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ABSTRACT: In this study, an improved calibration method for the in situ measurement of potassium (K) concentration in the
flame field was developed using laser-induced breakdown spectroscopy. The temporal behaviors of K release and particle
temperature were recorded simultaneously during biomass combustion. During combustion of raw willow wood, the majority of K
was released during the ash-cooking stage, followed by char combustion stage, and only a small amount of K was released during the
initial devolatilization stage. The results indicated that during the devolatilization stage, K was released because of the decomposition
of organic K. Char-K was subsequently converted to K2CO3, and most K2CO3 was subsequently released during the final ash-
cooking stage. In the case of rice straw combustion, K was mainly released during the initial devolatilization stage, most likely as KCl.
The transformation of char-K and the K−Si reaction forming K−silicates mainly occurred during the char combustion stage; K was
found to be released slowly from K−silicates during the ash-cooking stage. The combustion of willow wood with different Si
contents demonstrated that Si significantly inhibited the K release during both char combustion and the ash-cooking stage.

1. INTRODUCTION

In recent years, because of the energy crisis and environmental
issues caused by the consumption of fossil fuels, the renewable
energy generated from CO2 neutral biomass has been
attracting more attention. However, biomass usually contains
abundant mineral elements, such as potassium (K), calcium
(Ca), magnesium (Mg), chlorine (Cl), silicon (Si), and
phosphorus (P), which can induce serious technical problems,
such as slagging, fouling, and corrosion in thermal conversion
systems.1−5 Among those elements, K plays an important role
in ash-related problems because of its high concentration and
volatility.1,6 Therefore, it is necessary to carry out detailed
investigation to understand the K release characteristics and
mechanisms during the biomass thermal conversion process.
Direct combustion is an effective way to utilize biomass for

energy generation. Previous researchers have conducted
numerous experimental investigations focusing on the
migration of K during various biomass combustion.7−10 In
most studies, biomass was investigated using a fixed-bed or
drop tube reactor, and the ash residues were analyzed in order
to obtain the distribution of K in gas and solid phases. It was
found that a significant part of K (20−100%) is released to the
gas phase in the form of KCl, KOH, or K.2,11,12 The
distribution of K was correlated to the forms of K and the
co-presence of other mineral elements, especially Cl and
Si.13−16 On the other hand, the combustion temperature can
also affect the release ratio. K exists in the biomass as a form of
inorganic salts and/or associated with other organics.2,17,18

When the combustion temperature is lower than 700 °C, the
release of K mainly originates from the decomposition of
organic K. When the temperature is higher than 700 °C, the

inorganic K-containing salts, especially KCl, are directly
released to the gas phase due to the increase of vapor
pressure. The release rates of K from K2CO3 and K2SO4 are
significantly lower than those of KCl. After devolatilization,
part of the organic K and KCl might be transformed into the K
embedded with the char (char-K).17,19,20 During the char
combustion stage, part of char-K can decompose and be
released to the gas phase directly, while the remaining part is
likely to be transformed into K2CO3 or other inorganic forms
and subsequently released to the gas phase.13 A previous study
has indicated that Cl in biomass can facilitate the release of K
because of the high volatility of KCl.2,11,21 With the co-
presence of high level of Si in the biomass, K can react with Si
to form thermally stable K−silicates to inhibit the release of
K.2,14

During combustion, biomass would undergo successively
devolatilization, char combustion, and ash-cooking stages. The
occurrence forms and corresponding migration characteristics
of K may also vary at different stages. Therefore, it is
imperative to investigate the temporal release patterns of K
during the combustion process. In recent years, along with the
development of measurement science and technology, some
online measurement methods, such as surface ionization (SI),
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excimer laser-induced fragmentation fluorescence, atomic
emission spectroscopy (AES), and molecular beam mass
spectrometer (MBMS) have been used to detect the profile of
K release in the gas phase.18,22−25 For example, Davidsson et
al.22 detected the dynamic release of K during pyrolysis of
birch particles using the SI technique. The release curve
showed a bimodal distribution at devolatilization and the char
pyrolysis stage at a high temperature. Mason et al.25 measured
the spontaneous emission of K during combustion of willow
wood pellets using the AES method. They found that the
release of K during the devolatilization stage is very small and
K was mainly released at char combustion and ash-cooking
stages, which is consistent with the results from Jone et al.26

van Eyk et al.27,28 used planar laser-induced fluorescence to
detect the temporal release of K during combustion of brown
coal and found that the Na release pattern was similar to that
of K during biomass combustion. However, Blas̈ing et al.24

conducted the steam gasification experiment of coal at 1400 °C
and measured the signals of different K species in the gas phase
using MBMS. The results showed that K was mainly released
during the devolatilization stage, mainly as Na+/K+ and NaCl/
KCl. Although the above measurement methods have made
significant progress in the measurement of the alkali metal
release, there are still some obvious shortages to be resolved. In
particular, they are unable to achieve a quantitative measure-
ment of K in the gas phase, which limits further application and
mechanistic investigation on K migration during biomass
combustion.
Laser-induced breakdown spectroscopy (LIBS) has achieved

rapid development and become one of the leading online
elemental analysis techniques because of its abilities in
simultaneous elemental analysis, fast response, wide adapt-
ability, and low interference. LIBS has been successfully
applied to the quantitative measurement of K during
combustion of biomass combustion. Hsu et al.23 pioneered
the development of a calibration method for K concentration
in a flame field. The calibration result had shown a good
linearity when the K concentration in the gas phase is lower
than 4 ppm. They used this calibration method to quantify the
amount of K released to the gas phase during combustion of
pine wood particles. Zhang et al.29 obtained a linear calibration
result in the range of 0−20 ppm by adapting the seeding way
of K-containing solutions with an oxidizing atmosphere. The
LIBS measurement technique also has some limitations. Even
though the LIBS technique can only quantify the total amount
of K in all species at one point, it is still considered as an
excellent method for in situ elemental analysis, especially in a

flame field. In addition, the simultaneous measurement of the
particle temperature using a two-color method was also
conducted. The results showed that the temporal release
characteristics of K during wood particle combustion are
similar to those obtained using other online measurement
methods as mentioned above. They concluded that the release
of K mainly occurred during char combustion and ash-cooking
stages, and the release ratio of K during the devolatilization
stage is relatively low. However, the calibration ranges in
previous research studies are limited. At higher K concen-
trations, because of the strong self-absorption effect of K in the
flame field, the LIBS signal usually appears nonlinear or even
saturated. As a result, the content of K in the biomasses used in
the existing studies is usually low to allow a reliable
measurement signal. The temporal K release behavior from
biomass fuels with more abundant K content, especially the
information with herbaceous biomass are scarce. Further, the
Si content of the biomass used in previous studies with LIBS
measurement techniques was relatively low, which implied that
the effect of Si on K release is negligible. Nevertheless, studies
indicated that Si can significantly inhibit the release of K
during biomass combustion by forming stable K−silicates.2,14
However, the interactions between Si and K at different stages
are likely to be different. Therefore, it is important to
understand the temporal release behavior of K from Si-
containing biomass and investigate the effect of Si on K release
at different combustion stages.
In this study, an improved calibration method was

established to allow a broader range of K linear calibration
in the flame field for the quantitative measurement of temporal
K release during biomass combustion. Willow wood with
different Si contents and rice straw were used to investigate the
release characteristics and main migration pathways of K
during different combustion stages, especially the effect of Si
on K release.

2. EXPERIMENTAL SECTION
2.1. Experimental System. Figure 1 shows the experimental

system for the simultaneous measurement of K concentration and
particle temperature during single particle biomass combustion. The
system consists of four parts: the burner and the gas handling system,
the seeding system, the optical setup for LIBS, and temperature
measurement system.

A Hencken style flat burner was used in the experiment, and the
structure has been described elsewhere.29,30 Briefly, the burner
consists of two copper tubes, and the internal diameter of the inner
tube is 23.4 mm while that of the internal diameter of the outer tube

Figure 1. Experimental arrangement used for K and particle temperature measurements. P: polarizer, HWP: half-wave plate; M: mirror; and L: lens.

Energy & Fuels pubs.acs.org/EF Article

https://dx.doi.org/10.1021/acs.energyfuels.9b03966
Energy Fuels 2020, 34, 3262−3271

3263

https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03966?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03966?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03966?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03966?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.9b03966?ref=pdf


is 40.5 mm. The fuel, CH4, was supplied with the inner tube through a
packed bed and then evenly distributed into 58 stainless steel tubes
with an internal diameter of 1 mm before entering the burner. Each
fuel jet is directly adjacent to six hexagonal air flows where the
combustion air is first fed through a packed bed and then a stainless
steel honeycomb with an inner brass tube before entering the burner.
CH4 and air are mixed above the burner to form a uniform and stable
flat flame. Co-flowing N2 was also fed into the outlet of the brass tube
to enhance the stability of the flame. The CH4 flow rate was fixed at
450.0 mL/min, and the air flow was fixed at 5.0 L/min. The N2 co-
flow was fixed at 8.0 L/min. The resulting equivalence ratio was about
0.86. Table 1 shows the exhaust gas composition with the above

combustion configuration. The temperature of the exhaust gas above
the burner is 1570 ± 70 K measured using a R-type thermocouple and
corrected using the radiation-correction method. In the biomass
combustion experiment, the cylindrical biomass pellet was supported
by a platinum wire horizontally located 5 mm above the center of the
burners. The cylindrical biomass pellet was placed vertically on the
platinum wire.
Before each experiment, the Pt wire was cleaned using HNO3.
The K seeding system was built for the calibration of K

concentration in the high-temperature field for further quantifying
the K concentration released during the combustion of biomass
pellets. It consists of a bottle containing 100 mL of KCl solution with
a mass percent of 8% and an ultrasonic nebulizer located under the
liquid surface. During the calibration process, a fog of droplets
containing KCl salt was produced in the bottle by a nebulizer. A
stream of CH4 and air mixture was used as a carrier gas. It carried the
K-containing droplets into the flame field through a brass tube with a
diameter of 1 mm in the center of the burner. The seeding rate of KCl
is controlled by adjusting the flow rate of the carrier gas.
The LIBS measurement system mainly consists of a pulsed laser, a

polarizer, a half-wave plate, mirrors, plano-convex lens, optical fibers,
and a spectrometer. Laser pulse, at wavelength of 532 nm, 6 ns pulse
width, and 10 Hz repetition rate, from frequency doubled Nd:YAG
(Quantel YG) was used. The laser energy was controlled by a Glan
laser polarizer and a half-wave plate and then focused 22 mm above
the center of the burner to provide stable plasma. The plasma
emission was captured and then directed to the spectrometer (Andor
SR-500) using an optical fiber. The spectrometer was equipped with
1200 groove/mm gratings and connected with an ICCD camera
(Andor iStar). During the calibration and biomass combustion
experiments, the frequency of the spectrum acquired by the
spectrometer was 5 Hz.
The temperature measurement system mainly consists of convex

lens, an optical fiber, and a second spectrometer (USB4000-XR1-ES,
Ocean optics). The radiation from the hot biomass surface was
captured by a convex lens and passed to an optical fiber connected to
the spectrometer. The spectrometer was equipped with a 500 groove/
mm gratings and a detector with a 3648 pixel CCD chip (TCD 1304
AP).
2.2. Parameter Determination. Figure S1 of the Supporting

Information shows the typical LIBS spectrum of K recorded at 75 mJ
laser energy with K sending rates at 6 and 20 mL/min. As can be seen,
the spectrum has two characteristic peaks at 766.78 and 770.18 nm,
respectively. In this study, the area around the peak at 766.78 nm was
used to calibrate and quantify the K concentration because of its
relative higher intensity. By careful choice of few parameters, a stable
and clear K spectrum can be obtained. These parameters include the
laser pulse power and the ICCD gate-delay time and gate-width.
Figure S2 of the Supporting Information shows the LIBS signal of

K as a function of laser energy at one constant K seeding rate (20 mL/
min). In the range of 0−32 mJ, the measured K signal intensity is low

and remains constant with the increase of laser energy. In this range,
the plasma is not generated, and the observed K signal is due to the
spontaneous emission of K. From 32 mJ laser energy, the plasma spot
can be seen in the flame field. In the range of 32−88 mJ, the spectral
intensity of K exhibits an approximately linear increase with the
increase of pulse energy. It was observed that increasing the laser
energy above 88 mJ, the K signal intensity remains nearly constant
with the increase of laser energy. In this range, small fluctuations of
the laser pulse energy would have little effect on the K signal intensity.
As a consequence, the laser energy was set to be 100 mJ to reduce the
effect of the small fluctuations of laser power.

Figure S3 of the Supporting Information shows the K signal
evolution with gate-delay time at a certain seeding rate (ICCD gate
width 2 μs). When the gate delay time is zero, the spectral intensity in
the entire spectrum range is quite high due to the continuous
emission. At 2 μs, the intensity of the K spectrum and the continuous
emission are both significantly reduced, and the emission for K
becomes apparent. With the further increase of gate-delay, the
background noise approaches a low value, and the emission for K
becomes clearer. With a gate-delay time above 10 μs, the spectral lines
of continuous emission and other elements almost disappeared, and
the LIBS emission of K is very clear. In the range of 10−50 μs, the
intensity of the K signal gradually decreased with time.

At the high-temperature environment of the flame, there might be
an obvious spontaneous emission due to the excitation of nonground
state K atoms by high temperature and the corresponding electronic
energy level transition.26 During the LIBS measurement process, the
spontaneous emission signal of K will be added to the LIBS signal,
which will adversely affect the linear calibration of LIBS. Based on the
result above, considering the need to obtain K emission with a high
value of the signal to noise ratio (SNR) and to avoid the effect of
spontaneous emission. A gate-delay and a gate-width of 10 μs were
found to produce an optimum SNR that was used in the following
sections.

2.3. Quantitative Calibration of K in the Flame. To achieve
the quantitative measurement of K concentration released during
combustion of biomass pellets, the relationship between K
concentration and LIBS signal intensity was required. In this work,
the calibration process was performed as follows:

After the K containing droplets enter the combustion zone through
the tube in the center of the burner, it would diffuse during the
downstream flow due to the concentration gradient. Given the K
feeding rate, the molar concentration of K at the measurement point
can be calculated by CFD simulation. Then, the K signal intensity at
the measurement point can be measured by the LIBS system. Finally,
the relationship between the K concentration and signal intensity was
obtained.

The seeding rates of K containing droplets at different carrier gas
flows were determined by a gravimetric method. The K feeding
system is operated stably for 12 h under a certain carrier gas flow rate,
and the weight loss rate of the K-containing solution is calculated by
measuring the mass of the solution bottle before and after the
operation. It was found that the seeding rate of K-containing droplets
is linear with the carrier gas flow rate, as shown in Figure S4 of the
Supporting Information.

A CFD simulation of the flow in the flame field was conducted to
obtain the radial concentration distribution of K at different seeding
flow rates. Several assumptions were made first as follows: the flow is
laminar steady-state and the radial temperature profile of the flame
was measured to be spatially uniform (<80 K) within the radius of 4
mm. For the CFD simulation, the value for temperature was set at
1570 K; the temperature of the co-flow is room temperature, set to be
298 K. The diffusivity coefficients of each gas were taken as the binary
diffusion system in N2, which is obtained according to the Chapman−
Enskog equation. The simulation results are shown in Figure S5 of the
Supporting Information.

On the other hand, the K spectral signal can be partly absorbed by
the K atoms in the ground state in the flame field.23,31,32 As a
consequence, the K signal recorded by the spectrometer is the result
of the coupling of the emission excited by the LIBS and the

Table 1. Composition of CH4 Combustion Exhaust

composition CO2 O2 H2O N2

mole fraction (%) 8.2 2.7 16.5 72.6
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absorption by the K atoms in the ground state. When the K
concentration in the gas phase is high, the self-absorption would have
a significant effect on the LIBS signal of K, which would cause the
nonlinearity in the concentration and signal intensity relation. In
previous reports, the computational method was applied to account
for self-absorption.23,29 However, the population of the ground state
of K in the flame field needs to be estimated, which would cause poor
accuracy at high K concentrations. In this work, a linear calibration
result suitable for the high K concentration range is obtained by a
reasonable selection of the spectrum area to avoid the absorption
effect in the areas where the absorption is severe.
First, the relationship between the recorded spectrum of K with the

emission spectrum excited by LIBS and absorption by the atoms in
the ground state is shown in eq 1:30,33

λ λ λ= ·S I G( ) ( ) ( )emision (1)

where S(λ) is the recorded spectrum by a spectrometer; Iemision(λ) is
the emission spectrum excited by LIBS; and G(λ) is the absorption by
the K atoms in the ground state.
Equation 1 can be further expressed as eq 2:34

i

k

jjjjjjjjjjjj

y

{

zzzzzzzzzzzz
λ λ α= ·

+
· −

+λ λ λ λ· − · −( ) ( )
S I

L
( ) ( )

1

1
exp

1
a b

emision c
2 ( ) 2 2 ( ) 2

c c

(2)

where λc is the wavelength in the center of the K peak spectrum,
766.78 nm and a, b, α, and L are constants.
According to S(λ), Iemision(λ) can be obtained by nonlinear fitting

using Matlab.
Figure S6 of the Supporting Information shows the recorded

spectrum S(λ) and the emission spectrum excited by LIBS Iemision(λ)
calculated according to eq 2. The region between S(λ) and Iemision(λ)
represents the absorption effect by the K atom in the ground state. As
can be seen, at the center of K peak, the absorption effect is most
significant and the further away from the center, the weaker the
absorption effect. As a consequence, the shadow area shown in Figure
S6 was used to calibrate the K concentration to avoid the effect of self-
absorption.
Figure 2a shows the obtained calibration curve. Each point contains

the average value obtained after at least three times of measurement
and the calculated standard deviation. During each measurement, the
calibration points were averaged over 200 shots. As can be seen, in the
range of 0−200 ppm, there is a good linear relationship between the
intensity and K concentration.
2.4. Particle Temperature Measurement. The temperature of

the particle during the combustion process was measured using an
emission method, which will be described below.
According to Plank equation, the radiation intensity of the solid

surface at temperature T can be expressed as eq 3.

ε λ= −λ λ
λ− −I c (e 1)c T

1
5 / 12 (3)

where Iλ is the radiation intensity at the wavelength of λ (W/m2 μm);
ελ is the emissivity; c1 is the first radiation constant, 3.742 × 108 W
μm4/m2; c2 is the second radiation constant, 1.439 × 104 μm/K; λ is
the wavelength, nm; and T is the temperature of the solid surface, K.
During the combustion process, the char particle can be treated as

a gray body, which means the emissivity remains nearly constant with
wavelength.35−38 The radiation intensity from the solid surface was
recorded by the spectrometer and then the temperature T was
obtained by nonlinear fitting using Matlab based on eq 2. Figure S7 of
the Supporting Information shows an example of the recorded
radiation spectrum and the fitting curve. It can be seen that the fitting
curve and the measured spectrum have a good coincidence, indicating
that the previous assumption of the gray body is reasonable.
During the measurement, the characteristic spectrum emitted from

the radicals and excited elements in the flame will also be collected.
The characteristic features of the excited free-radical have been
removed before the fitting was attempted. The tip of the

thermocouple was placed in the flame 5 mm above the center of
the burner. The thermocouple is perpendicular to the convex lens to
ensure that only the emission from the tip of the thermocouple can be
captured by the convex lens shown in Figure 1.

The temperature of the flame was adjusted by changing the flow
rate of CH4 and air. Figure 2b shows the temperature calculated using
the emission method and that obtained by the thermocouple. It can
be seen that in the measurement range, the two temperatures are in
good agreement with a difference lower than 20 °C. Therefore, it can
be considered that the emission method is accurate enough to
measure the temperature of the particle during the combustion
process.

2.5. Samples. Willow wood and rice straw from China were used
in this study. Their ash compositions are shown in Table 2. In order
to investigate the effect of Si on K release, willow wood with different
Si contents was also prepared by mixing Si-free willow wood and
different amounts of SiO2. The biomass sample was pulverized to an
average particle size of less than 150 μm and dried at 105 °C for 10 h.
The pulverized samples were compressed into cylindrical pellets with
three different masses, 10 ± 1, 15 ± 1, and 20 ± 1 mg. The pellet
diameter was 3.5 mm with the height between 1 and 2.5 mm,
depending on the sample density and pellet mass.

3. RESULTS AND DISCUSSION
3.1. Temporal K Release during Willow Wood

Combustion. The temporal evolution of K concentration
and particle temperature during combustion of raw willow
wood pellets with different masses are presented in Figure 3.
To our knowledge, this is the first study to measure the K
release concentration profile and particle temperature simulta-
neously during the entire combustion process. The temper-
ature profile can help distinguish different combustion stages
together with the analysis of the K release curve. It will also be
useful for developing the kinetic model of K release during the
combustion process. It was found that the K release profile

Figure 2. (a) LIBS signal intensity vs the K concentration and (b)
comparison of the temperature measurement between the emission
method and thermocouple.
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shows a clear bimodal distribution, which is consistent with the
previous studies.23,29 The temperature profile of the particle
surface also shows a bimodal distribution, and the peak time of
the particle temperature corresponds to that of the K release
rate.
It should be noted that during the particle combustion

process, the emission from the volatiles and soots can also be
collected by the spectrometer and influence the result.
However, considering the oxy-rich condition and the large
volume of the particle, the emission intensity from the volatiles
and soot particles are significantly weaker than that form the
particle surface. As such, it is believed that the temperature
obtained by the emission method is representative for the
particle temperature.

In Figure 3a, after the ignition of willow wood, K released
rapidly and the concentration reached a peak of 50 ppm in
about 5 s after the ignition and then gradually decreased to a
minimum at around 10 ppm at 7 s. The temperature of the
particle is observed to be synchronized with the K and volatile
release profiles because the K concentration and temperature
both reached maximum at the same time when the
devolatilization and volatile combustion were believed to be
the most intensive. It is believed that K is released with other
volatile species during devolatilization, and the increase of
temperature is due to the volatile combustion around the
particle. The devolatilization process is considered to be
completed when the K concentration and temperature reached
minimum after the first peak.
The char combustion stage commenced after the completion

of devolatilization at around 10 s. During the char combustion
stage, it was found that both K release and particle temperature
increased with time. The increase of the particle temperature is
due to the exothermic heat of char combustion. During this
initial char combustion stage, the particle gradually shrinks and
collapses. By comparing the K release and temperature profiles
with the video recording of the particle combustion process, it
was found that the time of the final collapse of the char
particles was consistent with the time when the temperature
and the K concentration peaked. Therefore, the time when
temperature and K concentration peaked was considered as the
completion of char combustion.
The ash-cooking stage commenced after the char

combustion stage. It is observed that from 20 s onward, the
particle temperature decreased by around 50 °C from a peak
temperature. During the ash-cooking stage, K concentration
decreased rapidly from the peak values and then slowly to
almost zero. On the other hand, the temperature of the pellets
increased slightly and remained stable until the completion of
K release. This indicated that the ash and the flame field were
in thermal equilibrium. Because of the variations of the
volume, shape, and surface areas of the particles during the
combustion process, the observed peak temperature values are
different in the experimental conditions with different initial
masses of biomass. Nevertheless, the overall profile of the
temperature and K concentration is similar to a clear bimodal
distribution during the combustion of particles with different
initial masses.
The chemical composition of the ash residues after the

combustion experiments were analyzed using inductively
coupled plasma−AES (ICP−AES; ThermoElemental, USA).
It was found that Ca, Mg, and P were the major elements
present in the ash while the content of K is negligible. No Ca
signal was detected during the combustion process, indicating
that nearly all Ca remained in the solid phase, which was
consistent with previous studies.39 If Ca was considered as a
conserved element in the solid phase, it was estimated that the

Table 2. Chemical Composition of Willow Wood and Rice Straw

main ash-forming elements (mg/g, dry basis; molar ratio)

materials K Na Cl Si Ca Mg S P Al K/Si Si/(Ca + Mg) K/Cl

Willow wood 3.41 0.08 0.02 0.21 7.29 1.24 0.3 1.17 0.03 11.66 0.03 154.3
Willow wood + SiO2 3.41 0.08 0.02 2.08 7.29 1.24 0.3 1.17 0.03 1.18 0.32 154.3

3.41 0.08 0.02 4.50 7.29 1.24 0.3 1.17 0.03 0.54 0.69 154.3
3.41 0.08 0.02 7.03 7.29 1.24 0.3 1.17 0.03 0.35 1.07 154.3
3.41 0.08 0.02 9.98 7.29 1.24 0.3 1.17 0.03 0.25 1.52 154.3

rice straw 24.18 0.49 9.49 37.21 5.07 1.53 2.3 0.83 0.20 0.47 6.98 2.31

Figure 3. Temporal evolution of K concentration and particle
temperature during combustion of willow wood with initial mass (a)
9.8, (b) 15.6, and (c) 19.2 mg.
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residual K in the ash accounted for only 0.6% of the total K
content from the initial biomass. Therefore, it is believed that
most of the K was released to the gas phase rather than
forming the insoluble K−silicates in the solid phase.
Table 3 shows the K release ratios as well as the standard

deviations at different stages during combustion of willow

wood particles with different initial particle masses. The release
ratio of K in each stage is consistent with the different initial
particle mass. It was found that the majority (>67%) of K was
released during the ash-cooking stage, followed by the char
combustion stage at about 25%. Only <6% of K was released
during the devolatilization stage.
The Cl content in the willow wood in this study was quite

low, as shown in Table 2. This indicated that KCl did not exist
in willow wood, and therefore, the K release should mainly be
originated from the decomposition of organic K during
devolatilization.
According to previous research,6,13,17 K mainly present in

char as char-K after devolatilization. During the char
combustion process, char-K was converted into different
types of inorganic K, such as K2CO3, K2SO4, and K3PO4.
For the combustion of willow wood, K2SO4 in char should be
negligible after devolatilization because the S content in willow
wood was low and was much lower than the K content (Table
2). On the other hand, ash residue analysis indicated that the P
content in the ash after combustion was high. This implied that
almost all P remained in ash after combustion if Ca was
considered as a tracer. Considering all K was released to the
gas phase after the experiment, the amount of K in the form of
K3PO4 in the ash after combustion can be neglected. As a
result, the char-K was mainly transformed into K2CO3, and
part of K2CO3 was released to the gas phase during the char
combustion stage. On the other hand, with the oxidation
reaction of organic matter combined with K, K in char-K may
also be directly released into the gas phase in the form of K or
KOH.40 Nevertheless, nearly 68% of the total K remained in
ash was in the form of K2CO3 after char combustion. This
indicated that the majority of char-K was transformed into
K2CO3 during the char combustion stage. It also indicated that
the K2CO3 release rate was significantly lower than the char
oxidation rate, resulting in K2CO3 accumulation in the solid
phase. As shown in Figure 3, the K concentration increased
with time during the char combustion stage due to (1) the
consumption of the organic matrix during the combustion
process, the char-K was continuously transformed into K2CO3,
resulting in the accumulation of K2CO3, and thus the increase
of K release rate and (2) the increase in char particle
temperature.
3.2. Temporal K Release from Rice Straw during

Combustion. Figure 4 shows the temporal evolution of K
concentration and particle temperature during the combustion
of the rice straw particle with an initial mass of 10.5 mg. To our
knowledge, this is the first study to carry out the in situ

measurement of K using LIBS during combustion of
herbaceous biomass with high K and Si contents. It was
found that the temporal release behavior of K during the
combustion of rice straw was different from willow wood
(Figure 3) and those reported in the literature.33,41 During the
combustion of rice straw, the K release profile showed a mono
distribution with a single peak at around 7 s. After the ignition
of the pellet, the K concentration increased rapidly before
reaching the maximum level of around 620 ppm at 7 s and
then decreased gradually with combustion time. From 30 s
onward, the K concentration slowly decreased with time.
During the ash-cooking stage (40−200 s), a low release of K
was observed. During the combustion process, the temperature
of the straw pellet increased rapidly to around 1170 °C and
then decreased to around 1130 °C. During the ash-cooking
stage, the temperature increased slightly to around 1150 °C.
However, in general, the particle temperature remained stable
at around 1130−1170 °C during the whole combustion
process. The first peak of the particle temperature was
attributed to the combustion of volatiles around the particles.
After the devolatilization process, the slight decrease in
temperature was attributed to the higher ash content of the
rice straw. During combustion of char particles, the emissivity
would change with the change of the ratio between char and
the ash composition in the remaining solid particle.42 In
particular, rice straw contains a large amount of Si, which
would form a pronounced molten silicate in the latter stage of
combustion, thus affecting the radiative heat transfer behavior
on the surface of the particles and inducing the observed
profile of the surface temperature.
The temporal K release profiles during combustion of rice

straw with different initial masses are shown in Figure 5. It was
found that all the K release profiles from different initial masses
showed a distribution with a single peak. With the increase of
straw initial masses from 10.5 to 19.9 mg, the peak level of K
was lowered by around 100 ppm and peak position was shifted
from 6 to 10 s. The shift of the peak was attributed to the
increase in the burnout time with the increased initial mass.
During rice straw combustion, the K concentration increased
rapidly and reached a peak during the devolatilization stage.
Unlike the combustion of willow wood, no relationship was
observed between K and volatile release. Considering the fact
that during the willow wood devolatilization stage, the K
concentration was low and the release profile was consistent
with devolatilization. Therefore, K release during the
devolatilization stage of the rice straw is believed to be
independent to the decomposition of organic K. As shown in

Table 3. Ratios of K Released at Each Stage during
Combustion of Willow Wood Particles

particle mass
(mg)

devolatilization
(%)

char combustion
stage (%)

ash-cooking stage
(%)

10 5.6 ± 1.1 25.1 ± 0.9 69.3 ± 2.0
15 4.9 ± 0.2 27.6 ± 0.5 67.5 ± 0.5
20 4.8 ± 1.3 26.5 ± 2.4 68.7 ± 2.1

Figure 4. Temporal evolution of K concentration and particle
temperature during combustion of rice straw at a fixed initial mass of
10.5 mg.
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Table 1, rice straw contains high content of Cl, and KCl was
the most important inorganic K in straw according to previous
reports.18 KCl was released directly to the gas phase at high
temperatures, and therefore, KCl release profile follows with
the increase of the particle temperature during devolatilization
and subsequently, in the combustion stage (Figure 4). KCl
release is a thermodynamic process, and the release rate is
sensitive to KCl concentration and temperature. The decrease
of the K release rate from 7 s was attributed to the decrease of
the KCl amount in the solid phase. As shown in Figure 5, the
highest K release rate decreased with the increase of particles
mass. It was due to the increased diffusion resistance of KCl
with larger particles, resulting in a decrease in the K release
rate. During the ash-cooking stage of rice straw, a slow release
of K was observed and the release rate was low but stable even
after 60 s. On the contrary, during the ash-cooking stage of
willow wood, the K release rate decreased gradually with time
and nearly all the K was released to the gas phase after 300 s.
The difference in the K release profile was attributed to the
compositional difference between willow wood and rice straw.
The rice straw in this study contains a large amount of Si and
the ash exhibited significant melting morphology after
combustion. This indicated that the K silicates were formed
in the ash and was released during the slow decomposition of
K−silicates in the ash cooking stage.
Table 4 shows the K release ratio during the rice straw

combustion process. It is calculated based on the contents of K

in the rice straw (Table 1) and the integration of K release
concentration during the whole combustion process. It is
assumed that the concentration profile of K was uniform in the
gas phase and followed the concentration profile from the
LIBS measurement. It was found that only about 30% of the
total K was released to the gas phase during rice straw
combustion. This implied that about 70% of total K remained
in the solid phase and was in the form of K−silicates. The
results indicated that during combustion of biomass at high
temperatures, K is more likely to react with Si to form stable
silicates, thereby inhibiting the gas phase release of K. With the
increase of the initial straw pellet mass, the K release ratio
decreased slightly due to the increase of diffusion resistance
with larger particle mass. The effect was especially pronounced

during the latter stage of char combustion; the melting silicates
would significantly inhibit the release of K and aggravate the
K−Si reaction, thereby inhibiting the vapor phase release of K.

3.3. Effect of Si Content on K Release Behavior
during Willow Wood Combustion. In order to further
investigate the effect of Si on K release, willow wood pellets
containing different Si contents were prepared. The temporal
release behavior of K during the combustion process are shown
in Figure 6a. It was found that the Si content significantly

affected the K release behavior. During the devolatilization
stage, the addition of Si had shown a little effect on the
temporal release of K, while Si had shown an obvious effect on
K release after devolatilization. Nevertheless, it is difficult to
distinguish the char combustion stage and the ash-cooking
stage after the introduction of the additional Si in the initial
biomass matrix. In the case of the willow wood with 0.20% Si
content, the peak concentration of K at about 25 ppm after
devolatilization was observed at around 50 s. This is much
lower than that from the raw willow wood (without Si
addition). When the content of Si was increased from 0.20 to
0.70%, the K release was further decreased. However, no
further decrease was observed when the Si content was
increased to 1.00%. During the ash-cooking stage of the raw
willow wood combustion, the concentration of K decreased
rapidly first and then slowly until reaching zero. In the case of
the willow wood with 0.2% Si content, the K concentration
decreased slowly with time and sustained a low level of K
release during the entire ash-cooking stage. It was also
observed that the K release during the ash-cooking stage was
further reduced with the elevated biomass Si content. When
the Si content was further increased to 0.70%, no K release was

Figure 5. Temporal evolution of K concentration during combustion
of rice straw with different initial particle masses as indicated.

Table 4. Total Release Ratio of K during the Combustion
Process of Rice Straw with Different Initial Masses

particle initial masses (mg) 10 15 20
release ratio (%) 33.6 ± 2.2 30.1 ± 1.7 29.4 ± 1.3

Figure 6. Temporal evolution of K concentration during combustion
of willow wood with (a) different Si content, as indicated, at fixed
initial mass of (10 mg) and (b) different initial mass, as indicated, at a
fixed Si content of 0.20%.
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observed during the ash-cooking stage. It can be seen that
when Si was introduced to the willow wood, the K release
profile during the ash-cooking stage is comparable to that from
the rice straw, which also implied that the sustained K release
from straw ash was attributed to the decomposition of K−
silicates from the K−Si reaction. During the char combustion
stage, the K release from Si-containing willow wood was much
lower than that from raw willow wood, indicating that K2CO3
generated from the decomposition of char-K was mainly
converted into K−silicates and lowered the release ratio of K
(Table 4).
Figure 6b shows the K release profile during combustion of

willow wood containing 0.20% Si content with different initial
masses. It was found that with the increase of the initial mass,
no major difference in K release was observed during the
devolatilization stage, which implied that the addition of Si has
little effect on K release at this stage. However, a significant
difference was observed for the temporal K release profile after
the devolatilization stage. With the increase of the initial
particle mass, the K release peak was appeared to shift to the
later stage of the char combustion and with a boarder shoulder.
The overall K release amount was also appeared to be inversely
proportional to the initial particle mass, and thus the release
ratio of K was decreased significantly with the increase of the
initial particle mass. This observation is consistent with the
trend of the K release ratio with the increase of the initial mass
of the rice straw pellets (Table 4). However, the K release ratio
during the straw combustion process only decreased slightly
with the increase of pellet mass, and the tendency is lower than
that from Si-containing willow wood. This is believed to be the
consequence of high KCl content in the rice straw. During the
combustion process of the rice straw, KCl would release
rapidly and dominated the overall K release. The increase in
initial particle mass would have a minimum effect on KCl
release. Therefore, the effect of the increase in initial pellet
mass on the K release ratio was less pronounced than that on
the Si containing willow wood.

4. CONCLUSIONS

Simultaneous measurements of potassium concentration and
biomass temperature during biomass combustion have been
developed with an improved LIBS calibration method. The
effect of biomass type, Si content, and initial mass of willow
wood on the temporal release of K and particle temperature
during biomass combustion were investigated. The main
migration pathways of K during different combustion stages,
especially the effect of Si on K release, were also analyzed. With
the combustion of Si-free willow wood, it was found that the
majority of K was released during the ash-cooking stage,
followed by the char combustion stage, only a small amount of
K was released during the initial devolatilization stage. With
rice straw combustion, it was found that about 30% of the total
K was released rapidly during the initial devolatilization stage,
most likely as KCl. Results indicated that the release of K
during the combustion of rice straw was suppressed by the
presence of Si with the formation of K−silicates. The inhibitive
effect of biomass Si content on K release was further
demonstrated by the introduction of Si in willow wood.
Results also indicated that Si had little effect on the release of
K during the devolatilization stage but significantly inhibited
the release of K during the char combustion and ash-cooking
stage.
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