mix of saturated and unsaturated fatty acids

(mainly C18:1 and C18:2). Unsaturated fatty acids may play a role in the autooxidation of

biomass.2 In order to model extractives bound in a matrix, experiments were carried out

with mixtures of oil and SiO2 as well as oil and cellulose, both 50 %/50 % by weight.

The two woods were provided in pulverized form (beech: 0–250µm, pine: 50–200µm).

The other biomass samples were milled and a size fraction <125µm was used in the experi-

ments. Cellulose, lignin and xylan were used as provided by the manufacturer. Information

on the chemical properties of the six biomass materials used is found in Table 1. Results

from proximate and ultimate analysis fall within the range of values typically found in the

literature, although pine and wood pellets appear to have low char and high volatile con-

tents. Of the inorganic elements present in the samples, especially potassium and sodium

are known to have a catalytic effect on thermal conversion.30,34–37 Other metals observed to

have catalytic effects are magnesium30 and, to a lesser extent, calcium.34

2.1 Biopolymer analysis

Klason lignin and carbohydrate composition of the six samples were determined by sulfu-

ric acid hydrolysis. 1.5 mL of 72 % H2SO4 were added to 0.16 g sample, which was pre-

hydrolyzed for 60 minutes at 303 K. After dilution of the hydrolyzate with Milli-Q purified
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water (42 mL), the liquid samples were autoclaved at 393 K for further 60 minutes. Filtered

liquids were analyzed on an HPLC (high-pressure/high-performance liquid chromatography)

column, while the solid residue was heated to 823 K to determine the lignin ash content. Re-

sults are summarized in Table 1. For the two wood pellet samples, analyses from an external

lab were available. The results agreed with the ones presented here within ±0.01 kg/kg,

with the exception of glucose (0.401 kg/kg and 0.395 kg/kg for wood pellets I1 and I2, rep-

sectively), which showed slightly larger deviations.

Acid methanolysis and GC-MS (gas chromatography – mass spectrometry) was applied

to three of the biomass samples in order to separate and quantify their hemicellulose-bound

glucose content. The method is described elsewhere in more detail.38 The analysis was done

in duplicate and results were repeatable within 10 % of the reported values. Data is included

in Table 1, based on the total dry matter.

Extractives were measured following a procedure based on an NREL report, Determina-

tion of Extractives in Biomass (NREL/TP-510-42619). Lipids were extracted with ethanol

(96 v/v%) in a Soxhlet extractor for 6 hours to measure the amount of total extractives.

The extracts were then chemically modified with 1.25 M HCl in methanol to produce fatty

acid methyl esters, so that the fatty acids become detectable for the GC-MS instrument. An

Agilent 7890B gas chromatograph interfaced to an Agilent 5977B Mass Selective Detector

was used in this part of the study. Samples of 1 µL were injected in split mode (1:20). The

source and rod temperatures were 503 K and 423 K, respectively. The products were sepa-

rated using two HP-5ms ultra inert columns (15 m, 0.25 mm, 0.25 µm coating). Separation of

products was achieved using a temperature program from 343–523 K at 10 K/min. Results

are included in Table 1, where the relative abundance of the C 16:0–C 22:0 fatty acids are

given for each biomass. The fatty acid values given are proportions, and do not allow an

absolute quantification.
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Table 1: Proximate, elemental and compositional analysis of the biomasses used used in this
study. Difference to one in the sum of the compositional analysis is balance error.

Beech Pine Sunflower Wheat W. pellets I1 W. pellets I2

Proximate analysis, dry base [kg/kg]
Volatiles 0.771 0.856 0.756 0.774 0.845 0.839
Char 0.202 0.141 0.193 0.184 0.149 0.155
Ash 0.027 0.003 0.052 0.042 0.006 0.006
Moisture (average) 0.059 0.049 0.085 0.061 0.060 0.057

Elemental analysis, dry base [kg/kg]
C 0.512 0.528 0.521 0.480 0.507 0.511
H 0.057 0.061 0.059 0.057 0.061 0.061
O 0.429 0.410 0.503 0.457 0.430 0.427
N 0.002 0.001 0.015 0.004 0.002 0.001

Inorganic elements (selection), dry base [mg/kg]
Ca 4600 900 2600 2300 2000 1400
K 4600 360 8000 7500 1200 640
Mg 830 130 1400 690 420 320
Na 280 71 10 260 33 94

Compositional analysis, dry base [kg/kg]
Arabinose 0.005 0.015 0.022 0.032 0.010 0.014
Galactose 0.007 0.025 0.009 0.011 0.013 0.026
Mannose 0.015 0.117 0.006 0.005 0.046 0.106
Rhamnose 0.004 0.002 0.008 0.002 0.003 0.002
Xylose 0.168 0.055 0.174 0.271 0.134 0.074
Galacturonic acid 0.025 0.013 0.048 0.008 0.024 0.013
Glucuronic acid 0.001 0.001 0.006 0.004 0.001 –

Sum non-glucose sugars 0.225 0.228 0.273 0.333 0.231 0.235

Glucose (total) 0.337 0.440 0.270 0.424 0.423 0.431
Non-cellulose glucose 0.016 0.037 0.009 n.a. n.a. n.a

Klason lignin 0.346 0.278 0.316 0.208 0.273 0.316
Extractives 0.015 0.093 0.089 0.039 0.066 0.072

Sum (composition) 0.923 1.039 0.948 1.004 0.993 1.054
Lignin ash 0.009 0.002 0.006 0.014 0.006 0.004

Fatty acids analysis, relative abundance [arbitrary units]
C 16:0 0.255 0.045 0.101 0.332 0.200 0.158
C 18:0 0.058 n.a 0.084 0.052 0.038 0.046
C 18:1 0.190 0.207 0.199 0.123 0.188 0.184
C 18:2 0.082 0.020 0.231 0.045 0.186 0.025
C 18:3 n.a. n.a. 0.046 n.a. 0.038 n.a.
C 20:0 0.039 n.a. 0.018 0.020 0.024 n.a.
C 22:0 0.108 0.024 n.a. 0.036 0.034 n.a.
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2.2 Thermogravimetric analysis

Thermogravimetric measurements were carried out on a Netzsch STA 449-F1 Jupiter. The

instrument was checked by repeating a round-robin study on cellulose pyrolysis,39 as well

as repeating pyrolysis experiments on beech40 and pine14,40 at a heating rate of 5 K/min.

Agreement between our data and the kinetic models presented in the literature14,39,40 was

good. It was also found that kinetics derived from TGA with 5 K/min heating rates does

not predict low-temperature mass loss well (see supporting information).

The focus of this work is on low temperature kinetics. Therefore, a temperature program

for the TGA experiments was designed to investigate the region 423–523 K. The program

consisted of a series of six isothermal stages: 423 K, 443 K, 463 K, 483 K, 503 K and 523 K.

Each isothermal condition was held for one hour, with heating rates of 10 K/min in between

stages and up to the first isothermal holding point (compare the top part of Fig. 1). Temper-

atures measured at the sample crucible generally followed the preset temperature programs

well. A mild excess in temperature was seen at the beginning of each isothermal interval,

which was attributed to a controller overshoot. The measured temperature history was used

in the analysis of the data.

The gas flow rate through the oven was 150 mL/min, and experiments were run under

0 %, 20 % and 80 % oxygen (balance: nitrogen). Experiments were duplicated in range 423–

503 K. To compare kinetic parameters determined in this work to data available in the

literature, additional experiments were carried out at a constant heating rate of 5 K/min

from ambient to 773 K, both under inert atmosphere and with 10 % and 20 % oxygen each.

These experiments were also duplicated.

Samples were placed in alumina cups of 7 mm diameter and 4 mm height, which were

filled to less than a third of their height. For the 5 K/min temperature-ramp experiments,

the sample mass was kept below 5 mg to avoid mass- and heat transfer limitations. For the

isothermal experiments, slightly higher sample masses of <10 mg were allowed in order to

better resolve the low mass loss at low temperatures.
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The biomass samples were used as-is, i.e. without prior drying. Evaporation of moisture

was clearly visible in the recorded data as a pronounced loss of mass (between 4–8 % depend-

ing on the individual sample, with typical values around 5 % of the total) within the first

10 minutes of the experiment. As evaporation of moisture and decomposition of the organic

matter were easily distinguished, no dedicated drying period was included in the heating

programs. The measured moisture content was used to rescale the data to dry values.

Data were automatically recorded in 0.05-minute intervals for isothermal experiments,

and in 0.01-minute intervals at constant heating rate. The sampling rates follow the default

settings of the instrument. Recorded mass loss data were corrected for buyoancy effects by

subtracting a correction carried out on an empty crucible for each experimental program. A

simple routine for pre-processing the data was developed and applied to all datasets. Mass

loss data were rescaled to dry-base for further treatment, and m0 refers to the initial dry

mass in the following. To determine the conversion X,

X(t) =
m0 −m(t)

m0 −mf

(1)

the final mass mf was set to the sum of char and ash (from proximate analysis) for pyrol-

ysis experiments, and only ash for experiments under oxidative atmosphere. Ash and char

contents are found in Table 1. Owing to noise on the measured signal, the conversion rates

dX/dt were determined from smoothed data. Data were initially smoothed by calculating

the moving average of X(t) with a filter width of 120 records. From these data, the conver-

sion rate was calculated as the temporal gradient by central differences. The conversion rate

was then filtered again by applying the same moving average filter.

Repeatability of the experiments was generally good. In order to compare duplicate runs,

the root-mean-square (RMS) difference was used.

δϕ =

√∑
(ϕ1(t)− ϕ2(t))

2

N
; ϕ = {m/m0, dX/dt, T} (2)
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In this equation, N is the total number of datapoints measured at time t, and ϕ is a place-

holder for the compared quantities: remaining mass scaled by initial mass, conversion rate

and temperature. This difference can also be scaled to the range of ϕ-values by

δS,ϕ =
δϕ

ϕmax − ϕmin

(3)

Root-mean-square differences, data range, and scaled differences were determined individu-

ally for each biomass sample in each temperature program. In the following, only the maxi-

mum differences and scaled differences across all measurements are given. The temperature-

time programs agreed within a difference of δT = 0.35 K for all experiments. The relative

mass remaining m/m0 was repeatable within 0.0094 (6.5 % of the measured range) for the

isothermal experiments and 0.015 (1.8 % of the measured range) for the constant heating

rate experiments. For the conversion rates, the corresponding maximum RMS-differences

were 7.5× 10−6 s−1 (scaled 13.3 %) for the isothermal experiments and 3.0× 10−5 s−1 (scaled

3.4 %) for experiments at constant heating rate of 5 K/min. Scaled RMS-differences of m/m0

and dX/dt in the isothermal experiments are generally higher owing to the low overall con-

version or mass loss at the low temperatures (<503 K) for which those experiments were

repeated.

Experimental data from thermogravimetric analysis are summarized in Figures 1 and

2. The data from isothermal experiments clearly reveals differences among the different

biomasses in the temperature range 423–523 K. Sunflower husk pellets show the highest mass

loss through most of the temperature range tested. The two wood pellets are among the

least reactive in the entire temperature range of the isothermal experiments. Pine initially

loses mass at rates similar to sunflower, but is less reactive at higher temperatures (≥483 K).

The opposite is observed for wheat and beech, for which mass loss accelerates above this

temperature. Measured mass loss in oxidative atmosphere differs from that in inert atmo-

sphere from approximately the third isothermal stage (463 K) onward. It was considered
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whether air entrapped in the sample beds may lead to few, early oxidation reactions, even

when the experiments are run with nitrogen atmosphere. However, interstitial air could

only supply <0.2 % of the oxygen necessary for conversion of the sample, and the entrapped

oxygen is additionally expected to diffuse out rapidly. Purge flow rates of 150 mL/min are

moreover sufficient to replace the gas volume enclosed in the oven in the first few minutes of

the experiment.

For the experiments at constant heating rate, the conversion rate is shown as a function of

temperature to allow better comparison with the data available in literature.8,12–17,22,24–26,44

With the exception of sunflower, these data does not allow to distinguish between different

biomasses and different atmospheres below 473 K. The dominating feature in this data

presentation is the peak in conversion rate, typically attributed to reactions of cellulose.

Presence of oxygen is seen to accelerate mass loss in all cases, in agreement with published

data. However, the effect of oxygen concentration is small, when comparing the experiments

under 10 % and 20 % oxygen atmosphere. The location of the peak decomposition rate

is shifted by 5–10 K, and the rates themselves are slightly higher. With oxygen present,

two characteristic peaks can be seen. The secondary peaks in range ≥673 K can likely be

attributed to char oxidation.

Dimensionless Biot (Bi), Pyrolysis (Py) and Damköhler (Da) numbers were evaluated

to determine the influence of heat transfer limitations (during transient heating) and mass

transfer limitations (for oxidation experiments). Heat transfer has negligble influence on the

observed mass loss, when internal heat transfer is faster than external heat transfer (Bi� 1),

and when both are faster than reaction rates (Py � 1).41,42 Mass transfer limitations are

considered for oxygen only, and kinetic control can be assumed when diffusion rates are

faster than reaction rates (Da � 1). Addiditonally, the dimensionless Frank-Kamenetskii-

parameter43 was calculated to determine whether thermal runaway (heat release exceeds

internal heat dissipation) could occur in the samples with oxygen present. Details of these

calculations can be found in the supporting information. Based on the evaluation of the
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dimensionless parameters, conditions for the stepwise isothermal experiments were free from

heat- and mass transfer limitations. Transport limitations may play a minor role for the

experiments at constant heating rate: The Biot number becomes independent of particle

or sample size for near-stagnant flows.42 Bi evaluated to 0.1–0.2 for single particles and

Bi < 0.4 for the full sample (i.e., the bed of particles). The Pyrolysis number criterion can

be used to estimate a critical maximum particle size.42 Using this approach, kinetic control

is predicted up to 700 K (pyrolysis) and 625 K (oxidation) based on modelled rates for the

largest particles used (250 µm). Oxygen diffusion limitations were estimated to be wholly

negligible below 570 K. By conservative estimate, self-ignition of the samples cannot occur

below 530 K under the experimental conditions used, and no self-heating was observed in

the experiments. Other possible influences, such as particle specific surface area, particle

porosity and bed structure were not quantified. The former two would influence availability

of active sites to oxygen attack, while the latter determine diffusion through the sample as

well as the bed thermal conductivity. While kinetic control was assumed in interpreting

the experiments, the results are strictly valid only for the size range and morphology of the

particles used.

3 Modelling

Reactions are described by a differential equation for the conversion X,

dX

dt
= k(T ) · f1(X) · f2(pO2) (4)

k is the rate constant modelled by an Arrhenius-expression,

k = k0 · exp

(
− Ea

R · T

)
(5)

14



and f1 and f2 are functions of conversion and oxygen partial pressure, respectively. Most

common models for f1 are first- or n-order reactions:

f1(X) = (1−X)n1 (6)

Oxygen-dependent reactions can be modelled by introducing a reaction order in oxygen

partial pressure,

f2(pO2) =

(
pO2

pref

)n2

(7)

where a reference pressure pref is introduced to non-dimensionalize the oxygen partial pres-

sure.

Initial attempts at fitting a single first order reaction to the pyrolysis experiment and

combining it with a first order reaction for oxidation yielded poor fits. The quality of the

model fit could be improved slightly when an n-order reaction was considered. However,

fitting only selected temperature ranges of the experimental mass loss curve yielded different

sets of kinetic parameters, indicating that a process consisting of several steps was taking

place.

Several researchers have linked these steps in the reaction to parallel and independent

reactions of the components hemicellulose, cellulose and lignin.13–18,25,45 In this work, extrac-

tives are considered as a separate fourth component. Pyrolysis and oxidation of these four

components are modelled as parallel reactions, similar to literature.12,14,23,25,26 For consis-

tency, char is included as an additional fifth component. Char is defined as the remainder of

a complete biomass devolatilization in this model. Char oxidation dominates at higher tem-

peratures, when the volatilizable fractions of hemicellulose, cellulose, lignin and extractives

have been removed. Although this process is physically in sequence to pyrolysis and primary

oxidation, several authors have demonstrated that, mathematically, it may also be modelled

as an additional parallel reaction.13–17 Following this approach, it is not necessary to track
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the formation of char. Instead, the biomass components are split into volatilizable and non-

volatilizable fractions, i.e. char is considered present already in the unreacted biomass from

a modelling point of view. Considering the non-volatilizable fractions as a lumped species,

the following mechanism of nine parallel reactions is applied:

XTR → Volatiles (R1)

HC → Volatiles (R2)

LIG → Volatiles (R3)

CELL → Volatiles (R4)

XTR + O2 → Gas (R5)

HC + O2 → Gas (R6)

LIG + O2 → Gas (R7)

CELL + O2 → Gas (R8)

CHAR + O2 → Gas (R9)

Reactions R1–4 represent pyrolysis of the volatilizable fractions of extractives (XTR),

hemicellulose (HC), lignin (LIG) and cellulose (CELL) components. Reactions R5–8 are the

corresponding oxidation reactions. The final reaction R9 describes the oxidation of char,

regardless of the component or reaction pathway it originates from. The conversion Xi of

each of the five species (volatilizable extractives, hemicellulose, lignin and cellulose, plus

char) is then described by:

dXi

dt
= kpyr,i · (1−Xi(t))

npyr,i + kox,i · (1−Xi(t))
nox,i ·

(
pO2

pref

)nO2,i

(8)

where n is the apparent reaction order and the rate constant k is expressed by an Arrhenius
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law.

nO2 is the reaction order with respect to partial pressure of oxygen pO2 . The reference

pressure pref is used to non-dimensionallize this quantity. Here, pref is simply 1 Pa. For char,

i.e. the non-volatilizable organic fraction, kpyr = 0. Since only the reacting fractions of the

components are considered (i.e. mi,f = 0), the remaining mass fraction of each component i

is given by

wi(t) =
mi(t)

mi,0

= 1−Xi(t) (9)

If wi,0 is the original mass fraction of species i, then the total mass fraction is given by:

w(t) =
m(t)

m0

=
∑
i

wi,0 · wi(t) (10)

The amount of ash is constant. The model requires five parameters for the original mass

fractions wi,0, as well as four reaction kinetic triplets {Ea, k0, npyr} for the pyrolysis reactions

and five sets {Ea, k0, nox, nO2} for the oxidation reactions, i.e. a total of 37 parameters per

fuel.

In order to reduce the model complexity, the following assumptions are made:

1. The fractions of extractives, hemicellulose, cellulose and lignin can be estimated from

the composition analysis (Table 1).

2. The total char yield can be determined from the ultimate analysis. The individual char

yield of the components extractives, hemicellulose, cellulose and lignin, i.e. the split

into volatilizable and non-volatilizable fractions, can be estimated from the behavior

of the pure components.

3. Similar sets of activation energies Ea,pyr,i and Ea,ox,i can be found for each component i,

regardless of which biomass they appear in. The activation energies can be estimated

from the behavior of the pure components.
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4. Similar sets of apparent reaction orders in the solid conversion (npyr,i and nox,i) can be

found for each component i, regardless of which biomass they appear in.

By combining the first two assumptions, the original mass fractions wi,0 can be found. The

third assumption fixes all activation energies, so they need not be included in the parameter

fitting routine. The different biomass conversion models are then defined by 23 parameters:

8 belonging to the four pyrolysis reactions, i.e. {k0,pyr, npyr}i and 15 for the additional oxida-

tion reactions {k0,ox, nox, nO2}i. Adding the fourth assumption further reduces the biomass-

specific parameters to four parameters k0,pyr,i for pyrolysis and five sets {k0,ox, nO2}i for

oxidation. It was further evaluated whether a hybrid model of a component-specific pyroly-

sis model and a lumped species for oxidation can describe the measured data. Assumptions

1–4 are then kept for the pyrolysis mechanism, but replaced with the following for oxidation:

5. Oxidation reactions for the four components extractives, hemicellulose, cellulose and

lignin can be modelled with the same set of four kinetic parameters {Ea, k0, nox, nO2},

which are then specific to each biomass.

6. The oxidation reactions have the same activation energy for all biomasses considered

(leaving 3 free parameters per biomass for oxidation).

The model based on assumptions (5) and (6) is referred to as Model I in the following, the one

without those assumptions as Model II. In model I, activation energies from pure component

studies were only used in the pyrolysis reactions. However, even if the oxidation reactions

are unified in this way, the different volatilizable species need to be tracked individually, as

their pyrolysis reactions are different.

The original mass fractions wi,0 for volatilizable extractives, hemicellulose, lignin and

cellulose, as well as char can be calculated from the composition shown in Table 1. Some

estimations are made to account for the balance error in determining the composition, as well

as the split between volatilizable and char-forming fraction of each component: Extractives

(ethanol-soluble) and lignin (Klason) are taken as measured. Cellulose was determined by
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subtracting the hemicellulose-glucose from the total glucose. For beech, pine and sunflower,

the hemicellulose-glucose was measured by acid hydrolysis. The two wood pellet samples

appeared to have a carbohydrate composition somewhere in between beech (hardwood) and

pine (softwood). The hemicellulose-glucose was therefore approximated with 0.02 kg/kg for

both samples (beech: 0.037 kg/kg, pine: 0.016 kg/kg – compare Table 1). All measured glu-

cose in wheat was assumed to be cellulose. All other organic substance, i.e. the remaining

monosaccharides, the uronic acids and the hemicellulose-glucose, was lumped into the hemi-

cellulose component. The sum of these four components is then normalized to one. Char

yields from commerical cellulose, lignin and xylan samples were measured, rounded, and

then used to distribute the char among the biomass components (see supporting informa-

tion). For modelling, 10 % of the char was associated with cellulose, 30 % with hemicellulose

and 60 % with lignin. It was assumed that extractives are completely volatilizable. The

model composition of the six biomasses, based on the above, is summarized in Table 2.

From isothermal experiments following the same procedure as for the native biomasses,

pyrolysis activation energies of 60 kJ/mol for extractives, 120 kJ/mol for xylan/hemicellulose,

125 kJ/mol for lignin and 185 kJ/mol for cellulose were obtained. Data from these measure-

ments can be found in the supporting information.

The thermogravimetric data measured in inert atmosphere was then used to determine

kinetic parameters of the four pyrolysis reactions. This was carried out in two steps. In the

first step, fitting was done by simulating a large series of conversion curves for the isothermal

Table 2: Composition wi,0 used in the reaction kinetics model. Data calculated from com-
position analysis (compare Table 1). See text for discussion.

Beech wood Pine wood Sunflower Wheat straw Wood pellets I1 Wood pellets I2

XTR 0.019 0.090 0.085 0.038 0.070 0.070
HC 0.183 0.207 0.217 0.261 0.204 0.192
LIG 0.249 0.185 0.197 0.091 0.189 0.205
CELL 0.320 0.375 0.256 0.384 0.383 0.372
CHAR 0.202 0.141 0.193 0.184 0.149 0.155
Ash 0.027 0.003 0.052 0.042 0.006 0.006
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experiments and finding kinetic parameter sets so that the root-mean-square deviations of

relative mass remaining and mass loss rate are minimized. The RMS-deviation is defined as

δϕ =

√∑
(ϕexp(t)− ϕsim(t))2

N
; ϕ = {m/m0, dm/dt} (11)

Due to numerical compensation effects, several combinations of {k0,pyr,i, npyr,i} can model the

data from isothermal experiments within a similar error range. Therefore, those parameter

sets which best fit the isothermal data were then checked against the data from the 5 K/min

experiments. The twenty combinations minimizing mass loss error (δm/m0) and those mini-

mizing error on the mass loss rate (δdm/dt) were compared to the constant heating rate data

in this second step. That parameter set from the reduced number of combinations which

minimizes the deviation in predicting the conversion rate (i.e., ϕ = dX/dt in the above

equation) within 373–773 K was then selected for each biomass. The procedure was repeated

iteratively to determine uniform npyr,i for the components, regardless of which biomass they

appear in (modelling assumption 4).

The same procedure was then applied to the isothermal experiments carried out in oxida-

tive atmosphere. The pyrolysis reactions were modelled by the kinetic parameters obtained

previously. For the simpler oxidation model (model I), the fitting procedure was run iter-

atively to determine a common activation energy for all biomasses. The remaining kinetic

parameters (k0, nox and nO2) for each biomass were then found by again simulating curves

with a large number of parameter combinations, and selecting those with minimal error. For

the more complex scheme (model II), activation energies for oxidation of the volatilizable

fractions were determined as 75 kJ/mol for extractives, 150 kJ/mol for xylan/hemicellulose,

120 kJ/mol for lignin and 225 kJ/mol for cellulose. These estimates are based on the behavior

of the commercial samples when subjected to the same heating program (see supporting in-

formation). In both model I and II (i.e. single- and component oxidation model), the models

for 20 % and 80 % oxygen were optimized simultaneously in order to determine the reaction
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order in oxygen. Again, the parameter sets that best fit the isothermal data are compared

to the non-isothermal experiments, and that set which best represents the conversion rate

between 373–773 K was chosen.

Char oxidation was assumed to be negligible in the temperature range below 523 K.

A simple kinetic calculation was carried out to check this assumption. Char in this case

refers to that fraction of the material which cannot undergo further devolatilization. We

assume this to be identical with the char as determined in the ultimate analysis. Branca

and Di Blasi16,18 suggest a single oxidation reaction with Ea = 185 kJ/mol for a completely

devolatilized biomass residue. This value was also used here. Pre-exponential factor and

reaction order in the solid conversion were then adapted to the experimental data to match

the char peaks apparent in Figure 2. The shift in char peaks from the experiments at 10 %

and 20 % oxygen apparent in the data can be represented with a reaction order between 0

and 1. Here, the reaction order in oxygen for char was fixed at 0.5, which falls within the

lower end of the range of values reported in the literature.14,25,46 It should be emphasized

that optimizing the kinetics for char oxidation is not in focus of this work.

4 Results and Discussion

The kinetic parameters fitted to the six biomasses are found in Tables 3, 4 and 5 for the py-

rolysis model, oxidation model I and oxidation model II, respectively. The same pyrolysis-

and char oxidation kinetics are used with oxidation models I and II. Modelled mass losses

compared well to the isothermal experiments for pyrolysis and both oxidation models. Fig-

ure 3 shows the comparison for model I. Results for oxidation model II are very similar and

can be found in the supporting information. Differences between the two oxidation models

were more apparent when compared to the experiments with a constant 5 K/min heating

rate (Figure 4). Results from this work show that some (but not all) parameters of the

kinetic models can be obtained from pure component studies. The models are evaluated
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Table 3: Kinetic data for the pyrolysis models. Differences between biomasses are modelled
by different pre-exponential factors k0,pyr. Apparent activation energies and reaction orders
of the components are uniform for all biomasses, with the exception of cellulose npyr: Beech:
0.9, Pine: 1.1, Sunflower: 1.7, Wheat: 2.0, Wood pellets I1: 1.1, Wood pellets I2: 1.1

Extractives Hemicellulose Lignin Cellulose

Ea,pyr [kJ/mol] 60 150 125 185
npyr [–] 2.5 3 4 (0.9–2.0)

k0,pyr [s−1]
Beech 1.6× 103 5.6× 1011 2.8× 108 4.30× 1013

Pine 8.0× 102 1.4× 1011 1.0× 108 8.02× 1012

Sunflower 1.2× 103 7.4× 1011 4.0× 107 7.94× 1013

Wheat 1.0× 103 3.2× 1011 4.0× 108 7.47× 1013

Wood pellets I1 4.0× 102 2.6× 1011 1.2× 108 1.36× 1013

Wood pellets I2 6.0× 102 1.4× 1011 1.2× 108 1.06× 1013

Table 4: Oxidation model I: kinetics for oxidation of a lumped volatilizable component and
char. The same char kinetics are used in oxidation model II.

Extr./Hemicell./Lig./Cell Char

Ea [kJ/mol] 130 185

k0 nox nO2 k0 nox nO2

[s−1] [–] [–] [s−1] [–] [–]

Beech 2.00× 107 2.2 0.45 5.7× 109 1.0 0.5
Pine 1.04× 107 1.25 0.40 5.0× 108 0.55 0.5
Sunflower 1.62× 107 2.5 0.50 5.0× 108 0.65 0.5
Wheat 1.49× 107 1.6 0.50 5.7× 109 1.0 0.5
Wood pellets I1 7.52× 106 2.2 0.45 1.1× 109 0.8 0.5
Wood pellets I2 5.60× 106 2.5 0.45 4.2× 108 0.5 0.5
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Table 5: Model II: kinetic data for the component-dependent oxidation model. Differences
between biomasses are modelled by different pre-exponential factors k0,ox and reaction orders
in oxygen nO2 . Apparent activation energies and reaction orders of the components are uni-
form for all biomasses, with the exception of cellulose nox: Beech: 2.2, Pine: 0.6, Sunflower:
3.7, Wheat: 1.8, Wood pellets I1: 0.9, Wood pellets I2: 1.0. Char kinetic data is the same
as in Table 4

Extractives Hemicellulose Lignin Cellulose Char

Ea,ox [kJ/mol] (75) 200 120 225 185
nox [–] (1) 1.6 2.5 (0.6–3.7) (0.5–1.0)

k0,ox [s−1]
Beech 0 2.45× 1015 1.55× 106 2.5× 1013 5.7× 109

Pine 0 5.0× 1014 1.0× 105 5.5× 1012 5.0× 108

Sunflower 0 6.5× 1014 3.9× 105 2.5× 1013 5.0× 108

Wheat 0 1.0× 1015 6.7× 105 4.0× 1013 5.7× 109

Wood pellets I1 0 4.0× 1014 1.0× 105 6.5× 1012 1.1× 109

Wood pellets I2 0 8.5× 1014 1.0× 105 4.5× 1012 4.2× 108

nO2 [–]
Beech – 0.4 0.5 1.1 0.5
Pine – 0.4 0.6 1.1 0.5
Sunflower – 0.5 0.7 1.1 0.5
Wheat – 0.5 0.7 1.1 0.5
Wood pellets I1 – 0.5 0.6 1.1 0.5
Wood pellets I2 – 0.3 0.7 1.1 0.5

23



0.4

0.5

0.6

0.7

0.8

0.9

1

Beech

m
/m

0
(d

ry
)

[m
g/

m
g]

exp. 0 % O2

exp. 20 % O2

exp. 80 % O2
Pine

mod. 0 % O2

mod. 20 % O2

mod. 80 % O2

0.4

0.5

0.6

0.7

0.8

0.9

1

Sunflower

m
/m

0
(d

ry
)

[m
g/

m
g]

Wheat

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5000 10000 15000 20000

Wood pellets I1

m
/m

0
(d

ry
)

[m
g/

m
g]

time [s]

5000 10000 15000 20000 25000

Wood pellets I2

time [s]

Figure 3: Oxidation model I: comparison of isothermal experiments and models for six
biomasses, assuming that the oxidation of hemicellulose, cellulose, lignin and extractives can
be modelled by the same set of kinetic data. Kinetic parameters are listed in Tables 3 and
4.
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for numerical, rather than physical or chemical accuracy – i.e., the model representations of

extractives, hemicellulose, lignin and cellulose cannot fully capture the complex behavior of

these components as they are found in the biomasses. Additionally, structural influences and

component interactions are neccessarily convoluted in the kinetic parameters in the proposed

scheme of independent and parallel reactions.

Results from modelling pyrolysis and oxidation kinetics are discussed separately below.

4.1 Pyrolysis kinetics

The kinetic parameters found could explain the experimental data both for the isothermal

experiments and those at 5 K/min. Table 6 lists the scaled root-mean-square deviations be-

tween model and experiment. Scaled deviations between model and measurement are similar

in magnitude to the scaled deviations among repeated experiments (compare section 2.2).

The values found for the activation energies are moreover in good agreement with those

found in the literature (e.g., as reviewed in35,47).

An initial loss of mass (423–443 K) could be associated with high amounts of extractives

in pine and sunflower (both 9 %), although this effect was absent in both wood pellet samples

(each 7 % extractives), compare Figures 1, 3 and Table 1. The model predicts that extrac-

Table 6: Scaled root-mean-square deviations (δS,ϕ) between modelled and measured data in
inert atmosphere. ”Isothermal” refers to the stepwise isothermal experiments, ”ramp” to
those at constant heating rate 5 K/min.

δS(m/m0) δS(dX/dt)

Experiment isothermal ramp isothermal ramp
[%] [%] [%] [%]

Beech 0.84 3.60 10.23 2.22
Pine 4.44 6.51 10.33 7.16
Sunflower 1.83 5.13 12.05 6.07
Wheat straw 2.40 4.39 9.64 3.62
Wood pellets I1 5.13 4.95 12.10 5.31
Wood pellets I2 4.75 5.68 15.61 6.38
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tives are pyrolyzed to a large degree (70–90 %) in the isothermal experiments. However,

extractives make up only a small part of the biomasses. In the full temperature range of the

isothermal experiments, 423–523 K, pyrolysis of the six biomasses is dominated primarily by

the decomposition of hemicellulose (25–65 % conversion) and, secondly, of lignin (15–25 %).

An exception is sunflower husk pellets, where the model predicts a slightly lower mass loss

of lignin compared to cellulose (6 % and 10 %, respectively). Modelled mass losses of the

cellulose component are otherwise low in this temperature range (1–11 %). Additionally,

pure cellulose did not show any significant pyrolytic conversion below 503 K (see supporting

information). In the experiments at 5 K/min heating rate, a near-complete devolatilization

of all biomass samples is observed. This is also captured in the model, as conversion rates

approach zero at 773 K in Figure 4.

The activation energy found in the xylan experiments, 125 kJ/mol, does not represent the

hemicellulose components of all biomasses in the 5 K/min constant-heating-rate experiments

very well. An increased value of 150 kJ/mol provides a better agreement between model and

measurement. This can be justified by the inhomogeneous nature of hemicellulose (compare

Table 1), which varies among plant species.37,48,49 Thermal behavior of hemicelluloses may

differ substantially, depending on their composition.37,50–52 Xylan is thermally less stable

than most other hemicelluloses.51 A higher activation energy for the heterogeneous hemicel-

luloses of the six biomasses is therefore plausible.

Owing to its low conversion in the isothermal experiments, the free parameters of the

cellulose component in the pyrolysis model (k0,pyr,CELL and npyr,CELL) could not be reliably

established from the isothermal experiments. Kinetic parameters were therefore adapted to

match the peak seen in the conversion rate/temperature plots (Figures 1 and 4). Inorganic

elements present in the biomass are known to catalyze pyrolysis of the cellulose compo-

nent.36,53 For several biomasses, it has been shown that the temperature of peak conversion

rate is decreased with increasing potassium content.36,54,55 The data for the biomasses in-

vestigated here agree with these reported trends, and this can be used to calculate the
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pre-exponential factors k0,pyr,CELL of cellulose pyrolysis from the potassium content. For an

activation energy of 185 kJ/mol, the pre-exponential factors can be linearly correlated with

the potassium mass fraction wK by

k0,pyr,CELL = (9.34× 1015 · wK + 2.37× 1012 ± 2.29× 1012) · s−1 (12)

to reproduce the temperatures of peak decomposition rate. Details can be found in the

supporting information. The apparent reaction order in the solid was then set to match the

value of the peak decomposition rate. Catalytic effects of inorganic elements have also been

used to model hemicellulose pyrolysis.56 In our experiments, catalytic effects seemed to be

smaller than compositional effects for hemicellulose pyrolysis. The inorganic content could

therefore only be used to predict cellulose kinetic parameters, but not those of the other

components.

The different biomasses can be compared in an Arrhenius plot, Figure 5. The sum of the

modelled rate constants ki is plotted over 1/T , i.e.

ktot(T ) =
∑
i

k0,i · exp

(
− Ea,i

R · T

)
; i = {XTR,HC,LIG,CELL} (13)

In the above expression, ktot does not take the degree of conversion into account, since this

depends on the time-temperature history of the samples. The slope of a curve on an Ar-

rhenius plot is proportional to −Ea/R, i.e., the thermal behavior of the biomasses can be

compared in this way. The plot shows a high-temperature and a low-temperature regime for

all six biomasses, with a transition region at ca. 450–550 K. At temperatures below the tran-

sition region, the slope of the curves approach that of the extractive component (60 kJ/mol).

For temperatures above the transition region, the slope of the curve roughly corresponds to

that given by the hemicellulose component (150 kJ/mol), and would asymptotically approach

that of the cellulose component if extrapolated further (above ≈1000 K). In practical exper-

iments, the hemicellulose is depleted already at lower temperatures, so the measured rates
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become dominated by cellulose kinetics around 600 K (see e.g.18,35,40,57). By comparison wih

Figure 2, the transition region (450–550 K) is not well resolved in experiments with constant

heating rate of 5 K/min or above, which make up the majority of TG-data reported in the

literature. This may explain why models fitted to such data do not explain kinetics at these

temperatures (and below) very well. The plot also illustrates the relative reactivity of the six

biomasses. Sunflower has the highest reaction rate over the entire temperature range, while

the reactivity of wheat increases most over the range evaluated. This compares well to ex-

perimental data (Figures 1 and 2). Pine appears more reactive at low temperatures and less

reactive at high temperatures. This can be explained by its high amount of extractives (low

temperature behavior, <500 K) on one hand, and by the low reactivity of its hemicellulose

and cellulose components (see k0,pyr in Table 3) on the other (high temperature behavior,

>550 K). In comparison, wheat has a high content of cellulose and a low content of lignin,

resulting in a steeper gradient (high activation energy of cellulose component) at the high

temperature end of the graph than those seen for other biomasses. The model behavior in

the transition zone is explained by both the composition and the reactivity of the individual

components. The analysis also shows that no single property of the biomass determines its

pyrolysis behavior over the entire temperature range. Rather, rates appear to change from

being extractives-dominated, to a hemicellulose-controlled range, and finally to a combined

cellulose-hemicellulose controlled regime.

4.2 Oxidation kinetics

Both oxidation models I and II are in agreement with data from the stepwise isothermal

experiments at 20 % and 80 % oxygen concentration. In model I, an apparent activation

energy of 130 kJ/mol describes the oxidation of the volatile fractions of extractives, hemi-

cellulose, lignin and cellulose in the temperature range of 423–523 K. The corresponding

reaction orders in oxygen are between 0.4 and 0.5 (model I, Table 4). Similar rates are found

in this region as the sum of hemicellulose, lignin and cellulose kinetics (model II, Table 5).
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Both oxidation models give a quality of fit similar to the pyrolysis models, where the quality

of fit is measured by the scaled root-mean-square deviations between model and experiment

(see supporting information). From the standpoint of numerical accuracy, there is no reason

to prefer one model over the other in describing the TGA-experiments. The reason why

model II, despite its larger number of parameters, does not give a significantly better fit may

be due to the constraints placed on some of these parameters – most notably, setting the

activation energies to constant values derived from pure component measurements.

The most apparent difference between models I and II is how the overlap between hemi-

cellulose and cellulose oxidation is described at temperatures within 520–670 K, Figure 4.

Model I predicts a flatter conversion rate profile, with lower peak rates (pine, wood pellets)

and a more smooth drop in coversion rates. The higher maximum conversion rates of pine

and both wood pellets (0.0014 s−1, 0.0012 s−1) can be modelled by initially low cellulose ox-

idation rates, that rapidly accelerate at higher temperatures (>550 K). However, the lower

reactivity of cellulose at temperatures below ≈550 K is compensated by a higher hemicellu-

lose reactivity to model the mass loss observed in the stepwise isothermal experiment (model

II). This leads to an over-estimation of conversion rates between 520–570 K (Figure 4, espe-

cially pronounced for both wood pellet samples and pine). The onset behavior (≈450–520 K)

of sunflower in the 5 K/min experiments is only approximated by the pyrolysis model and

both oxidation models. This could possibly be traced to the parameters of the hemicellulose

model.

Differences in modelling the individual components also appear in the stepwise isothermal

experiments, although nearly the same total mass loss is predicted by both models for each

biomass. The general trend is that model I predicts higher conversion of the cellulose com-

ponent and a lower hemicellulose conversion up to 523 K, compared to model II. In model I,

conversion of hemicellulose is within 45–70 % for the six biomasses, lignin within 30–55 % and

cellulose 25–55 %. In comparison, model II predicts 55–90 % conversion for hemicellullose,

20–65 % for lignin and 5–25 % for cellulose. In general, the conversion of the components is
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qualitatively proportional to the total conversion for the six biomasses, i.e., biomasses with

a high degree of conversion of hemicellulose also have high degrees of conversion of lignin

and cellulose. More details can be seen in the supporting information. Predicted conversion

of extractives does not differ much between the two oxidation models and is in the range of

70–90 % for the six biomasses. The values given refer to conversion as the combined effect

of pyrolysis and oxidation.

The apparent activation energy for oxidation found in model I (130 kJ/mol) falls in the

middle of the range of values reported in the literature (90–210 kJ/mol)6,10,11 . It should be

noted that these literature values were derived without separating oxidation and pyrolysis

reactions. Activation energies found for model II are also comparable to those reported in the

literature: 70–294 kJ/mol for hemicellulose, 54–289 kJ/mol for lignin and 70–295 kJ/mol for

cellulose.13,14,17,23–25,45 A direct comparison is difficult owing to the different reaction models

chosen by different authors. As for the pyrolysis model, the apparent activation energy for

hemicellulose (200 kJ/mol) was set higher than that of the xylan experiments (150 kJ/mol).

Apparent reaction orders in oxygen of the cellulose component are slightly > 1, which is

somewhat unexpected, and probably a result of the numeric fitting routine. For model II,

no contribution of extractives oxidation was found. This will be discussed further below.

The oxidation models can be compared using the same type of Arrhenius plot as for the

pyrolysis experiments, as shown in Figure 6. Both models are evaluated as combined rates of

oxidation and pyrolysis reactions. Similar to the pyrolysis model, a transition region around

450–550 K can be seen. In the low temperature range of the plot (<450 K), the overall

apparent rate is mainly dependent on the pyrolysis of extractives (Ea = 60 kJ/mol). The

contribution of the oxidation reaction is more pronounced from 500 K and upwards (compare

Figure 5), which is also where predictions of the two oxidation models begin to diverge. Model

II generally predicts higher rates ktot, while the order of biomasses with respect to reactivity

is similar in both models over a broad temperature range (with sunflower, wheat and beech

the most, and wood pellets I2 and pine the least reactive above 525 K). In comparison
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Figure 6: Arrhenius plot of the oxidation models for model I (top) and II (bottom), evaluated
at pO2 = 20 kPa. Solid lines represent the interval 423–523 K of the stepwise isothermal
experiments. The dashed lines extend to 373 K and 773 K, respectively, covering the range
of the constant heating rate experiments. The insets magnify the region 465–540 K.
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with measured data (Figures 1 and 2), conversion rates of beech and wheat exceed those

of sunflower at higher temperature (>503 K in Figure 1). This is also reflected in the pre-

exponential factors in both oxidation models (Tables 4 and 5), but not seen in the Arrhenius

plot for model I, and visible only for temperatures above 550 K in model II. For model II, the

rates ktot are strongly influenced by the pre-exponential factor for oxidation of cellulose (Table

5) above 525 K, so that beech is modelled most reactive at higher temperatures (>625 K). For

model I, the pyrolysis kinetics of cellulose determine the order of biomasses on the Arrhenius

plot. The contribution of the global oxidation reaction to the modelled rate is weak, owing

to its lower activation energy (Eox = 130 kJ/mol, compared to Epyr,CELL = 185 kJ/mol and

Epyr,HC = 150 kJ/mol).

Conversion-free rates ktot can also be calculated from published reaction mechanisms

for pine.13,14,17 The model presented in14 gives ktot-rates very similar to model I. The model

presented in13 for pine is also in fair agreement with our model II from temperatures of 500 K

and above, and gives rates ktot that are slightly higher below this temperature. Evaluating

a third model17 gave significantly higher rates than the ones found here.

The absence of extractives oxidation in model II was unexpected, as spontaneous oxida-

tion of extractives can occur at very low temperatures (303–323 K)1,2 and with low activation

energies (as low as 55–60 kJ/mol).1,7 Reactions at very low temperatures (<400 K) and with

low activation energies are difficult to detect in the experimental program used, however.

As briefly discussed above, the rate ktot becomes increasingly dominated by higher activa-

tion energy reactions (especially of hemicellulose) with higher temperatures, and reactions

with Ea < 60 kJ/mol are drowned out. At the low temperature stage of the isothermal

experiments (423 K), the lowest measurable reaction rates were in order of 10−6 s−1, and this

is also represented in the model (compare Figures 5 and 6). At this point, mass loss due

to pyrolysis and oxidation could not be distinguished (Figure 3). Oxidation of extractives

would therefore require significantly higher rates than those of their pyrolysis to be visible

in the experiments. Moreover, extractives could also have been partially evaporated rather
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than pyrolyzed or oxidized in the experiments. Boiling points of C8:0–C18:0 fatty acids are

in a range of 510–630 K, with corresponding enthalpies of evaporation 50–122 kJ/mol.

Similar to the pyrolysis kinetics, no clear correlation between composition (Table 1) and

reactivity (Figure 6) was found. One trend that can be seen is that biomasses rich in potas-

sium (sunflower, wheat; and to a lesser extent, beech) are more reactive at temperatures

above ≈500 K than those with low amounts of alkali and alkaline earth metals (pine, both

wood pellet samples). This tendency agrees with the trend observed for pyrolysis. Qualita-

tively, the same observation as for pyrolysis can be made: total reaction rates are dominated

by (pyrolysis) extractive kinetics at low temperatures (<450 K) and become increasingly

controlled by hemicellulose and cellulose at higher temperatures (model II) or the combi-

nation of oxidation of the lumped volatilizable species and pyrolysis of hemicellulose and

cellulose (model I). The role of lignin is difficult to distinguish, and its reactions appear to

take place in the background. Consequentially, the kinetic parameters determined for the

lignin component in model II (Table 5) are very similar to the global parameters determined

in model I (Table 4) for the lumped volatilizable component.

5 Conclusions

Owing to its high reactivity at low temperatures, biomass may self-heat and spontaneously

ignite when kept or processed in hot environments (>423 K) such as power plant mills.

Thermogravimetric analysis of stepwise isothermal experiments at 423–523 K was carried

out for six biomasses: two wood species (beech, pine), two commercial wood pellet samples,

and two agricultural residues (wheat straw and pelletized sunflower husks). These data

were modelled by a reaction scheme considering oxidation and pyrolysis separately, and by

modelling biomass as the sum of volatilizable hemicellulose, cellulose, lignin and extractives,

as well as a non-volatilizable, combustible fraction (char), and ash as inert component.

The pyrolysis model (Table 3) of four volatilizable components was in good agreement with
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measured data in nitrogen atmosphere. The mechanisms also compared favorably to further

experiments carried out between 373–773 K at a constant heating rate of 5 K/min.

For the oxidation process, two different approaches were considered. In the first model

(model I, Table 4), the volatilizable components were treated as a lumped species, i.e. mod-

elled by the same oxidation kinetic parameters. In an alternative model (model II, Table

5), the oxidation of volatilizable hemicellulose, cellulose, lignin and extractives were treated

separately. Both models compared well with experimental data for stepwise isothermal ex-

periments at 423–523 K in 20 % and 80 % oxygen atmosphere. Oxidation (globally, i.e. for the

lumped volatilizable component) had an apparent reaction order in oxygen of 0.4–0.5. The

oxidation models could with fair accuracy also be applied to experiments at 373–773 K with

a constant heating rate of 5 K/min under 10 % and 20 % oxygen atmosphere. Differences

between the two oxidation models were mainly found in the predicted degree of conversion of

hemicellulose and cellulose. For the global mass loss in the temperature range of 423–523 K,

the simpler oxidation model is considered as sufficiently accurate, and considering oxidation

of the components separately does not offer an advantage.

Some simplifications to the oxidation and pyrolysis models were possible. It was found

that activation energies for the biomass components could be set to the same value, re-

gardless of which biomass they appear in. In this work, activation energies were fixed to

values derived from experiments on commercial cellulose, lignin and xylan samples. This is

to be understood as a numerically, rather than physically correct description of the mass loss

kinetics. Values found for activation energies were consistent with those published in the

literature. The models developed here mainly differ from previous work in the description

of the low temperature range (423–523 K). This could especially be seen in a change from

a low-temperature regime <450 K, which appeared dominated by extractive kinetics, to a

higher temperature regime >500 K, which is controlled mainly by reactions of hemicellulose

and, to a lesser extent, by cellulose (Figures 5 and 6). Biomass rich in extractives (sun-

flower, pine) correspondingly appeared most reactive at the lower end of the investigated
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temperature range, whereas biomass with large potassium content (possibly catalyzing cel-

lulose conversion) showed larger mass loss rates (wheat, sunflower) at the upper end of the

temperature range.

The kinetic models presented here can be used in simulations of low temperature conver-

sion processes, especially self-heating, self-ignition and smoldering combustion of pulverized

biomass. While some trends could be observed, there does not appear to be a strong cou-

pling between any single component and the observed reactivity of the different biomasses.

Further research combining composition information and kinetic parameters may be able to

shed more light on the relation between the two.

Supporting Information

The supplementary material contains a comparison of two models from the literature with

measured data from this work, showing that models fitted to classical TGA-experiments do

not represent low temperature mass loss very well. It further contains: an assessment of

kinetic control in the TG-experimnets; data from cellulose, lignin, xylan and rapeseed oil

experiments; as well as additional information on the modelled conversion of components for

the biomasses used.
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Symbols and abbreviations

symbol quantity base units

Bi Biot number –

Ea apparent activation energy J mol−1

k reaction rate s−1

k0 pre-exponential factor s−1

m mass kg

N number of data points –

n apparent reaction order –

p pressure Pa

R universal gas constant J mol−1K−1

T temperature K

t time s

w mass fraction kg kg−1

X conversion –

δϕ deviation of ϕ units of ϕ

δS,ϕ scaled deviation of ϕ –

indices

0 initial

exp experiment

f final

ox oxidation

pyr pyrolysis

ref reference

sim simulation
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vol volatilizable

CELL cellulose

HC hemicellulose

LIG lignin

XTR extractives

abbreviations

RMS root-mean-square

TGA thermo-gravimetric analysis
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(48) Ebringerová, A.; Hromádková, Z.; Heinze, T. Polysaccharides I ; Springer-Verlag, 2005;

pp 1–67.

(49) Chen, H. Biotechnology of Lignocellulose; Springer Netherlands, 2014.

(50) Beall, F. C. Differential calometric analysis of wood and wood components. Wood Sci-

ence and Technology 1971, 5, 159–175.

(51) Werner, K.; Pommer, L.; Broström, M. Thermal decomposition of hemicelluloses. Jour-

nal of Analytical and Applied Pyrolysis 2014, 110, 130–137.

(52) Dussan, K.; Dooley, S.; Monaghan, R. Integrating compositional features in model

compounds for a kinetic mechanism of hemicellulose pyrolysis. Chemical Engineering

Journal 2017, 328, 943–961.

(53) Antal, M. J.; Varhegyi, G. Cellulose Pyrolysis Kinetics: The Current State of Knowl-

edge. Industrial & Engineering Chemistry Research 1995, 34, 703–717.
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Supporting Information

Reproduction of published experiments

Some published experiments were reproduced to ensure the validity of the thermogravimetric

measurements. Grønli et al.1 published a round-robin study on pyrolysis of cellulose. The

experiment at 5 K/min was reproduced and compared to the model published in.1 The

measured peak decomposition rate temperature in this experiment was on the higher end

(605 K) of the range reported in the original study (600 K± 5 K), Figure 1. Instead of Avicel

cellulose, cellulose from Sigma-Aldrich was used. Total gas flow rate was 150 mL/min of

nitrogen.

Two experiments for pyrolysis of pine published by Grønli et al.2 and Anca-Couce et al.3
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Figure 1: Reproduction of a round-robin study on cellulose pyrolysis kinetics. Model data:,1

experimental data: cellulose, 5 K/min heating rate, 150 mL/min nitrogen

were also reproduced. Results are summarized in Figure 2. Of the models presented by Grønli

et al.,2 the biomass named ”pine A” showed a better agreement with the measured data in

this work. The model consists of four components, extractives, hemicellulose, cellulose and

lignin.2 Anca-Couce et al.3 consider only hemicellulose, cellulose and lignin as components.

The experimental in this work was measured at a constant heating rate of 5 K/min and a

nitrogen flow rate of 150 mL/min. The measured data shows slightly higher conversion rates

than either model below 523 K. Between 550–650 K, experimental data of this work falls

between the two models.2,3

A comparison between the kinetic models2,3 and experiments carried out at 423–523 K is

shown in Figure 3. The experiment consisted of six isothermal holding stages (423 K, 443 K,

463 K, 483 K, 503 K and 523 K) held for one hour each, with rapid heating of 10 K/min

between stages and to reach the first iosthermal stage. Gas flow rates were 150 mL/min of

nitrogen. Experiments reported by Grønli et al.2 were originally carried out at 383–773 K,

5 K/min heating rate and 150 mL/min nitrogen flow. Anca-Couce et al.3 report data for
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Figure 2: Reproduction of published TGA experiments on pine pyrolysis kinetics. Model
data from2 refers to species ”pine A”, model data from3 is the model with three compo-
nents hemicellulose, cellulose and lignin. Experimental data: pine, 5 K/min heating rate,
150 mL/min nitrogen
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Figure 3: Extrapolation of published pine pyrolysis kinetics. Model data from2 refers to
species ”pine A”, model data from3 is the model with three components hemicellulose,
cellulose, lignin. Experimental data: pine, 150 mL/min nitrogen, six isothermal stages at
423 K, 443 K, 463 K, 483 K, 503 K and 523 K held for one hour each.

3



473–723 K and heating rates 2.5–10 K/min, so that the models presented in2,3 are strictly

only valid under those conditions. The comparison shows that the models do not extrapolate

very well to low temperatures and low heating rates or isothermal conditions. The model of

Grønli et al.2 predicts mass loss well during the first three isothermal stages 423–463 K, but

overpredicts mass loss for higher temperatures. The model by Anca-Couce et al.3 predicts

lower mass loss rates than measured between 423–463 K, and higher rates than measured for

483–523 K.

Kinetic control

Experiments under transient heating conditions can become limited by heat transfer, if heat

transfer to and within the particle are not significantly faster than reaction rates.4 Heat

transfer limitations in the pyrolysis experiments were checked against criteria presented by

Hayhurst.5 Following that work, experiments with transient heating need to satisfy:

Bi = 0.6
Nu

2

λg

λs

< 0.1 (1)

where Bi is the Biot number, Nu the Nusselt number and λg and λs the thermal conductivities

of gas and solid, respectively. Approximating Nu = 2 for spherical particles in near stagnant

flow,5 as well as biomass solid thermal conductivities λs = 0.12–0.18 W/(m K)6 and thermal

conductivity of air or nitrogen 0.04 W/(m K) at 523 K,6 Bi = 0.13–0.2. This value is slightly

higher than that used in the literature,5 yet still smaller than unity (equal timescales of

external and internal heat transfer). As discussed in,5 the above expression does not depend

on particle size, if gas velocities are low enough that size influences on Nu are negligible.

The Biot number was also estimated for the entire sample, i.e. the crucible with the

particle bed. The crucible is approximated as a spherical object in near-stagnant flow, so that

Nu = 2. Thermal conductivity of the crucible material (alumina) is one order of magnitude

higher than that of wood (λ ≈ 2 W/(m K)), so that it does not limit heat transfer through

4



the bed. Thermal conductivity of the particle bed depends on the thermal conductivities of

solid particles and interstitial gas, as well as the porosity φ of the bed. Assuming loosely

packed beds, φ = 0.5–0.8, and an effective thermal conductivity7 of

λeff = φλg + (1− φ)λs (2)

Biot-numbers for the sample evaluate to 0.2–0.4. Temperature in the sample bed is therfore

mainly, but not exclusively controlled by external heat transfer. Approximate kinetic control

was nevertheless assumed, as Bi < 0.1 is difficult to achieve in practice.5

As internal heat transfer is faster than external heat transfer, the external Pyrolysis

number Py, i.e. the rate of external heat transfer to reaction rate,4 was evaluated. To

assume kinetic control, in addidition to Bi � 1, the timescale of reactions must be much

larger than that of heat transfer, Py = τkin/τheat � 1, where τkin is the kinetic timescale and

τht the heat transfer timescale. The criterion gives a maximum value for the particle radius

r:5

2 ρ cpr
2

3 Nuλg

< 0.1 · τkin (3)

where ρ is the density of the solid and cp its specific heat capacity. The kinetic timescale

is estimated as τkin = 1/k, where k are the modelled reaction rates. Reaction rates are

below 1× 10−3 s−1 for temperatures below 523 K. Assuming ρ = 600 kg/m3,6 and cp =

2000 J/(kg K),7 this allows for particle sizes up to 6 mm diameter. The above expression was

also used to calculate the critical rate for 250µm particles (the largest particle size used)

results in k = 0.6 s−1. Such rates were only predicted above 700 K for pyrolysis and above

625 K for the oxidation models. The same calculation was carried out for the entire bed

of particles, i.e. for lower densities (bulk density instead of solid density). Again assuming

Nu = 2 and using the bed depth (1/3 · 4 mm) instead of the particle radius, critical reaction

rates would be reached at temperatures of 555 K (20 % oxygen, φ = 0.5), 570 K (20 % oxygen,

5



φ = 0.8), 590 K (pyrolysis, φ = 0.5) and 620 K (pyrolysis, φ = 0.8). Critical temperatures

are lower for the oxidation experiments as total reaction rates are higher when oxygen is

present.

In the oxidation experiments, lack of oxygen can inhibit kinetic control in addition to

possible heat transfer limitations. For the loosely packed sample in the crucible, diffusion

through the bed is the main mode of mass transfer. The ratio of oxygen consumption to

oxygen diffusion can be expressed by a Damköhler number Da. In this work, it was estimated

by:

Da =
k(T ) · f(pO2)CO2,stoich L

2

DCO2,amb

(4)

where k(T )·f(pO2) is the reaction rate including oxygen partial-pressure dependency, CO2,stoich

the concentration of oxygen required for complete conversion (i.e., molar amount of oxygen

per unit volume occupied by the sample), CO2,amb the concentration of oxygen in the sur-

roundings and D the diffusion coefficient. L is a characteristic length, in this case, the sample

depth, 1.3 mm (one third of the crucible height). Kinetic control is given for Da � 1. The

kinetic expression was evaluated for wheat, using the rate of oxidation model I. The diffusion

coefficient was estimated by

D = 1.5× 10−5

(
T

Tref

)1.75

; Tref = 300 K (5)

Stoichiometric oxygen demand can be calculated from the elemental composition. Ambi-

ent oxygen concentrations were calculated assuming a pressure of 101 325 Pa, 20 % oxygen,

and by assuming sample and surroundings in thermal equilibrium. Based on these values,

diffusion is much faster than consumption of oxygen (Da < 0.1) for T < 570 K.

Thermal runaway of samples can occur when heat is (locally) released faster than it

can be dissipated by internal heat transfer. Such possible self-ignition of the sample was

6



evaluating the dimensionless Frank-Kamenetskii parameter8 δ:

δ =
hR ρ

λeff

Ea

RT 2
L2 · k(T ) · f(pO2) (6)

where the mass-specific enthalpy of reaction hR was set equal to the lower heating value

of wheat (18.2 MJ/kg), the bulk density of the sample was ρ = 97 kg/m3, the effective

thermal conductivity of the sample λeff = 0.07 W/(m K). The sample depth was used as

characteristic length L. According to the theory of thermal explosions, samples are stable,

i.e., do not self-ignite, when δ < δcrit. The critical values δcrit depend only on geometry,

and are given as 0.88 for infinite slabs, 2.00 for infinite cylinders and 3.23 for spheres.8 In

the worst-case assumption, the sample was treated as an infinite layer. Evaluating δ as a

function of temperature T gave a critical temperature of 530 K. Assuming the sample can be

represented by a sphere resulted in Tcrit = 555 K. Repeating this calculation for 80 % oxygen,

i.e. higher reaction rates, gave critical temperatures of 520 K and 540 K, respectively. Heat

release kinetics are likely overestimated in the above calculation, as the smoldering conversion

typical of the temperature range investigated leads to highly incomplete conversion9 (and

thus lower heat release). Additionally, thermal runaway should be fairly easy to observe

if it occured at low heating rates or during the isothermal stages – however, no excessive

(uncompensated) self-heating was measured in any of the experiments.

In conclusion, which transport limitation is most critical with respect to assuming kinetic

control depends on the type of experiment. The largest concern in experiments with constant

heating rate was the Biot-number. For the stepwise isothermal experiment, this can be

neglected, as the transient phases are short compared to the isothermal holding periods.

As discussed by Hayhurst,5 the Biot-number depends largely on material properties, and

values 1 < Bi < 0.1 are difficult to avoid for biomass. Possible self-ignition of the sample

could be a concern in experiments with oxygen present. By conservative estimate, samples

may come close to thermal runaway during the TG-experiments. Thermal runaway was

7



however not observed experimentally. Diffusion limitations were found to be negligible in

the temperature range of interest. All estimations of critical parameters were carried out

by neglecting the influence of conversion on reaction rates. Measured conversion rates were

much lower (< 0.0015 s−1) than the reaction rates (compare the Arrhenius plots) used in the

above calculations, so that the critical parameters include a considerable safety margin. The

stepwise isothermal experiments are expected to be free from transport limitations, even if

the above strict criteria are applied.

Kinetic data for cellulose, lignin, xylan and rapeseed oil

Kinetic parameters for the model components extractives, hemicellulose, lignin and cellu-

lose were determined by thermogravimetric analysis and using the same time-temperature

programs as for the six biomass samples. Rapeseed oil was used as a model compound for

extractives. To simulate extractives bound in a matrix (i.e. as opposed to a bulk liquid), the

oil was mixed in a ratio of 1:1 by weight with SiO2 as an inert substrate. The consistency

of the mixture was that of a thin paste. Alternative mixtures of rapessed oil and cellulose,

and of linseed oil and either SiO2 or cellulose were also investigated, but gave qualitatively

similar results. As a model compound for hemicellulose, xylan (from cornstalk; abcr Chemie

AB143294) was used. Lignin and cellulose were also acquired from a commercial supplier

(alkali lignin: Sigma-Aldrich 471003, and cellulose powder: Sigma-Aldrich C6288).

Char yields of the model components were measured by heating in inert atmosphere

at 5 K/min to 773 K, holding that temperature for 30 minutes, followed by a burnoff under

10 % oxygen and 10 K/min heating rate to 973 K. Results of the heating in inert atmosphere

are summarized in Figure 4 for xylan, lignin and cellulose. Extractives were assumed to be

completely volatilizable, either by pyrolytic decomposition or by evaporation. The residues

at 773 K were approximately 9 % for cellulose, 25 % for xylan and 65 % for lignin. On

burnout, cellulose and xylan left no residue, while the lignin sample left around 5 % ash

residue. Char ratios of the three components were therefore 9:25:60 (cellulose:xylan:lignin),

8
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able fractions of hemicellulose, cellulose and lignin. Xylan was used as a hemicellulose model
component.

which was rounded to 10:30:60 in the model.

Activation energies of extractives, hemicellulose, lignin and cellulose were determined by

the same stepwise isothermal heating program used for the six biomasses: holding for one

hour each at 423 K, 443 K, 463 K, 483 K, 503 K and 523 K, with rapid heating (10 K/min)

to reach the first isothermal period and in between isothermal stages. Experiments were

carried out under 0 %, 20 % and 80 % oxygen. Kinetic parameters were then obtained by the

same model as for the six biomasses, i.e. total conversion rate is the sum of pyrolysis and

oxidation rate

dXi

dt
= kpyr, i · (1−Xi(t))

npyr, i + kox, i · (1−Xi(t))
nox i ·

(
pO2

pref

)nO2,i

(7)

for each component i. Reactions were assumed to be n-order and reaction rates k were

modelled by an Arrhenius-expression as outlined above. Kinetic parameters were found by

a least-square fit of the reaction model to the measured data. This was carried out in two
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steps: the parameters of the pyrolysis reaction {Ea, k0, npyr} were determined first from

experimental data under 0 % oxygen. These parameters were then kept fixed, while those of

the oxidation reaction {Ea, k0, nox, nO2} were fitted. The numeric results are summarized in

Table 1, and modelled and experimental data are compared in Figures 5 through 8. The value

of the kinetic parameters depended to some degree on the final mass mf, i that was assumed

in their fitting. For xylan, lignin and cellulose, the remaining mass fraction for pyrolysis up

to 500 ◦C (Figure 4) was used. For the rapeseed-oil-SiO2 mixture, it was assumed that all

oil is reacted or evaporated and only the inert substrate remains.

Over the temperature range 423–523 K, xylan showed the highest mass loss. However,

lignin and the rapeseed-oil-SiO2 mixture have high ’baselines’ of inert material (65 % and

50 %, respectively), so that the relative loss of reactive material is also considerable in the

temperature range investigated. Cellulose showed very little mass loss during the lower

temperature stages of the experiment, but reactions were found to rapidly accelerate beyond

503 K.

The overall beahvior of lignin interestingly resembled that of native biomasses from a

qualitative point of view. Similar to the native biomasses, its behavior is only approximated

by the combination of two n-order reactions for pyrolysis and oxidation. Rapeseed oil, xylan

Table 1: Kinetic parameters for volatilizable fractions of extractives, hemicellulose, lignin
and cellulose. Rapeseed oil mixed (50 % by weight) with SiO2 as inert substrate was used
as a model compound for extractives in a matrix. Xylan was used as a model compound for
hemicellulose.

Rapeseed oil+SiO2 Xylan Lignin Cellulose

mf/m0 [kg/kg] 0.5 0.25 0.65 0.09

Ea, pyr [kJ/mol] 58.9 118 126 184
k0, pyr [s−1] 2.02× 101 2.85× 109 5.63× 108 1.56× 1013

npyr [–] 1 6.98 7.51 1

Ea, ox [kJ/mol] 72.8 150 117 226
k0, ox [s−1] 8.85× 102 3.64× 10−5 2.41× 104 1.31× 1015

nox [–] 14.3 1 1.42 1
nO2 [–] 0.40 1 0.76 0.67
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and cellulose on the other hand showed very specific trends. The decomposition of xylan

did not appear to be affected by the concentration or presence of oxygen. The modelled

oxidation reaction has very low rates, so that the three model curves for 0 %, 20 % and 80 %

oxygen collapse onto the pyrolysis curve. Two explanations are possible: either oxidation of

xylan is very slow compared to its pyrolysis, or the experiment was not kinetically controlled.

Several researchers working in temperature ranges from ambient temperature to 800 K or

higher consider 5 mg sufficiently small to avoid diffusion limitations,2,10–15 while some allow

up to 10 mg.16–19 Sample masses were 6.8 mg, 6.5 mg and 7.1 mg in the experiments show in

Figure 6, while final temperatures and heating rates were lower in our experiments (implying

lower reaction rates) than those reported in the literature.2,10–19

It was also noted that the xylan powder was very hygroscopic and would immediately

absorb humidity from the surrounding air when preparing the samples, forming sticky ag-

glomerates in the process. This may have led to additional transport limitations. Ultimately,

the reasons for the observed behavior of xylan could not be resolved. The activation energy

reported for xylan in Table 1 was initially used to model the hemicellulose component of the

biomass, but replaced with higher values for reasons described in the results section of this

work.

Pyrolysis reactions of both the rapeseed oil mixture and cellulose could be equally well

represented by a first or zero-order reaction in the temperature range 423–523 K. The re-

action order did not appear to affect the respective values determined for the activation

energies.

Comparing the kinetic parameters for the pure coponents in Table 1 with those for the

components as they appear in the biomasses (see main text) shows rather large differences

in the pre-exponential factors k0 and reaction orders n. This behavior is expected, owing to

physical and chemical changes introduced during separation procedures, neglecting interac-

tions among components and absence of catalytic effects of inorganic matter when studying

the isolated components.20
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Comparison of oxidation models I and II

Oxidation models I and II showed only minor differences in the temperature region of interest,

423–523 K. A comparison of model I and measured data can be seen in the main body of the

text. The corresponding plots for model II are found in Figure 9. Differences between the

models become apparent at temperatures above ca. 520–550 K for a heating rate of 5 K/min.

Table 2 lists the scaled root-mean-square deviations of both oxidation models compared

to measured data. Both models represent measured data with similar accuracy.
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Table 2: Scaled root-mean-square deviations (δS,ϕ) between modelled and measured data in
oxidative atmosphere. ”Isothermal” refers to the stepwise isothermal experiments, ”ramp”
to those at constant heating rate 5 K/min.

Biomass Model δS(m/m0) δS(dX/dt)

Isothermal 20 % O2 80 % O2 20 % O2 80 % O2

[%] [%] [%] [%]

Beech I 1.25 1.53 11.0 12.3
II 1.84 0.91 10.3 12.4

Pine I 5.55 4.27 12.3 10.6
II 0.72 1.25 14.4 11.9

Sunflower I 1.15 0.80 12.5 13.2
II 0.73 0.81 12.2 12.4

Wheat I 3.79 1.76 11.4 9.2
II 1.87 1.29 13.1 12.0

Wood pellets I1 I 2.40 2.15 11.2 11.1
II 0.88 1.32 10.4 12.5

Wood pellets I2 I 2.79 2.80 11.1 11.2
II 2.46 1.53 15.8 10.4

5 K/min ramp 10 % O2 20 % O2 10 % O2 20 % O2

[%] [%] [%] [%]

Beech I 2.65 2.77 7.35 7.00
II 1.73 1.46 6.29 5.90

Pine I 5.09 5.53 10.4 10.8
II 3.03 3.26 5.29 6.11

Sunflower I 3.43 3.84 9.69 9.52
II 3.13 3.40 10.6 9.31

Wheat I 2.89 2.80 6.30 6.04
II 2.18 2.59 11.2 13.8

Wood pellets I1 I 3.97 3.91 9.79 9.70
II 3.04 2.68 5.77 6.16

Wood pellets I2 I 4.29 4.55 11.0 11.1
II 4.89 4.72 8.43 8.99
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Use of K-content to determine cellulose pyrolysis kinetics

Inorganic elements are well-known to catalyze the pyrolysis of biomass.20–22 Catalytic effects

of potassium have been reported for cellulose22–26 and hemicellulose components.24,26 Our

experiments were consistent with the literature, in that the temperature of peak pyrolytic

decomposition rate scaled with the potassium content of the samples, Figure 10. The peak in

pyrolysis decomposition rate is typically associated with the cellulose component.20 A linear

correlation can be found for the pre-exponential factor for celullose pyrolysis k0,pyr,CELL to

reproduce these temperatures (Ea,pyr,CELL = 185 kJ/mol) as a function of the cellulose mass

fraction wK [kg kg−1]:

k0,pyr,CELL = (9.34× 1015 · wK + 2.37× 1012 ± 2.29× 1012) · s−1 (8)

The correlation and the actual values used in the pyrolysis model are seen on the right side

of Figure 10. Comparing the model predictions for the cellulose components with measured

data for pure cellulose (Figure 11), it can be seen that the models predict a broader range
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Figure 10: Peak pyrolysis rates and potassium content: The temperature of peak conversion
rates Tpeak correlates with biomass potassium content (left). This correlation can be used to
estimate the interval of k0,pyr,CELL (right, dashed lines), for an apparent activation energy of
185 kJ/mol. Points represent the values used in the pyrolysis models of the six biomasses.
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of decomposition than that seen for isolated cellulose. The peaks for sunflower and wheat

cellulose components appear at lower temperatures than that of pure cellulose, those of pine

and the two wood pellet samples are delayed.

Modelled conversion of biomass components

Figures 12 through 17 show the cumulated conversion of extractives, hemicellulose, lignin,

cellulose and char as predicted by the pyrolysis model (left), oxidation model I at 20 %

oxygen (center) and oxidation model II at 20 % oxygen (right), as predicted for the stepwise

isothermal experiments 423–523 K (compare main text)

The figures illustrate how the different components of the biomasses are gradually con-

sumed in the isothermal experiments, starting with the most reactive fractions (extractives

and hemicellulose). No consumption of char is predicted. Conversion of cellulose is weak

for the pyrolysis cases, and only occurs in the final isothermal stages. The main difference

0

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

373 473 573 673 773

d
X

/d
t

[s
−

1
]

T [K]

Cellulose (measured)

Beech

Pine

Sunflower

Wheat

Wood pellets I1

Wood pellets I2

Figure 11: Pyrolysis models of the cellulose components for six biomasses, compared to
measured data for pure cellulose pyrolysis
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experiments (423–523 K). Unlabeled fractions are ash (bottom) and extractives (top). Labels
(I) and (II) refer to oxidation models I and II, respectively.

0

0.2

0.4

0.6

0.8

1

0 5000 10000 15000 20000

0 % O2

char

cellulose

lignin

hemicellulose

m
/
m

0
(d

ry
)

[m
g/

m
g]

time [s]

exp.

5000 10000 15000 20000

20 % O2 (I)

time [s]

model

5000 10000 15000 20000 25000

20 % O2 (II)

time [s]

Figure 15: Wheat: cumulated conversion of components during stepwise isothermal TGA
experiments (423–523 K). Unlabeled fractions are ash (bottom) and extractives (top). Labels
(I) and (II) refer to oxidation models I and II, respectively.

20



0

0.2

0.4

0.6

0.8

1

0 5000 10000 15000 20000

0 % O2

char

cellulose

lignin

hemicellulose

m
/
m

0
(d

ry
)

[m
g/

m
g
]

time [s]

exp.

5000 10000 15000 20000

20 % O2 (I)

time [s]

model

5000 10000 15000 20000 25000

20 % O2 (II)

time [s]

Figure 16: Wood pellets I1: cumulated conversion of components during stepwise isothermal
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between oxidation model I and II is in the relative conversion of cellulose and hemicellu-

lose. Model II predicts very little cellulose conversion (in agreement with the pure cellulose

experiments the model is based on). Lignin conversion does not differ much between the

two oxidation models, as the global oxidation kinetic parameters (model I) and those of the

lignin component (model II) are very similar.
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wesen (GVC),, Ed. VDI-Wärmeatlas, 10th ed.; Springer Berlin Heidelberg, 2006.
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