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ABSTRACT: There are many problems in the direct combustion
of biomass, such as low combustion efficiency and easy slagging. In
this paper, rice husk (RH) was taken as the research object, and the
effects of different washing pretreatment conditions (washing time
(WTI), washing temperature (WTE), and particle size) on the
combustion characteristics and ash formation characteristics were
discussed. The results show that the combustion characteristics of
RH were significantly coupling-affected by the WTE and WTI, and
the comprehensive characteristics of volatile release were
significantly coupling-affected by the particle size and WTL
Specifically, under the condition of high-temperature washing,
prolonging the WTI will increase the ignition temperature of
washed RH powder. The particle size could affect the temperature
of the maximum rate of decomposition. Under the same conditions, the temperature difference of maximum rate of decomposition
between washed RH powder and RH was 5—10 °C. For the original RH, the longer the WTI, the more unfavorable it was to increase
the maximum weight loss rate, and the opposite was true for RH powder. With the increase in WTE, the flammability index, burnout
temperature, and volatile devolatilization initial temperature increased obviously. In addition, washing pretreatment could reduce the
ashing quality of RH and RH powder to varying degrees, and the ash quality was decreased by about 15% compared with that of
unwashed RH. The alkali metal removal effect of washed RH powder was better than that of washed RH. The proportion of alkali
metal K was decreased from 1 to 4% (washed RH) to 0.2—1% (washed RH powder). The ash deposit and slagging phenomenon
were obviously improved. Under the same WTI, the higher the WTE was, the better the removal effect of alkali metals was.
Correspondingly, the proportion of the eutectic composite salt of Mg—Fe—Al with a high melting point increased in the high-
temperature sintering stage, which effectively improved the ash melting point and reduced the probability of ash deposit and

slagging.

1. INTRODUCTION used to replace traditional coal resources for biomass power
L34 g . .
Northeast China, as one of the main rice-producing areas, has generation,” which saves fossil fuels to a certain extent and
extremely rich rice husk resources. According to the rice alleviates the problem of resource waste of rice husk resources.
production data in Northeast China published by the National However, the presence of large amounts of alkali metals (K,
Bureau of Statistics of China in 2023, the annual output of rice Na, Si, Ca, Al, and Fe) in rice husk, which are directly used for
in Northeast China is more than 35 million tons, ancll rice husk combustion for power generation, can cause serious problems
accounts for about 20% of the total mass of rice.” About 7 such as slagging, scaling, and corrosion, which lead to higher

million tons of rice husk are produced in Northeast China
every year. However, due to the low nutrient content and high
ash content of rice husk, it is difficult to be used to prepare
feed or fertilizer. Moreover, the bulk density of rice husk is
small and it is difficult to transport. Therefore, most of the rice
husk can only be burned in situ or abandoned in the field,
resulting in serious waste of resources and environmental
pollution.” With the increasing emphasis on biomass resources
and environmental protection, rice husk has been gradually

maintenance costs.’” Therefore, the high-value utilization of
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Figure 1. Experimental scheme and research route.
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rice husk resources is of great significance for the efficient
value-adding of the grain industry in Northeast China and the
development of an energy-saving and environmentally friendly
circular economy.

Studies have shown that rice husk itself can be used as a raw
material for the production of activated carbon® and as a soil
conditioner to improve soil structure” and that biocomposites
prepared using rice husk provide an environmentally friendly
material for the construction industry.® In addition, the
application of rice husk in battery electrodes, capacitors, and
energy storage materials has received widespread attention.”
However, due to the high ash content of rice husk, the carbon
materials prepared directly have a low specific surface area,
which limits their effective application in the agricultural and
industry field. Therefore, pretreatment of rice husk is required
to effectively utilize the rice husk resource. Common
pretreatment methods for rice husk are acid washing,'" alkali
washing,Il bakjng,12 etc. Guo et al.”® explored the thermal
stability of waste incineration fly ash at different heat treatment
temperatures (1000—1500 °C). As the heat treatment
temperature increased, both the solidification rate and leaching
rate of heavy metal Pb decreased. Ma et al.'"* investigated the
effect of different inorganic acids (HCl, HF, and H;PO,), acid
concentrations, and acid washing times on the pyrolysis of rice
husk for the preparation of bio-oil and found that the removal
rates of K, Ca, Na, and Mg by hydrochloric acid washing
reached 98, 93, 100, and 91%, respectively. Hiremath et al."”
used tartaric acid-modified rice husk as a fluoride ion
adsorbent and showed that the maximum adsorption rate of
tartaric acid-modified rice husk biomass char could reach
74.73%. Fang et al.'® discovered that alkali washing pretreat-
ment could increase the yield of volatile fatty acids in rice husk.
The total number of volatile fatty acids increased by 72.9%.
Meanwhile, some scholars have also improved the effectiveness
of the washing pretreatment by combining multiple pretreat-
ment methods. The rice husk was roasted before gasification,
resulting in a large amount of H, and CO and a small amount
of syngas of CO, and tar components.'” The acid treatment of
rice husk after alkali treatment can increase the cellulose

content by 2.01 times and the crystallinity by 40.8%."°
Ninduangdee et al."” found that blending pelletized rice husk
with moisturized rice husk in a fluidized bed could significantly
reduce NO, gas emission. In addition to this, there are several
emerging technologies for rice husk pretreatment in recent
years, including ultrasonic technology”’ and microbial
technology.”'

The above pretreatment methods affect the physicochemical
properties of rice husk from different perspectives and will
improve the combustion and ash formation characteristics of
rice husk. However, acid or alkaline washing pretreatment
requires the use of acidic and alkaline reagents and an
additional neutralization step, which not only incurs a high cost
but also leads to a large amount of organic matter loss during
the treatment process.”””> After baking pretreatment, alkali
metal removal is not obvious and the problem of slagging and
scaling is not effectively improved.”* Also, although the
emerging pretreatment technology has its unique advantages,
it has higher requirements for equipment and is more difficult
to operate.”® In contrast, washing pretreatment is widely
recognized as a pretreatment technology with obvious
advantages due to its low cost and simple operation.”® The
effectiveness of washing depends on the washing temperature,
washing time, solid-to-liquid ratio, and particle size.”””* The
fuel properties of agricultural wastes (wheat straw, rice straw,
corn stalk, cotton stalk, candlenut wood, and rice hull) were all
improved with increasing washing temperature, and the
removal of K and SiO, increased with increasing washing
temperature.”” In a study on wheat straw,”” it was found that
the calorific value of washed wheat straw with solid—liquid
ratios of 1:50 and 1:10 increased by 16 and 5%, respectively,
compared with that of untreated wheat straw. Although small
particle size biomass can remove ash more efficiently than large
particle size biomass by washing, too small a particle size can
also lead to loss of organic matter.’’ For different biomass,
changing only a single washing parameter is not effective in
removing ash and alkali metals. In this case, multiple washing
parameters must be varied to improve the slagging and scaling
tendency more effectively. Zhao et al.”* explored the effects of
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three washing temperatures (30, 60, and 90 °C) and three
washing times (3, 12, and 24 h) on the pyrolysis of salix under
N, and CO, atmospheres, respectively. The results showed
that the removal of elements K, Mg, S, and Cl increased
gradually with the increase in washing time and washing
temperature, while the removal of K was above 90% and was
not significantly affected by time and temperature. Tan et al.*’
studied the removal of element K in palm fiber by changing the
washing time (30, 60, and 120 min), solid-to-liquid ratio (1:10,
1:13, and 1:20), and washing temperature (28, 60, and 120
°C). They found that increasing these three washing
parameters could effectively remove 73—89% of element K.
Singhal et al.>** studied the combustion characteristics and
slagging and fouling tendencies of wheat straw under different
sizes (3, 1, and 0.05—0.08 cm), different washing times (0, 2, S,
10, 30, 60, and 180 min), and different washing temperatures
(20, 40, 60, and 80 °C). The results showed that long-time
washing and increasing the washing temperature could
effectively remove the ash content (25—37%) and the contents
of alkali metal elements (K (42—55%), Cl (60—81%), S (32—
61%), Mg (52—68%), N (17—25%), P (11-37%), and Ca
(14—29%)), and the slagging and fouling tendencies were
greatly reduced.

In summary, the most researched objects on biomass
washing pretreatment are wheat straw, corn stover, forestry
waste, etc. Therefore, it is necessary to further study the
combustion characteristics and ash formation characteristics of
the washed rice husk. Washing time and washing temperature
can effectively reduce the tendency of slagging and scaling,
while a comparative study of washing on the ash formation and
slagging characteristics of unground and ground rice husk has
not been involved. Therefore, in this paper, the combustion
and ash formation characteristics of rice husk were studied in
depth under the conditions of different washing temperatures,
washing times, and rice husk particle sizes, which provided a
theoretical basis for the high-value utilization of rice husk in
Northeast China.

2. EXPERIMENTAL METHODS AND PROCEDURES

2.1. Experimental Platform and Operation. The
experimental scheme is shown in Figure 1. The experimental
instruments include a washing device, air blast drying box,
elemental analyzer (Elementar), thermogravimetric analyzer
(Mettler Toledo TGA/SDTAS8S1e), muflle furnace, scanning
electron microscope (Quanta 200FEG & EVOI18; physical
magnification, $00—10,000), and X-ray diffractometer (D8
ADVANCE; the maximum power is 2 kW; the radiation source
is Cu target; +0.0001°).

2.1.1. Washing Preparation of Samples.

1. Six grams of original rice husk/rice husk powder (180
mesh) was weighed. An appropriate amount of water
(the washing temperature was 23 or 70 °C; the washing
time was 6 or 18 h) was added to ensure the dissolution
of soluble substances by using a magnetic stirrer.

2. The rice husk powder was suction-filtered by a vacuum
pump after washing. Then, the rice husk powder was
placed in a drying oven at 105 °C and dried for 24 h.

3. The original rice husk was dried naturally for 2 days after
washing. The rice husk was dried at 105 °C for 24 h and
prepared for use.

2.1.2. Preparation and Analysis of Ash. In this article, ash
samples were prepared according to the standard

(ASTME175S) of American Society for Testing and Materials
(ASTM).

1. In a muflle furnace, the rice husk ash was prepared at the
temperatures of 600, 815, and 1100 °C.

2. The ash sample was burned to ensure that the mass
change after two burns was less than 1 mg, and the final
ash quality was determined.

For the convenience of analysis, “T'T-HH-F (K)” was used
to represent different pretreatment methods. TT represents the
washing temperature (°C), HH represents the washing time
(h), F indicates that the research object is rice husk powder,
and K indicates that the research object is the original rice
husk.

2.2. Material Characteristics. In this paper, the rice husk
of Shenyang, Liaoning, China, was selected as the research
object. According to the elemental analysis standard of coal
(GB/T31391-2015), the elemental analysis was carried out,
and the calorific value was tested based on the determination
method of heat release of solid biomass fuel (GB/T30727-
2014) (Table 1).

Table 1. Elemental Analysis and Calorific Value Calculation

lower
calorific
parameter C (%) H(%) O% (%) N (%) S (%) value
rice husk 36.100 5.328 38.602 0.740 0.160 12,934 J/g

“Note: calculated by difference (O (%) = 100% — (C + H + N + ash)
(9)).%

The moisture, ash, volatile matter, and fixed carbon content
of rice husk was determined and analyzed by using the muffle
furnace according to the national standard of the People’s
Republic of China-Solid Biomass Fuel Industry Analysis
Method (GB/T28731-2012). The following table is the
average of three parallel experimental results (Table 2).

Table 2. Proximate Analysis

moisture volatile matter
parameter (%) ash (%) (%) fixed carbon (%)
rice husk 5.39 19.07 65.77 10.31

Air was selected as the environmental atmosphere for the
thermogravimetric analysis. The weight of rice husk sample
was 10 mg, the environmental gas flow rate was 50 mL/min,
and the temperature was increased to 1000 °C at a heating rate
of 20 °C/min. The thermogravimetric analysis results are
shown in Figure 2. The thermogravimetry (TG) curve could
be divided into four stages: The first stage was the drying stage
of rice husk, which was from 42 to 119 °C, and the maximum
water evaporation rate was at the temperature of 69 °C. The
second stage was the preheating stage, which occurred between
T = 119 and 240 °C. At this stage, small amounts of biomass
hemicellulose (carboxyl and hydroxyl) and other low-
molecular-weight substances were decomposed, releasing
H,0, CO, and CO,. The third stage was the main combustion
stage, which occurred at T = 240—500 °C. A large amount of
volatile matter was released, and cellulose, hemicellulose, and
lignin reacted. At this stage, when the temperature reached the
ignition point (T = 280 °C), the surrounding high-temperature
air and volatile matter were mixed and burned to further
accelerate the release of volatile matter. The volatile matter
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Figure 2. TG, DTG, and DSC of rice husk.
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precipitation reached the maximum value at the temperature of
T = 300 °C, the mass change rate was 75%, and the maximum
weight loss peak was present in the differential TG (DTG)
curve. With the increase in temperature, there was an obvious
weight loss peak in the DTG curve at about 440 °C, which was
due to the massive decomposition of lignin and the reaction of
a large number of gaseous products with coke.”” At the same
time, the alkali metals in the biomass turned to the molten
state, the absorption/exothermic reaction existed at the same
time, and the differential scanning calorimetry (DSC) curve
showed a double-peak structure ((dH/d7) . = 146 mV/mg).
The fourth stage was the fixed carbon reaction stage, which
occurred at T > 500 °C. At this time, the remaining small
amounts of lignin and residues continue to decompose
slowly,” and the DTG curve tends to be stable.

3. RESULTS AND ANALYSIS

3.1. Effects of Washing Pretreatment on Volatile
Matter Release and Combustion Characteristics. In this
article, the comprehensive characteristic index of volatile
release D represents the volatile matter release characteristics
and the difficulty of the reaction. The average combustion rate
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Figure 3. TG analysis of rice husk/rice husk powder with the washing
time of 6/18 h and washing temperature of 23 °C.
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Figure 4. TG analysis of rice husk/rice husk powder with the washing
time of 6/18 h and washing temperature of 70 °C.
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Figure S. DTG analysis of rice husk/rice husk powder with the
washing time of 6/18 h and washing temperature of 23 °C. (a)
Original rice husk; (b) rice husk powder.

Vmean Was used to reflect the intensity of the combustion
process.””*" The formula is as follows:
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Figure 6. DTG analysis of rice husk/rice husk powder with the
washing time of 6/18 h and washing temperature of 70 °C. (a)
Original rice husk; (b) rice husk powder.
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Figure 7. DSC analysis of rice husk/rice husk powder with the
washing time of 6/18 h and washing temperature of 23 °C. (a)
Original rice husk; (b) rice husk powder.

D= (dw/d7),,, (dw/d7)

mean

’I;'Tmax'A’Ii/Z (1)

a, — Qa,

Vmean = ﬂ X =t
T =T (2

where (dw/dr),,, is the maximum weight loss rate (%/°C).
(dw/d7) yean is the average weight loss rate (%/°C). T, is the
volatile devolatilization initial temperature (°C). T, is the
temperature corresponding to the maximum weight loss rate
(°C). AT,, is the temperature range corresponding to (dw/
d7)/(dw/dz) m = 1/2 (°C). Vypean is the average burning rate
(%/min). T¢is the burnout temperature (°C). /3 is the heating
rate (°C/min). «, is the mass fraction of the sample on fire
(%). ag is the mass fraction of the sample at burnout (%).
At the same time, the combustion characteristic index
represented the combustion reaction change of rice husk. The
combustion characteristic index mainly included the flamma-
bility index C,, ignition characteristic index C; and
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Figure 8. DSC analysis of rice husk/rice husk powder with the
washing time of 6/18 h and washing temperature of 70 °C. (a)
Original rice husk; (b) rice husk powder.

. . C .. 41—43
comprehensive combustion characteristic index S. The
formulas of each index were as follows:

C - (dw/d7),0x

' T (3)
C< — ‘/ad'(dw/df)max

' T (4)
S — (dW/dT)max'vmean

T'T; (%)

where V4 is analysis-based volatile matter (%).

From Figures 3 and 4, it can be seen that under the
condition of high washing temperature, adjusting the washing
time could significantly change the combustion characteristics
of rice husk powder. Compared with the shorter washing time
(t = 6 h), prolonging the washing time (t = 18 h) increased the
ignition temperature. As shown in Figures S and 6, changing
the particle size of rice husk could affect the temperature
corresponding to the maximum weight loss rate T, Under
the same conditions, the T, of washed rice husk powder and
washed rice husk could differ by 5—10 °C (Tpu3xx = 338
°G; Tmax,23-X—F =328 °C; Tmax,70-X-k = 340 °C; Tmax,70-X—F =335
°C). In addition, whether under high or low washing
temperature, for the original rice husk, the longer the washing
time was, the more unfavorable it was to increase the
maximum weight loss rate (dw/d7),,,, [(dw/d7) ;005180 =
0.081%/°C < 1(dw/d7) yay23.061d = 0.09%/°C). For rice husk
powder, the longer the washing time, the higher (dw/d7) .y |
(dw/dt) maga3068 = 0.077%/°C < 1(dw/d7)pmuess 188l =
0.086%/°C) (as shown in Figure S); especially under the
condition of high washing temperature, the volatile matter
release rate of rice husk powder increased significantly in the
combustion stage (I(dw/d7) 70158 = 0.104%/°C). As
shown in Figures 7 and 8, compared with the shorter washing
time, prolonging the washing time will lead to an increase in
heat absorption, indicating that the exothermic reaction was
promoted. In addition, for rice husk powder, a steep trough
was formed between the two endothermic peaks of the DSC
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Table 3. Characteristic Parameters

temperature, T,

condition T, (°C) Tax (°C) (dw/dz) e (%/°C) T; (°C) D (-) S(-) C (=) G (=)
original 240.00 300.00 6.11 494.1 3.37 x 1077 1.09 x 107¢ 8.63 X 107° 0.144
23-06-F 286.62 332.34 8.00 505.4 6.42 x 1077 1.31 x 107¢ 9.74 X 107° 0.190
23-06-K 299.05 338.65 9.02 517.1 5.89 x 1077 1.36 X 107¢ 1.01 x 107* 0.210
23-18-F 288.37 330.12 8.67 503.8 6.25 X 1077 1.43 x 107° 1.04 x 107* 0.208
23-18-K 301.20 340.34 8.33 544.7 443 x 1077 1.05 x 107° 9.18 X 107° 0.173
70-06-F 291.53 335.86 8.20 527.7 5.89 x 1077 1.10 x 107° 9.65 X 107° 0.173
70-06-K 301.78 340.74 9.36 537.4 4.19 x 1077 1.35 x 107¢ 1.03 x 107* 0.215
70-18-F 301.08 336.60 10.54 505.1 10.6 X 1077 1.83 x 107¢ 1.16 x 107* 0.278
70-18-K 302.50 33891 9.52 527.8 6.17 x 1077 1.36 X 107° 1.04 x 107* 0.218
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Figure 9. Effects of different washing conditions (washing time, washing temperature, and particle size) on the comprehensive characteristics of

volatile release and combustion characteristics.

Table 4. Expressions of Several Common Solid-Phase Reaction Dynamics Models

model

chemical reaction control model level 1 reaction
level 3/2 reaction
level 2 reaction
level 3 reaction
level 4 reaction
diffusion control model one-dimensional diffusion

two-dimensional diffusion

three-dimensional diffusion, spherical symmetry
three-dimensional diffusion, cylindrical symmetry

47a

G(a) function symbol  correlation coefficient R*
—In(1 — a) F1 0.9210
2[(1 - )] =1 F3/2 0.3830
1-a)t-1 F2 0.9262
(Q-a)2-1]/2 F3 0.9220
[(1-a)?-1]/3 F4 0.9194
a? D1 0.9903
1-a)In(l —a) +a D2 0.9934
1-0—-a)P D3 0.9389
[1-(/3)a] - (1 -a)* D4 0.8971

“Note: R? = (R,* + R,%)/2, where R,* and R,” are the correlation coefficients of n[G(a)/T?] and 1/T relationship curves in the temperature ranges

of 250—33S and 335—480 °C, respectively.

curve after prolonging the washing time, indicating that the
endothermic/exothermic reactions were frequent, the tran-
sition of alkali metals to the molten state was more active in
the combustion reaction, and a large number of gaseous
products reacted with fixed carbon. Therefore, the coupling
effect of washing temperature and washing time on the
combustion characteristics of rice husk was obvious. The
coupling effect of particle size and washing time on the
comprehensive characteristics of volatile release was obvious.
Long washing time was more beneficial to improve the
combustion characteristics of rice husk and promoted the
increase of rice husk calorific value.

According to the TG, DTG, and DSC analyses and eqs 1S5,
the comprehensive characteristics of volatile release and
combustion characteristic index of rice husk samples with/
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without washing were obtained. The calculation results are
shown in Table 3. In Table 3, the comprehensive character-
istics of volatile release and combustion characteristics of rice
husk with and without washing were compared. Because the
water-soluble alkali metals in the original rice husk were
removed by washing pretreatment, the combustion reaction
rate slowed down, and the T had been significantly increased,
indicating that more heat was required to reach the volatile
devolatilization initial temperature. Therefore, the volatile
matter release occurred with a delay, and the comprehensive
characteristic index of volatile release (D) increases signifi-
cantly. However, although it was not easy for the rice husk
after washing to quickly enter the combustion reaction state,
the combustion stability of the washed rice husk was greatly
improved, the burnout time was delayed, and the T; was
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Table S. Kinetic Parameters of Rice Husk with the Washing Pretreatment

fitting equation y = ax + b

sample temperature (°C) a b
original rice husk 250—-335 —11,546.942 4.7190
335480 —2665.493 —9.9240
23-06-F 235-350 —16,971.500 13.001
350—49S —2798.060 —9.8560
23-18-F 240-345 —14,148.038 8.4620
345-507 —2709.658 —9.9330
70-06-F 240-35S —16,495.371 12.0910
355—-530 —2479.364 —10.402
70-18-F 240-35S —15,542.834 10.530
355—540 —2785.090 —9.8370
23-06-K 250—-35S —13,855.354 7.7420
355-520 —2627.961 —10.111
23-18-K 247-360 —13,690.253 7.4090
360—-555 —2205.484 —10.814
70-06-K 250-357 —15090.524 9.7010
357-532 —2387.744 —10.488
70-18-K 248—-360 —15339.978 10.106
360—530 —2452.237 —10.399

activation energy E (kJ/mol) frequency factor A (min™') correlation coefficient R*

96.007 2.59 x 10* 0.9916
22.162 261 x 1073 0.9951
141.11 1.50 x 10° 0.9911
23.264 293 x 1073 0.9936
117.64 1.34 x 10° 0.9843
22.530 2.63 x 1073 0.9939
137.150 5.88 x 107 0.9915
20.615 1.51 x 1073 0.9925
129.230 1.16 x 107 0.9867
23.157 298 x 1073 0.9896
115.20 6.38 X 10° 0.9894
21.850 2.14 x 1073 0.9941
113.83 4.52 X 10° 0.9910
18.337 8.87 x 107* 0.9911
125.47 4.93 x 10° 0.9916
19.853 1.33 x 1073 0.9934
127.54 7.52 X 10° 0.9914
20.389 1.49 x 1073 0.9919

Figure 10. (a) Sintering temperature of 600 °C, original rice husk (1.6X); (b) sintering temperature of 815 °C, original rice husk (1.6X); (c)
sintering temperature of 1100 °C, original rice husk (1.6X); (d) sintering temperature of 600 °C, 70-18-K (1.6X); (e) sintering temperature of 815
°C, 70-18-K (1.6X); (f) sintering temperature of 1100 °C, 70-18-K (1.6X).

significantly improved, which could be verified by the increase
in C, and C; of the washed rice husk (see Table 3). In addition,
the overall porosity of rice husk increased after washing,"* and
the channels were smooth for volatile matter release, resulting
in an increase the maximum weight loss rate (dw/d7), .
The flammability index C, burnout temperature T; and
volatile devolatilization initial temperature T, were all sensitive
to the washing temperature. With the increase in washing

temperature, the above three parameter values increased
obviously. The particle size d of washed rice husk was
positively correlated with the T, T,,,,, and T;. Therefore, D was
closely related to the particle size of washed rice husk, and the
two were negatively correlated. In addition, C, and C; were
affected by the particle size and washing temperature. With the
increase in the washing time, the smaller particle size showed a
larger integrated combustion property index (S), but in the
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Table 6. Ash Content of Rice Husk at Different Sintering Temperatures (600, 815, and 1100 °C)“

600 °C

815 °C 1100 °C

proportion of ash

ratio to original ash
formation, M, (%)

content, M, (%)

original 20.68 100 19.9
sample
70-18-K 17.58 85.01 16.82

proportion of ash
formation, M, (%)

ratio to original ash proportion of ash ratio to original ash
content, M, (%) formation, M, (%) content, M, (%)

100 18.3 100

84.52 16.67 91.09

“Note: rice husk without washing, M, = ash mass/sample mass, M, = ash mass/ash content from the rice husk without washing; rice husk with
washing (70-18-K), M, = ash mass/sample mass with washing, M, = ash mass/ash content from the rice husk without washing.

Figure 11. Microstructure of original rice husk ash at different sintering temperatures: (a, b) 600 °C, (c, d) 815 °C, and (e, f) 1100 °C.

Table 7. Elemental Analysis for the Different Measuring
Points of Rice Husk Ash by SEM (EDS)

mass fraction of main elements (%)

measuring
point C Si (0] K Fe Ca
600 °C 1 53.3 34.74 5.69
815 °C 1 34.68 55.88 4.11 1.03
2 66.09 19.73 4.88 4.67
3 43.18 45.54 0.3 1.83
1100 °C 1 43.93 51.6 1.17
2 42.47 50.1

shorter washing time, the original rice husk presented better
combustion characteristics. The above law was particularly
obvious under high temperature washing conditions (AS,; =
Sp318F — Syzasx = 0.38 X 107° < AS70 = S70.18-F — SazasF =
0.47 X 107°). This paper considers that it was mainly due to
the fact that high-temperature washing was more conducive to
the release of water-soluble alkali from the inside of biomass
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and accelerated the desorption effect. However, long washing
time led to ion exchange between water-soluble alkali metals
and rice husk, forcing alkali metals to be rehosted by rice husk.
Furthermore, the aggregation effects of rice husk powder could
promote the enrichment of alkali metals and simplify some
steps of alkali metals participating in combustion reactions so
that alkali metals could fully and quickly participate in the
combustion reaction from the beginning. In summary, the
relationship among the influencing factors (washing time,
washing temperature, and particle size), comprehensive
characteristics of volatile release, and combustion character-
istics is shown in Figure 9.

The reaction kinetic parameters obtained by thermogravi-
metric analysis can macroscopically describe the whole
chemical reaction process of biomass. Under the condition
of ignoring the secondary products of gas, without considering
the heat and mass transfer caused by the material
concentration diffusion, according to the Arrhenius equation,
the reaction rate can be expressed as:*>*°
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Figure 12. Microstructure of the ash sample at a sintering temperature of 600 °C. (a) 23-18-K, 500X; (b) 23-18-K, 2.00kX; (c) 23-18-F, 500x; (d)

23-18-F, 2.00kX.

Figure 13. Microstructure of the ash sample at a sintering
temperature of 815 °C. (a) 23-18-K, S00X; (b) 23-18-K, 2.00kX;
(c) 23-18-F, 500x; (d) 23-18-F, 2.00kx.

Figure 14. Microstructure of the ash sample at a sintering
temperature of 1100 °C. (a) 23-18-K, 500X%; (b) 23-18-K, 2.00kX;
(c) 23-18-F, 500x; (d) 23-18-F, 2.00kx.

da
@ ©
= _E = MM
k= Aexp( RT) and o e )
In[ G(a)} =In ﬁ—i
T PE RT (8)

where R is the gas constant (R = 8.3145 J/(mol K)), T is the
instantaneous temperature (K), E is the activation energy (kJ/

mol), and A is the frequency factor (min™"'). a is the weight
loss rate (a = 0.15—0.9) (%). my is the initial mass (g). m is the
instantaneous mass in the thermogravimetric experiment (g)
My, is the residual mass after thermogravimetric experiment
(g)-

Table 4 shows nine common mechanism functions, G(«). It
could be seen from eq 6 and Table 4 that there were different
relationship curves of In[G(a)/T?] and 1/T corresponding to
the different G(a). Through the determined G(a), activation
energy E and frequency factor A could be obtained. To ensure
the accuracy of the data, the stage with relatively stable test
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Table 8. Elemental Analysis for the Different Measuring Points of Rice Husk Ash by SEM (EDS) (23-18-K)

mass fraction of main elements (%)

measuring point C Si
600 °C 1 36.54
2 28.22
3 343
815 °C 1 26.08 35.7
2 54.45
3 35.67
4 43.9
1100 °C 1 37.57
2 50.04
3 13.72 42.69
4 37.01
S 23.27

O K Fe Ca Mg Mn
46.39 0.66 1.89 0.83
45.75 1.43 3.28 1.62
58.5 0.9
31.25 4.81
40.9 091
58.24 0.53
49.86 141
46.21 1.1 2.98 3.85 0.85
41.78
349 1.49
54.5 1.01
37.5 0.96 24.79

Table 9. Elemental Analysis for the Different Measuring Points of Rice Husk Ash by SEM (EDS) (23-18-F)

mass fraction of main elements (%)

measuring point C Si

67.17
53.17 12.15
33.29
46.41 16.47
38.42
39.77

600 °C

815 °C

R R S T S

1100 °C

O K Fe Ca Mg Mn
32.83
33.65 0.22 0.58 0.25
59.30 0.85 2.06 1.48 0.79
35.16 0.32
54.87 0.57
54.79 2.46 1.44 1.54

conditions should have been selected for activation energy
calculation. In addition, the relationship curve of In[G(a)/T?]
and 1/T could be divided into two temperature ranges, which
represent the volatilization stage and the combustion stage of
fixed carbon. It could be seen from Figure 1 and Table 4 that
when the expression of G(a) was D2 model, the correlation
coefficient R? was the closest to 1. Therefore, the D2 model
“G(a) = (1 — a) In(1 — a) + a” was selected to calculate the
kinetic parameters.

As shown in Table 5, the activation energies of rice husk in
the volatile matter release stage and fixed carbon combustion
stage were 96.007 and 22.162 kJ/mol, respectively. It could be
seen that the activation energy in the first stage (the volatile
matter release stage) was much larger than that in the second
stage (the fixed carbon combustion stage). This was mainly
due to the fracture of the biomass macromolecular chain in the
biomass in the first stage, which needed to provide higher
energy. In the second stage, with increasing temperature, rice
husk was more likely to react (the release of CO and H,
requires less energy). Therefore, the average activation energy
of rice husk in the high temperature range was lower than that
in the low temperature range.

Because washing removed some alkali metal elements in rice
husk that could promote pyrolysis, it was difficult for volatile
matter release. Therefore, in the first stage, the heat consumed
by the biomass combustion reaction increased, and the average
activation energy of washed rice husk in the first stage was
125.896 kJ/mol, which was much larger than that of the
original rice husk in this stage. In the second stage, the
activation energy of biomass did not change much. The
minimum activation energy was 18.337 kJ/mol, and the
maximum activation energy was 23.264 kJ/mol. In general, the
difference of activation energy between the fixed carbon
combustion stage and the volatile release stage of the washed
rice husk was significantly increased, which was greatly affected

by the particle size and was less affected by the washing
temperature.

3.2. Effect of Washing Treatment on Ashing
Characteristics of Rice Husk. The ash samples were
prepared in a muffle furnace at three sintering temperatures
of 600, 815, and 1100 °C, and the microstructure characteristic
and component change of the ash samples were observed to
explore the effect of washing on the ash formation character-
istics of rice husk, as shown in Figure 10. Figure 10a—c shows
the ash samples of rice husk without washing at three sintering
temperatures, respectively. Figure 10a—c shows the ash
samples of washed rice husk (70-18-K) at three sintering
temperatures, respectively. When the sintering temperature
was 600 °C (as shown in Figure 10a), the viscosity of rice husk
ash was low, and its structure was loose. At the sintering
temperature of 600—800 °C, the SiO, in rice husk ash basically
existed in an amorphous state. When the sintering temperature
was 815 °C (as shown in Figure 10b), the adhesion of rice
husk ash was significantly improved, and the ash sample was
adhered to the combustion boat. It showed an obvious
granular structure and agglomerated and slagged. When the
sintering temperature was higher than 900 °C, the appearance
of rice husk ash was white (as shown in Figure 10c). When the
sintering temperature was 1100 °C (as shown in Figure 10c),
the ash adhesion of rice husk ash was further improved, and
the ash samples were agglomerated into blocks. In Figure
10d—f, the structure of ash samples from washed rice husk was
relatively loose. Even at a higher sintering temperature (1100
°C), the agglomeration degree of ash samples was significantly
lower than that of ash samples from unwashed rice husk.

As shown in Table 6, at different sintering temperatures
(600, 815, and 1100 °C), the ash content of washed rice husk
was about 15% lower than that of the rice husk without
washing. At the same time, in the high-temperature sintering
stage (1100 °C), the ash content of rice husk without washing
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Figure 15. XRD patterns of rice husk ash: (a) sintering temperature of 600 °C (23-18-K), (b) sintering temperature of 815 °C (23-18-K), (c)
sintering temperature of 1100 °C (23-18-K), (d) sintering temperature of 600 °C (23-18-F), (e) sintering temperature of 815 °C (23-18-F), and

(f) sintering temperature of 1100 °C (23-18-F).

showed a continuous decreasing trend as the sintering
temperature increased, while the attenuation of the ash
content of rice husk with washing was limited. Therefore,
washing pretreatment is helpful to reduce the ash content of
rice husk. In a certain temperature range, the ash content of
washed rice husk did not change significantly, which made it
possible to control slagging through a reasonable temperature
range in engineering applications.

The microstructure of rice husk ash was further analyzed by
SEM, as shown in Figure 11a. The ash particle outline of rice
husk without washing was clear at 600 °C, and there was no
obvious adhesion between each other. There were a certain
number of unburned large particles that retained the original
structure of rice husk (as shown in Figure 11b). There was a
thick and rough shell (see the symbol “1” in Figure 11b), the
surface was attached with small protrusions, and the flaky
particles was in the inner side. With the SEM (energy-
dispersive X-ray spectroscopy (EDS)) analysis, it could be seen
that the main component of most adhesions on “1” is Si, and
the flaky particles on the inner side of the shell were mainly
composed of a large number of nanosized amorphous SiO,, as
shown in Table 7.

When the sintering temperature reached about 815 °C, the
particle size of rice husk ash decreased obviously, as shown in
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Figure 11c. Most of the particles were in the glassy state, and
agglomeration occurred between some particles, as shown in
Figure 11d. When the temperature rose to 1100 °C, the
particle size of ash particles decreased further, and the
agglomeration between particles was more obvious, as shown
in Figure 1le. It could be found from the cross sections of
some large particles that the honeycomb structure was present
inside the particles, which might have been caused by the
volatile release, as shown in Figure 11f. As shown in Table 7,
the kalium in ash gradually decreased, indicating that alkali
metals gradually precipitated to the ash surface with the
increase in sintering temperature. This kind of alkali metal (K)
played a significant role in promoting the ash particle
agglomeration of rice husk without washing,

As shown in Figures 12—14, after a long time of washing, the
ash particles were obviously individualized at the sintering
temperature of 600 °C, the particle size was small and
relatively uniform, and most of them present a single block
structure. With increasing ashing temperature, the agglomer-
ation of particles was improved to a certain extent at the
sintering temperature of 815 °C compared to that without
washed rice husk ash. When the sintering temperature was
1100 °C, the ash deposit and slagging phenomenon still
existed. Under the same conditions of washing temperature
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Figure 16. Microstructure of the ash sample at different sintering
temperatures (70-18-K): (a, b) 600 °C, (c, d) 815 °C, and (e, f) 1100
°C.

and time, the agglomeration phenomenon of rice husk powder
with washing obviously disappeared at higher sintering
temperature. On the one hand, it was due to the difference
in the morphology of the original rice husk and powder. On
the other hand, it was due to the difference in the removal
effect of alkali metals after washing (as shown in Tables 8 and
9). During the washing process, the water-soluble alkali metal
elements (in ionic and granular mineral forms) in rice husk
were first removed by ion diffusion. However, with the
extension of washing time, the alkali metals that had been
dissolved in the washing solution would have an ion exchange
with the rice husk, and the surface structure of the ungrounded
rice husk was more likely to adsorb ions and impurities,
resulting in the K content in the sintered ash of ungrounded
rice husk being higher than that of the rice husk powder with
the same washing time and temperature.

In summary, the washing pretreatment could improve the
ash deposit and slagging phenomenon of rice husk in the high-
temperature sintering stage, but due to the morphology
influence of rice husk, the improvement of washing pretreat-

ment on the sintering slagging phenomenon of rice husk
powder was more obvious.

From the above SEM (EDS) (Tables 8 and 9) and XRD
(Figure 15) analyses, it could be seen that the rice husk ash
particles were mainly composed of C, Si, O, K, Fe, Ca, Mg, and
Al. The silica in rice husk ash mainly existed in the form of
cristobalite. When the sintering temperature was 600 °C, the
content of cristobalite increased with increasing temperature.
The rice husk ash mainly contained amorphous SiO,. When
the sintering temperature was about 815 °C, the peak value of
amorphous SiO, in rice husk ash decreased obviously. When
the sintering temperature was about 1100 °C, the amorphous
silica present in rice husk ash transforms into crystalline
tridymite, and the high-temperature refractory Mg—Fe—Al acid
salt was formed by the Mg, Fe, and Al components. By
comparing the washed rice husk and washed rice husk powder,
it was found that the washing pretreatment had a better effect
on the removal of alkali metals in rice husk powder. The ash
quality decreased significantly; correspondingly, the proportion
of refractory silicates increased. The proportion of crystalline
tridymite in the sintered ash of rice husk powder was
significantly higher than that of rice husk after washing
pretreatment.

Under the same washing time (¢t = 18 h), the washing
temperature had a great influence on the microstructure of rice
husk ash (Figure 16). From Table 10, it could be seen that
under the condition of high washing temperature (70 °C), rice
husk ash particles were more dispersed and individualized. In
addition, the high washing temperature played a greater role in
the removal of alkali metals. When the sintering temperature
was 600 °C, the K in rice husk ash accounted for a relatively
small proportion, as shown in Table 10. When the sintering
temperature was higher than 800 °C, the content of K in rice
husk ash was almost not detected. When the sintering
temperature was 1100 °C, the proportion of high-temperature
refractory Mg—Fe—Al acid salt increased (as shown in Figure
17), which effectively raised the ash melting point and reduced
the possibility of ash deposition. Therefore, under the same
washing time, the higher washing temperature had a great
promoting effect on the removal of alkali metals and the
formation of infusible silicates in rice husk ash.

4. CONCLUSIONS

1. Under the condition of high washing temperature,
adjusting the washing time could significantly change the
combustion characteristics of rice husk powder, and
prolonging the washing time would increase the ignition

Table 10. Elemental Analysis for the Different Measuring Points of Rice Husk Ash by SEM (EDS) (70-18-K)

mass fraction of main elements (%)

measuring point C Si
600 °C 1 10.83 34.46
2 28.18
815 °C 1 54.22
2 48.20
3 46.93
4 38.18 38.04
S 43.54
1100 °C 1 36.76
2 43.97
3 43.69

(0] K Fe Ca Mg Mn
46.82
45.63 1.02 15.21 1.07
38.21 0.89
40.8 1.96 1.67
42.28 1.93 2.28
18.87 1.72
48.26
55.56
50.73
44.04 1.75 243
50716 https://doi.org/10.1021/acsomega.4c08820

ACS Omega 2024, 9, 50705-50719


https://pubs.acs.org/doi/10.1021/acsomega.4c08820?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08820?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08820?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08820?fig=fig16&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Intensity(Counts)

ACS Omega http://pubs.acs.org/journal/acsodf
2000 4 (a)
1500
1500 =
1:d=4 0798 ]
’:’, 1000 4
1000 - =
E
2:d=2.0328 <
3:d=1.1852
500+ 5004
0. i a,
R o ;

(b)

3.d=1.7047 4.d=1.2333

Two-Theta (deg)

L T e S B e | T T T T T
2 )

LIBE B B s S s e e e S B S B e e
kS 0 ]

n
Two-Theta (deg)

Z2.4s4 A7

w

4000+

Intensity(Counts)

Z 1ged 3013

Si0, (tridymite); 3: SiO,(cristobalite); 4: SiO,{quartz);
CaSi,; 6: MgSi0y;: 7: Fe,5i0,: 8: K4Si04: 9: AlO,:
K;PO,: 11: K.Fe,0p

(c)

T T T
20

Two-Theta (deg)

Figure 17. XRD spectrum of rice husk ash (70-18-K). (a) Sintering temperature of 600 °C, (b) sintering temperature of 815 °C, and (c) sintering
temperature of 1100 °C.

temperature. Under the same washing conditions, the
temperature of maximum rate of decomposition for rice
husk powder and original rice husk could differ by S—10
°C. For the original rice husk, the longer the washing
time, the more unfavorable it was to increase the
maximum weight loss rate. For rice husk powder, the
effect was opposite. Therefore, the coupling effect of
washing temperature and time on the combustion
characteristics of rice husk was obvious. The coupling
effect of particle size and washing time on the
comprehensive characteristics of volatile release was
obvious. Long-time washing was more beneficial to
improve the combustion characteristics of rice husk and
promote the increase in calorific value.

. The flammability index C,, burnout temperature Ty, and
volatile devolatilization initial temperature T, were
sensitive to washing temperature. With the increase in
washing temperature, the above three parameters
increased obviously. The particle size d of washed rice
husk was positively correlated with the volatile
devolatilization initial temperature T, the temperature
of maximum rate of decomposition T,,, and the
burnout temperature Ty The comprehensive character-
istic index of volatile release D was negatively correlated
with the particle size of washed rice husk. With
increasing washing time, the smaller rice husk particle
size presented a larger integrated combustion property
index S, but the original rice husk presented better
combustion characteristics with shorter washing time.

. Washing original rice husk and rice husk powder could
reduce the ash content to varying degrees, which was
about 15% lower than that of rice husk without washing,

In addition, because the surface structure of unmilled
rice husk was more likely to adsorb ions and impurities,
the alkali metals that have been dissolved in the washing
solution would have an ion exchange effect with the rice
husk. In the same washing time and temperature, the
washing removal effect for alkali metal in rice husk
powder was better than that in original rice husk, and the
proportion of K in the ash sample decreases from 1 to
4% (washed rice husk) to 0.2—1%, and the ash deposit
and slagging phenomenon of washed rice husk powder
had been significantly improved. Under the same
washing time, the higher the washing temperature was,
the better the removal effect of alkali metals in washed
rice husk was. Correspondingly, the proportion of high-
temperature refractory Mg—Fe—Al acid salt increased in
the high-temperature sintering stage, which effectively
improved the ash melting point and reduced the
probability of ash deposition and slagging.
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