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Abstract: To investigate the release characteristics of potassium during biomass combustion, ex-
perimental studies were conducted on three typical biomass fuels in a reactor with a fixed-bed
system. The effects of fuel type, combustion temperature, exposure time, oxygen concentration, and
water-washing pretreatment were evaluated. The results show that the K release ratio in corn straw
increases with the increment in exposure time when the temperature is between 700 and 900 °C.
When burned at 900 °C for 40 min, 17.73% of K is released in the volatile combustion stage, while
only 2.62% is released in the char combustion stage. When burned at 700-900 °C, the K release
ratios in both corn and wheat straw improve slightly with the elevation in oxygen concentration.
Water washing significantly reduces the ratio and the amount of K release from corn straw during
combustion. The effect of temperature and atmosphere on K release from the water-washed sample
is similar to that for the raw sample.

Keywords: biomass combustion; potassium release; exposure time; oxygen concentration;

water washing

1. Introduction

The consumption of fossil fuels is associated with a large number of greenhouse
gases and harmful emissions. To reduce the environmental impact of fossil fuel resources,
searching for clean and renewable energy sources has far-reaching implications. Biomass,
as one of the more promising and renewable energy sources, has the potential to replace
fossil fuels because of its carbon neutrality and wide distribution [1-5].

The main types of biomass utilization are thermochemical conversion, biochemical
conversion, and physical conversion. Among these, thermochemical conversion is the
focus of current biomass research, as it could widely be applied to almost all biomass
feedstocks. At present, biomass direct-fired power generation is the main technology
for large-scale commercial applications of biomass and has been widely implemented in
Denmark, Sweden, Finland, the Netherlands, Brazil, and many other countries [6]. The
application of biomass for heat and power generation is promising due to its ability to
significantly reduce COy, NOy, and SO, emissions [7].

Although the employment of biomass as a boiler fuel is considered to be a promising
approach, many issues need to be addressed. In recent years, biomass laminar-fired
furnaces have been more widely applied. However, problems such as ash fouling and
slagging and high-temperature corrosion needed to be addressed [8-11]. High-temperature
corrosion caused by deposits in biomass laminar-fired furnaces may result in ruptured
superheater pipes, which are generally caused by the release of K in the combustion
process [12,13]. K plays a crucial role in both fouling and slagging, and high-temperature
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corrosion occurs in superheaters. This process can be divided into three steps. First, during
biomass combustion, some K, chloride, and sulfur elements are released into the gas phase
as gaseous HCI, Cl, SO,, SO3, KOH, KCl, and K;SO4 [14-17]. As the flue gas passes
through the furnace and gives off heat, the gaseous K salts begin to nucleate in the gas
phase or condense on the fly ash particles and the surface of the superheater. The higher
temperature of the flue gas causes the condensation layer, the K-salt particles, and some
of the fly ash particles to stick together [13,18,19]. Then, as the temperature decreases, the
gaseous K salts form sticky particles in the gas phase and form a sticky layer on the surface
of the superheater. Ash accumulation occurs when the ash particles are trapped by the
viscous layer [18]. Finally, the deposited KCl, K,SO4, and metal matrix react together with
HCI, Cl,, SOy, and SO3, causing a continuous accumulation of ash and the occurrence of
high-temperature corrosion [8-11,18]. Therefore, it is of great significance to study the
release and conversion of K in the combustion process for the design and operation of chain
grate boilers or other biomass thermal conversion devices.

Extensive work [14,20-28] has been carried out to investigate the release patterns
of K during the combustion of different biomass fuels. Among this, Knudsen et al. [14]
investigated the release characteristics of potassium, chloride, and sulfur from annual
biomass during combustion in a horizontal furnace. Keown et al. [20], Lane et al. [21], and
Deng et al. [22] all investigated the effect of fuel type on K release. The results suggest that
cell structure and release mechanisms may be responsible for the differences in release.
Compared to wheat straw, corn straw has a lower K release and is much more sensitive
to combustion temperature than oxygen concentration. Cao et al. [24] found that biomass
released more than 60% of its initial K content when the combustion temperature was
up to 1000 °C. Wang et al. [25] investigated dynamic K migration and transformation
properties during the combustion of straw char at different O, concentrations. The results
showed that most of the K in the rice straw char was H,O-soluble K, while the main
forms of HyO-soluble K and insoluble K were KCI and KAlSi3Og, respectively. Increasing
O, concentration stimulated the conversion of H,O-soluble K to NH4Ac-soluble K and
HCl-soluble K and the release of K. Combustion experiments were carried out in a tube
furnace with the addition of S to a maize straw/lignite fuel mix to investigate the effects of
S and Alin coal on the migration conversion of potassium [28]. The results showed that an
increment in S/K inhibited the release of K when S/K < 6 and an increase in S promoted
the release of K when S/K > 6. When S/K = 6, the higher the temperature, the more
pronounced the inhibitory effect on K release. The removal of alkali metals and chlorine
by aqueous washing processes prior to the utilization of biomass for thermal conversion
can fundamentally protect combustion equipment and reduce harmful emissions [29]. The
transfer and recovery characteristics of inorganic nutrients inherent in Eucalyptus minor
and its char were investigated by Wu et al. [30]. The results of Deng et al. [22,31,32] showed
that water-washing treatment was effective in removing water-soluble K. As the washing
temperature increased, the removal efficiency of the K element was also enhanced with an
increment in the washing temperature. K ions were the most abundant cations in the filtrate.
The increment in cation concentration was led by the elevation of the washing tempera-
ture. Chemical oxygen demand and inorganic ion charge differences indicated that some
organic compounds and organic anions were also removed during the washing process.
Jiang et al. [3] found that water washing increased the initial deformation temperature of
biomass ash by removing alkali metals. The K,;O removal efficiencies of the six biomass
fuels ranged from 69% to 90%. Recently, Huang et al. [33] revealed that the water-washing
treatment reduced the heat released from biomass during combustion. However, the mi-
gration pattern of K during biomass combustion is not well studied. Exposure time and
oxygen concentration can also influence K-release behavior. In addition, water-washing
pretreatment may reduce the problems of sooting, slagging, and high-temperature corro-
sion caused by alkali metals in the thermal conversion of biomass. Until now, there have
been limited reports evaluating the influence of K in the combustion process in combination
with water-washing pretreatment and mixed fuel. Therefore, it is essential to consider the
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influences of exposure time, oxygen concentration, and water-washing pretreatment on the
migration pattern of K during combustion.

In this study, a fixed-bed reactor system was designed and constructed to simulate the
combustion reaction on a biomass boiler grate. Variations in the fugitive state of biomass
K at different temperatures were investigated by chemical fractionation analysis. The
effects of biomass type, combustion temperature, exposure time, oxygen concentration,
and water-washing pretreatment on the reaction were quantitatively evaluated. The results
of this study could provide a reference on solving ash accumulation in superheaters and
high-temperature corrosion.

2. Material and Methods
2.1. Raw Material

In this study, corn straw (CS), wheat straw (WS), and rice husk (RH) were selected
for investigation, all of which were obtained from rural areas in Xi’an, Shaanxi Province.
The moisture contents of CS, WS, and RH were 9.75%, 7.70%, and 9.30%, respectively (as-
received base). All samples were cut and sieved to a selected particle size of 280-450 pm [31].
The CS samples were pretreated with water washing, which is denoted by WCS. Details of
the washing process can be found in our earlier studies [2,31,32,34]. In summary, a constant
water bath temperature of 30 °C was chosen to ensure the repeatability of the experiment.
The screened, dried CS was submerged in deionized water at 30 °C for 3 h, maintaining a
solid-to-liquid ratio of 12.5 g L~!. The proximate analysis and ultimate analysis of biomass
are shown in Table 1; biomass was analyzed with the Organic Elemental Analyzer (EA3000)
applying the National Standard of the People’s Republic of China (GB/T 28731-2012 for
proximate analysis, GB/T28734-2012 for C and H, GB/T30728-2014 for N, GB/T 28732-2012
for S, and GB/T3558-2014 for Cl). The contents of the main ash composition elements and
molar ratio before and after the water washing pretreatment are shown in Table 2.

Table 1. Proximate analysis and ultimate analysis of the biomasses (wt%, dry basis).

Proximate Analysis Ultimate Analysis
Sample
A v FC C H o* N S Cl
WS 6.80 75.29 17.91 4411 497 43.67 0.20 0.25 0.183
RH 14.23 69.67 16.10 4217 1.86 41.30 0.37 0.06 0.076
CSs 7.09 74.89 18.02 46.18 4.89 40.50 1.09 0.25 0.055
WCS 432 80.95 14.74 46.54 5.10 43.44 0.57 0.02 0.024
(* By difference).
Table 2. Contents of the main ash-forming elements (wt%, dry basis) and molar ratio (mol/mol) in
the biomasses.
Element Composition Molar Ratio
Sample : - .
Si Al Ca Mg P K K/Siq (Ca+Mg)/Si CIUK
WS 1.22 0.05 0.39 0.11 0.04 1.046 £ 0.016 0.615 0.328 0.193
RH 5.99 - 0.09 - 0.03 0.201 + 0.001 0.024 0.010 0.416
CSs 1.19 0.11 0.35 0.19 0.03 1.221 £ 0.016 0.737 0.387 0.050
WCS 1.20 0.07 0.31 0.14 0.02 0.185 £ 0.002 0.111 0.321 0.144

2.2. Experiment

To investigate the migration of K during the combustion of substances, a fixed-bed
experimental system was built, as shown in Figure 1. The experimental system consisted of
the gas supply system, the reaction system, and the cooling system. The reaction system
involved a quartz tube with an inner diameter of 39 mm and a quartz cup with an inner
diameter of 25 mm supported by a quartz cup holder. Before the experiment started, the
mass of the quartz cup, after adding 2.0 g of biomass sample, was weighed on an electronic
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balance. Next, the resistance furnace was switched on and the quartz reactor was heated
to a preset temperature, then the quartz couplet and quartz cup holder were loaded into
the reactor so that the dried sample was in the cooling section. Afterward, mass flow
meters one and two were switched on and 500 mL min ! of dispensing gas was introduced,
flowing through the reactor from top to bottom. The quartz cups were then moved into the
reaction zone in the middle of the resistance furnace and burned for 30 min to produce an
ash sample. Finally, the quartz cup holder was withdrawn and mass flow meters one and
two were switched off and three was switched on. At this point, the ash sample was cooled
rapidly by both the cooling air and the water-cooling jacket. After removal and further
cooling in a drying dish to room temperature, the total mass of the quartz cups and ash
sample was weighed. The fixed-bed reaction system simulates the conditions of a biomass
boiler grate. For each biomass sample, all combustion conditions were repeated three times
to ensure the reproducibility of the experiment.

Quartz reaction tube

Diagram of a small quartz cup

Tube furnace

Biomass sample

Mass flow meter

@

DEI DQ-I{ Reducing valve

Alumina filter

Quartz grate

External
frosted surface

Thermocouple Temperature controller
&
Isopropyl
(0} N, o

Water-cooled
sleeves

Figure 1. Schematic diagram of the vertical fixed-bed reactor.

2.3. Analysis

The total K content of raw, charred, ash, and water-washed samples of biomass is
essential for the study of the migration pattern of K during the combustion process, which is
obtained by reducing the sample to a liquid state with a microwave digester and measuring
it with an inductively coupled plasma optical emission spectrometer (ICP-OES, Multiwave
3000 by Anton Paar, Graz, Austria). Each measurement was carried out three times to
ensure reproducibility. According to Equation (1), the K release ratio can be calculated.

Mres Cres
Rx =100(1 — 1
K [ <mraW)<CraW>} @
where Ry denotes the K release ratio (%), #1yes is the mass of the residue (g), aw represents

the mass of the raw sample (g), Cres is the K amount in the residue (ug g’l), and Craw
denotes the K amount in the raw sample (jg g !). Cres and Craw are calculated as follows:

CV
C: = 2
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where C; is the K content in the raw sample or residue (ug g~ !), C denotes the K concen-
tration in the digesting solution after fixing (g mL~1), V represents the volume of the
digesting solution after fixing (mL), and m; is the mass of the raw sample or residue (g).

3. Results and Discussion
3.1. Effect of Exposure Time on K Release

To investigate the effect of exposure time on the release and conversion of K from
biomass, four exposure times were selected at an oxygen concentration of 20%. Dev time is
the time to burn out the command hair fraction. The effect of exposure time on K release
ratio during biomass straw combustion is shown in Figure 2, while the K release rates in
each reaction zone are given in Figure 3. Focusing on the data for the two biomass straws’
combustion for Dev and 40 min, it is easy to see that the increment in K release ratio in the
reaction zone between Dev and ~40 min at 800 and 900 °C is smaller than the K release ratio
when the volatile fraction is burnt out. This indicates that K release at temperatures above
700 °C for 40 min occurs mainly prior to the combustion of the volatile fraction, while the
char combustion phase from Dev to 40 min contributes slightly. This is attributed to the
fact that the fuel K can react with Si and Al to form aluminum silicate [15] or enter the
silicate network [14,15,17], thereby reducing the volatility of K. At 900 °C, 17.73% of the K
is released when the volatile fraction of CS is burnt out, while 35.82% is released at 180 min.
This means that 18.09% is considered to be released during the char combustion phase,
which is even more than the amount during volatile fraction combustion. WS releases
32.9% of K at the end of volatile fraction combustion and 24.8% at the char combustion
stage, which is close to the amount at the end of volatile fraction combustion.

40 I 700°C
30 [ 800°C,  CS

- N
S O

(=]

K release ratio (%)
W N =

oS O O

L T

B
S O
L

WS

(o))
()
—

Dev 30 40 180

Exposure time (min)

Figure 2. Effect of exposure time on the K release ratio.

When comparing the burning of CS at 800 and 900 °C, it can be seen that the K release
ratio decreases with increasing temperature for Dev, 30, 40, and 180 min are 7.35%, 2.92%,
2.29%, and 1.3%, respectively. This indicates that the effect of temperature on K release is
more prominent in the early stages of combustion. It can be concluded that the effect of
exposure time on the K release ratio from CS during combustion is more critical than that of
temperature. The WS, conversely, shows increments in release ratio of 6.70%, 5.67%, 5.13%,
and 9.77% when the combustion temperature rises from 800 °C to 900 °C at the same time.
However, the values are close to the first three time points, all of which are smaller than
the values at 180 min. This indicates that the effect of temperature is already present in the
first 40 min of combustion during the devolatilization fraction stage, although its effect
diminishes as combustion continues. Ultimately, combustion temperature determines the
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K release ratio from WS. It can be concluded that combustion temperature plays a decisive
role in the release ratio of K from WS.

1.5
i mi I I 700°C
Lor Ccs [_]sooc
i | [_1900°C
1\05 B | | |
.'E L | ’_‘ | |
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Figure 3. K release rates in each zone of the combustion experiment (% min~1).

As can be seen in Figure 3, the K release rate is greatest in the volatile analysis out of
the combustion phase under all conditions except for the CS at 700 °C, while K release is
slow in the char combustion phase and becomes smaller as the combustion proceeds. This
reveals that the release rate of K is greater before the volatile fraction is burnt out during
biomass combustion, but the magnitude of the release also needs to be integrated over time,
as shown in Figure 2. The Cl in the biomass acts as a shuttle to facilitate the transport of K
from the biomass matrix to the surface. Thus, higher Cl/K values in WS (Table 2) promote
the release rate of fuel K from the biomass matrix to the flue gas.

3.2. Effect of Oxygen Concentration on K Release

The effect of oxygen concentration on the K release ratio from CS and WS is displayed
in Figure 4. Five oxygen concentrations of 5%, 10%, 15%, 21%, and 25% were selected for
the combustion experiments. An oxygen concentration of 5% is insufficient compared to the
sample volume, while oxygen concentrations of 10% to 25% are excessive. An increment in
combustion temperature of 100 °C has a more significant effect on the promotion of the K
release ratio compared to that of 5%. The ratio of K release increases with increasing oxygen
concentration when the same straw is burnt at the same temperature. On the one hand,
this can be attributed to destruction of the organic structure of the char by oxygen [14],
which to some extent lifts the constraints on K and promotes its release. On the other hand,
an improvement in oxygen concentration increases the temperature at the beginning of
biomass combustion, thus promoting K release. This can be explained by the fact that
some of the water-soluble potassium in biomass can be found in more stable forms, such
as K;COs3 and organic K [15,17]. For the same type of straw burned at the same oxygen
concentration, it is found that the release ratio increases with rising temperature. The
increase in the temperature range of 700-800 °C is greater than that of 800-900 °C, which
is probably due to the fact that a large amount of K is released in the form of KCl in the
gaseous state starting at 800 °C.

3.3. Effect of Co-Combustion on K Release

Figure 5 presents K release from CS after mixing with different mass fractions of RH
under combustion conditions. All data in the figure have been converted into K release
per unit of raw biomass. The data are not available for the combustion of CS alone at
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1000 °C, nor for mixing 20% RH, as the ash samples are not available due to adhesion to the
crucible. As previous studies [16,17,24] have shown, temperature remains a crucial factor
influencing K release, which is also reflected in the co-combustion temperatures for this
study. However, after 800 °C, the release of K shows a modest incremental variation with
temperature. The K release ratio decreases versus the RH mixing ratio increasing in terms
of general trends, which is not evident at 700 °C or 800 °C. The data for each mixing point
fall in the vicinity of the line connecting the K releases from single burning of CS and RH,
from which it can be assumed that co-combustion does not affect K release.

ok 700°C : 800°C : 900°C =
| CS o |
| |
I |
I |
? I |
N I I
~ T T
.Q I I
p= I I
= | |
e | |
< | |
° . .
2 . .
| |
M | |
30 | | N

- . WS | n

O o 5 o s 20 [0

Oxygen concentration (%)

Figure 4. Effect of oxygen concentration on K release ratio.
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Figure 5. Effects of co-combustion of CS and RH on K release.

3.4. Combined Effect of Water Washing and Co-Combustion

Table 3 shows the effects of reaction temperature and water washing on K release
under an oxidizing atmosphere, indicating that the oxidizing atmosphere can also promote
the release of K from the water-washed samples. The promotion effect of the oxidizing
atmosphere is more significant at temperatures below 700 °C compared with the raw
sample. This may be because the water-washing process removes some organic matter and
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some inorganic salts (including potassium, calcium, and magnesium salts) [35,36], which
increases the porosity of the biogenic samples and disrupts the organic structure of the
carbon chains, resulting in an incremental release pathway for organic K. From 700 °C
onwards, the gaseous release of inorganic K dominates, and temperature becomes the
main factor influencing the release of K. The high temperature can also destroy the organic
structure of the carbon chains to a certain extent, compensating for the effect of the washing
on the carbon chains, so that the oxidizing atmosphere has a similar effect on the release of
K from the samples before and after water washing.

Table 3. The effects of reaction temperature and water washing on the K release of CS.

Reaction Temperature (°C) 400 500 600 700 800 900 1000
CSs 0.08 0.07 0.08 0.53 0.65 0.45 0.18
WCS 6.46 2.99 343 0.55 0.52 0.39 0.55

The effect of water washing and mixing of RH on the release of K from CS is given
in Figure 6. Considering matter conservation and energy conservation, biomass mixtures
should also satisfy these conclusions. The grey plane at the top of the graph characterizes
the amount of K release per unit of heat when mixing different mass fractions of RH into the
CS at 700-1000 °C, while the bottom plane of mixed colors characterizes the combustion of
CS and RH after water-washing pretreatment. It is clear from the figure that water-washing
pretreatment significantly reduces the released amount of K at each operating point. This
may be due to the fact that the water-washing process removes some organic matter and
some inorganic salts (including potassium, calcium, and magnesium salts) [35,36], which
enhances the porosity of the biogenic samples and disrupts the organic structure of the
carbon chains, resulting in an incremental release pathway of organic K. When the CS
mixes with 40% RH and burns at 800 °C, the release is reduced from 0.27 mg k] ~! in the
CS to 0.03 mg k]! in the water-washed sample. The situation is similar for the other
working points. As can be seen in Table 2, the amount of K in the CS after water-washing
pretreatment decreases from 12.21 mg g~ ! in the CS to 1.85 mg g~ ! in the water-washed

sample, a reduction of 15.15% of the CS, while the RH reduces to 20.03% of the CS after
water washing.

o
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Figure 6. Effect of water-washing and mixed ratios of RH on K release for CS.
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To understand the effect of water washing, the amount of K released per unit of heat
at each operating point of the WCS is divided by that in the CS, which is collated in Table 4.
The amount of K released after water washing is only 3.97% to 19.10% of that for the CS,
which is a significant reduction. This demonstrates that water washing can significantly
reduce the amount of K released from the biomass [35,36], thus alleviating the problems of
ash buildup and slagging in the biomass boiler.

Table 4. The effects of water washing and mixed ratios on K release during combustion (%).

RH Mixed Ratio (%) 0 20 40 60 80 100
700 °C 5.94 10.19 13.12 11.82 3.97 7.24
800 °C 13.28 12.47 11.21 18.45 18.92 19.10
900 °C 13.68 14.89 14.76 12.10 16.34 19.10
1000 °C - - 12.38 13.77 12.14 15.71

4. Conclusions

In this study, a combustion experiment was carried out on CS, WS, and RH in a
fixed-bed system to investigate the migration pattern of K in biomass. The effects of fuel
type, combustion temperature, exposure time, oxygen concentration, and water—washing
pretreatment on K-migration characteristics were examined. The main conclusions are
as follows.

(1) When burning at 700-900 °C, the K release ratio in both CS and WS increases as
exposure time rises. However, when the exposure time is long enough, the K release
ratio of CS is close to the same value at different temperatures. For WS, the upper limit
of the release ratio is different at different temperatures. After the volatile fraction
burns out, 700 °C is not sufficient to convert water-soluble K to other fugitive forms in
the solid phase. The production of insoluble K is significantly promoted above 800 °C.

(2) With augmentation of the oxygen concentration, the K release ratio increases. The
enhancement of the K release ratio is more significant when increasing the combustion
temperature by 100 °C than with an increment in the oxygen concentration of 5%.
The K release ratio decreases overall versus the RH mixing ratio, which improves and
becomes more pronounced up to higher temperatures.

(3) The oxidizing atmosphere facilitates K release from the water-washed samples. RH
mixing has essentially no effect on K release from CS. Water-washing pretreatment
significantly reduces K release in the samples with different mixing ratios at different
combustion temperatures. In addition, water-washing pretreatment not only reduces
the K content in the samples but also removes the K with release potential.
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