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ABSTRACT

Since pure tobacco stalk (TS) biomass pellet fuels tend to slag, five anti-slagging agents were added to the crushed
TS to obtain a pellet fuel that could be used in biomass burners to provide heat for tobacco curing. The obtained
results revealed that the main component of TS pellet fuel was K,Si,Os. During fuel combustion process, additives
generated higher melting point silicate compounds by Al-K, Ca—K, and Ca—K elemental structures to replace
single K elemental structure of TS, enhancing the anti-slagging efficiency of the pellet fuel from 21.63% to 78.29%
and promoting the precipitation of K, Mg, and Na elements in the slag block. By investigating the anti-slagging
mechanism pathways of the additives in TS biomass pellet fuels, altering of the structure of silicate ion group
pathway was found to improve anti-slagging effects that met the requirements of production formula.
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Nomenclature

TS Tobacco stalk

CMC Carboxymethyl cellulose

KLN Kaolin

DTE Diatomaceous earth

CCO Calcium carbonate

CHP Calcium dihydrogen phosphate

XRD X-ray diffraction

C, Slagging rate (%)

G, Total mass of the sampled furnace dust (kg)

G, Mass of slag with particle size >6 mm (kg)

M. Anti-slagging rate (%)

Crs Pure TS biomass pellet fuel slagging rate (%)

Cs Slagging rates of different additive treatments (%)
Nk Potassium fixation rate (%)

, Potassium contents in the slag after combustion pellet fuel (kg)
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, Potassium contents in the original pellet fuel (kg)
Mo Oxygen enrichment rate (%)

s Oxygen contents in slag after combustion (kg)

on Oxygen contents in the original pellet fuel (kg)

1 Introduction

Flue-cured tobacco (Nicotiana tabacum L.) needs a great amount of energy for curing. In order
to alleviate the environmental pollution due to traditional coal-fired heating, biomass pellet fuel has
become popular for tobacco heating in recent years in China’s tobacco growing regions [1]. To fully
support sustainable development of energy-intensive agro-industry of tobacco flue-curing, over 4
million tons of biomass raw materials are employed annually to manufacture biomass pellet fuels [2].
Tobacco plants themselves can be developed as an energy crop for biofuels production [3]. Residual
tobacco stalks from tobacco leaf harvests can be applied as a raw material for the production of
biomass pellet fuel in tobacco plantations [4], which can potentially replace other biomass sources
during heating process [5]. In this way, agricultural production of tobacco can be self-sustained [0],
which is also the best approach to achieve green pathway obtaining of flue-cured tobacco [7].

Since TS have different structural composition from common agricultural crop straw [8], the pellet
fuels made from this single-raw material is prone to furnace slagging when used in biomass burners
for tobacco curing [9], which affects its combustion efficiency. To make it possible to use tobacco
stalks (TS) pellet fuel in tobacco curing heating, Xiao et al. [10] tested flue-cured tobacco heating
with biomass from TS samples from different locations, revealing the feasibility of using treated TS
in traditional coal-fired furnaces. Due to the constraints of the production method at that time, pellet
fuel with particle size ¢ 30-50 mm did not receive widespread promotion. With the development of
modern science and technology, the burner used for tobacco has achieved automatic flame control
and addition of pellet fuel with size ¢ 8-12 mm [11]. However, fuel combustion heating for tobacco
leaf curing has its own rules based on changing dry-bulb temperature during curing process [12]. The
slagging problem of single TS-based pellet fuels for flue-curing has not been perfectly resolved [13].

Today, crop straw, sawdust, or pulverized coal are commonly applied to alleviate furnace slagging
problem [14]. However, differences in the regional distributions of these biomass raw materials increase
fuel production cost [15], transportation energy consumption and equipment investment [16] due to
long-distance transportation. At the same time, some researchers have performed in-depth analysis on
the automation and intelligent control of biomass burners as well as pellet fuel particle size to address
furnace slagging problem of TS fuels, though no significant results have been achieved [17].

Since additives have been successfully applied in mitigating slagging-related problems during solid
fuel combustion [18] or in ash-forming species [19], Wang et al. [20] selected several anti-slagging
agents and evaluated their application in tobacco curing heating process to potentially decrease
the production cost of pellet fuel additives. However, limited research has been conducted on the
composition and status of single TS-based pellet fuels for flue-curing. To decrease the slagging
tendency of biomass pellet fuels of single TS, it is essential to identify the most suitable additives and
develop anti-slagging mechanisms [21]. Based on previous research, this work aimed to quantitatively
analyze the characteristics of the ash generated from TS-based pellet fuels by adding several common
anti-slagging additives during tobacco curing heating process to provide a reference and further
provide some directives for the screening process of TS-based pellet fuel additives.
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2 Materials and Methods

2.1 Test Materials

The experiments were performed at Lushi Du-Guan Tobacco Planting Station in Henan Province
from July to September in 2021-2022. With pure TS as control, carboxymethyl cellulose (CMC),
calcium dihydrogen phosphate (CHP), calcium carbonate (CCO), diatomaceous earth (DTE), and
kaolin (KLN) were selected as additives to be applied during tobacco curing process which were
powder with 400 mesh, and came from Jintu Chemical Reagent Co., Ltd. (Zhengzhou, China). The
addition proportions of these components are given in Table 1. TS samples were collected from Sheqi
Yonghui Agricultural Cooperative and dried naturally. Then, they were crushed into particles less
than 8 mm in length. Once the crushed TS material and different proportions of additives were evenly
mixed, a pellet extruder (ZLG560, Jinan Xinyuanli Environmental Protection Equipment Co., Ltd.,
Jinan, China) was used to press them into a circular rod-shaped pellet fuel with a diameter of 8 mm,
length of 2-3 times that of the diameter, particle density of 1200 kg/m?, and bulk density of 650 kg/m®.
After the pressed pellet fuel was cooled down to room temperature, it was packed in waterproof sealed
bags for experimental transportation and future application. The representative burner (SWZB223,
Xuchuang Tongxing Modern Agricultural Technology Co., Ltd., Xuchang, China) [22] in China’s
tobacco planting regions applied for biomass pellet fuel was used to regularly feed the hopper with
pellet fuel during the tobacco curing process. Then, the ash was cleaned and the obtained biomass
pellet fuel was quantitatively detected and analyzed.

Table 1: Name and mixture ratio of anti-slagging additives

Treatment Abbreviation Ratio (wt%)

Name Chemical structure

Pure TS Organic mixtures TS 0%
Carboxymethyl cellulose [C¢H,0,(OH),0CH,COONa], CMC 1%
Kaolin Al,05-2S10,-2H,0 KLN 2%
Diatomaceous earth Si0,-nH,0 DTE 1%
Calcium carbonate CaCo; CCoO 2%
Calcium dihydrogen phosphate Ca(H),PO, CHP 2%

2.2 Test Methods
2.2.1 Determination of Ash and Slag Compositions

To explore the slagging tendency of each treatment, the slagging rate of burner’s ash was calculated
by Eq. (1):
Cs = G,/G, x 100% (1)
where Cj is slagging rate (%); G, is total mass of the sampled furnace dust (kg); and G, is the mass of
slag with particle size >6 mm (kg).

To compare anti-slagging degrees of different additives on pure TS, Eq. (2) was applied to calculate
the efficiency of each treatment:

n. = (Crs — Cy) /CTS x 100% (2)
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where 7, is anti-slagging rate (%); Cys is pure TS biomass pellet fuel slagging rate (%); and Cj is the
slagging rates of different additive treatments (%0).

2.2.2 Determination of TS Slagging Temperature

To determine TS pellet fuel slagging temperature, a tubular combustion furnace (XD-1200NT;
Zhengzhou Brothers Pit Furnace Co., Ltd., Zhengzhou, China) was applied for the simulation of
biomass furnace combustion. In considering temperature range in biomass burner furnace during
tobacco curing heating [23], temperature gradients were set as 900°C, 1000°C, 1100°C. The TS pellet
particulate fuel was injected into the tubular combustion furnace to reach the specified temperature
and keep it stable for 30 min. Once the temperature of the tubular combustion furnace was decreased to
room temperature, the burnt products were collected for photographing and then, slagging conditions
were observed. The combustion atmosphere of tubular combustion furnace was N, 79 vol% + O,
21 vol%, total flow was controlled at 2 L/min, and pressure was kept fixed at 0.1 MPa.

2.2.3 Scanning Electron Microscope-Energy-Dispersive Spectroscopy (SEM-EDS) and X-Ray Diffrac-
tion (XRD) Studies

A scanning electron microscope (SEM, Hitachi, S-4800, Tokyo, Japan) was applied to investigate
the bonding mechanism and micro-morphology of crushed pellet fuels and slagging blocks by fracture
surface analysis. In addition to SEM, an energy-dispersive spectroscope (EDS Hitachi, S-4800, Tokyo,
Japan) was employed to investigate the representative areas scanned by an X-ray energy spectrometer
to semi-quantitatively obtain detailed microchemistry information.

To reveal the influences of various treatments on the potassium content of pellet fuels during
combustion, Eq. (3) was employed to calculate potassium fixation rate:

771( = W /a)z X 1000/0 (3)

where ny is potassium fixation rate (%) and w, and w, are potassium contents in the slag after
combustion and in the original pellet fuel (kg), respectively.

To investigate the effect of oxygen content in particulate fuel during combustion, oxygen enrich-
ment rate was calculated using Eq. (4) as:

770 = (CU3 — Cl)4) /0)3 X 100(V() (4)

where 1, is oxygen enrichment rate (%), and w; and w, are oxygen contents in slag after combustion
and in the original pellet fuel (kg), respectively.

For the determination of the chemical composition of the slagging block after adding various
additives, an X-ray diffraction (XRD) device (Fringe, LANScience, Shenzhen, China) was used for
the identification of the main crystalline phases in slagging blocks after crushing. Then, the obtained
data were analyzed with MDI Jade 6.5 software to qualitatively identify main crystalline phases [24].

2.3 Data Processing
GraphPad Prism software version 5.0 (GraphPad Software Company, San Diego, CA, USA) was
applied for data analysis and automatic figure generation.
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3 Results

3.1 Determination of TS Slagging Characteristics

Fig. 1 illustrates the combustion products of TS pellet fuel in the tubular combustion furnace. At
900°C and 1000°C, ash surface samples were soft and collapsed and pellet fuel did not form slag. At
1100°C, TS pellet fuel fiber structure was destroyed, rapidly shrinking with the burning of combustible
components, and was agglomerated preventing dispersion. Hence, the products turned hard, forming
black glass-like products attached to porcelain boat wall, which was difficult to take down, ultimately
resulting in severe slagging. This revealed that the pellet fuel made from pure TS in the temperature
range of 900°C-1100°C, it could not be used to supply the biomass burner system as temperature
environment for tobacco curing is changing with the dry-bulb temperature of curing process.

Figure 1: Morphology of combustion products of pure TS pellet fuel heated at different furnace
temperatures

3.2 Characteristics of Ash and Slagging Blocks at Furnace Bottom during Tobacco Curing

In tobacco curing heating, TS slagging situation is more severe than other treatment methods
(Fig. 2). This severe slagging could result in the accumulation of large blocks in pellet fuel burner
furnace, thereby influencing normal pellet fuel feeding into the furnace, combustion air ventilation,
and fuel combustion. According to the data presented in Fig. 1, the slagging statistics of various
pellet fuels under various additive treatments during tobacco curing are illustrated in Figs. 3 and 4.
Compared with only TS, addition of KLN and CHP additives to TS biomass pellet fuel was able
to effectively control biomass pellet fuel slagging at 13.97% and 10.14%, respectively. As a whole,
inorganic additives outperformed organic additives and increased anti-slagging rate by 21.63%—
78.29% in varying degrees. Inorganic additive CHP presented good anti-slagging efficiency and could
control slagging rate in furnace at 13.97%, reaching an anti-slagging rate of 78.29% and effectively
alleviating TS-based pellet fuel slagging during tobacco curing process.

By investigating the elements present in various anti-slagging additives, the anti-slagging effects
of alkali metals were ranked as CHP > KLN > CMC and for non-metallic element ions, the order was
CHP > CCO > CMC, KLN > DTE, revealing that in anti-slagging additive selection for TS-based
pellet fuels, the anti-slagging effects of additives containing high-molecular weight alkali metals and
non-metallic elements (composed of oxidation ions) were better than those of additives containing
low-molecular weight alkali metals and non-metallic elements (composed of oxidation ions).
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Figure 2: Comparison of ash and slagging of various additives during heating for tobacco curing

50
7
X 404
N -.-':\:.»
& T
S 30 EEEE
=l
i
R= 22
80 204 :
= e
© S 25 3 e
ﬁ 10 R i B
i
0 i T

TS CMC KIIJN D”IFE CéO CII-IP

Figure 3: Comparison of slagging rates of various additives during heating for tobacco curing
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Figure 4: Comparison of anti-slagging rates of various additives during heating for tobacco curing

3.3 Analysis of Oxygen Enrichment and Potassium Fixation Rates in the Slagging Blocks of Different
Additives

Fig. 5 comparatively analyzes the oxygen enrichment rates of various anti-slagging additives.
Compared with raw materials, the oxygen content of slag exhibited more contrasting variations. KLN
and CHP displayed positive values, while the other three showed negative values. Silicate is the general
name for the compound formed by the combination of silicon, oxygen, and other chemical elements
(such as Fe, Al, Mg, Ca, K, and Na) and its melting point is in the range of 1000°C-2000°C [25]. Based
on the slagging situations of different fuels, as illustrated in Fig. 2, the addition of oxygen into the slag
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promoted the combination of Si and O elements with Si,0,” negative ion groups and formed silicate

compounds with higher melting points with alkali metals, thus decreasing fuel slagging phenomenon
during flue-cured tobacco heating process.
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Figure 5: Comparison of potassium fixation rates of various anti-slagging additives

Fig. 6 compares the potassium fixation rates of various anti-slagging additives. The potassium
fixation rates different additive treatments were decreased to varying degrees in the order of CMC >
DTE > CCO > KLN > CHP. Compared with that of TS treatment, CMC treatment presented the
highest potassium fixation rate of 84.78%, while addition of CHP and KLN significantly decreased
fixation rate, reaching 53.89% and 55.07%, respectively.

R
e E
R

R
i

R

10 EE S
RE
Ewg o

TS CMC KLN DTE CCO CHP

Oxygen enrichment rate (%)

Figure 6: Comparison of oxygen enrichment rates of various anti-slagging additives

3.4 Analysis of Slagging XRD Spectra of Slagging Blocks with Different Additives

Fig. 7 illustrates the XRD patterns of the main residue crystals after particle combustion, which
looked quite different from those of ordinary agricultural straws [24]. TS slag was primarily consisted
of K,S1,0;-based compounds with lower melting points. CMC slag was consisted of silicates such as
Na,SiO; and Na,0-Al,0,-6S10, and alkali metal oxides such as Na,O, K,O and CaCO,. The main
product of KLN slag was leucite (KAISi,O,) mixed with Ca (Al,Si;0,y) and other high-melting point
compounds. DTE slag was mainly consisted of KAISi;Os- and Mg, Al,Si;O s-mixed structures and had
high melting points. The main products of CCO slag were layered K,CaSi,O,,, KAISO,, and other
medium-high melting point crystalline structures. CHP pellet fuel formed K—Al-Si compounds with
high melting points, such as KAISi;Os.
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Figure 7: Slagging XRD patterns of various additives

3.5 SEM-EDS Analysis of Slagging Blocks

Fig. 8 shows the SEM images of the slagging blocks of various treatments with slagging particles
having different appearances. TS slag lower surface was smooth and hard, possessing evident shrinkage
pores due to sintering. The main elemental contents were O, Si, and K, with minor amounts of Mg,
Al, and Fe. CMC slag blocks had block-like shapes, mainly represented by O, Si, K, Ca, Mg, and Na.
KLN slag particles were cotton-like and their main representative elements were O, K, Si, Ca, and Al.
DTE slagging particles presented irregular crystal structures, with the main representative elements
being O, K, Si, Ca, and Mg. The ash particles of CCO were formed as agglomerated crystals and their
main representative elements were O, Si, Ca, and K. The ash and slag particles of CHP combined
together in irregular rod or block shapes. The main representative elements were Ca and P.
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Figure 8: SEM images of the slagging contents of different additives

The EDS analyses of the slagging contents of various additives after complete TS pellet fuel
combustion detected 23 elements (Table 2), with weight percentages ranging from 0.001% to 39.6%.
Ca, O, K, and Si contents of the slags of various additive treatments accounted for more than 77.63% of
their total content, with TS having the highest content of 82.68%. Comparison of the content changes
of K, Mg, and Na elements in the slags of various additive treatments revealed that anti-slagging
additives mainly decreased the contents of K, Mg, and Na in slags during combustion.
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Table 2: EDS spot analysis results of SEM (wt%)

TS CMC KLN DTE CCO CHP
Ca 25.07 23.14 13.76 21.47 39.5 23.35
o 314 30.4 39.6 34.6 30.6 38.7
K 22.36 20.88 12.75 18.31 15.07 12.68
Si 3.85 3.37 12.53 7.632 2.51 2.9
Mg 4.01 3.91 2.29 3.94 3.2 297
Cl 3.87 5.8 2.31 3.26 2.43 1.69
P 2.92 2.73 1.8 2.94 1.99 13.14
S 2.641 2.523 1.66 2.44 1.76 2.12
Al 1.07 1.01 11.29 2.79 0.844 0.844
Na 1.19 4.86 0.645 1.07 0.935 0.704
Fe 1.17 1.04 0.74 1.08 0.853 0.648
Ti 0.12 0.114 0.397 0.18 0.08 0.075
Zn 0.0528 0.0476 0.0303 0.0466 0.04 0.0286
Sr 0.0901 0.0708 0.0622 0.0661 0.0685 0.0453
Ba 0.085 - 0.065 0.091 0.084 0.058
Mn 0.042 0.037 0.024 0.035 0.028 0.027
Cu 0.0352 0.028 0.0188 0.0262 0.021 0.0186
Rb 0.0164 0.0131 - 0.011 0.0119 -
Ce 0.051 - - - - -

Note: “~” Blank data.

3.6 Effects of Anti-Slagging Additives on the Transfer Pathways of Potassium and Silicon during
Slagging

Based on the analyses presented in Figs. 1-8 and Table 2, the transfer paths of additives to slag
silicon and potassium content of TS biomass pellet fuel were determined, as presented in Fig. 9. Slag-
ging is reduced through three methods: (1) the pathway that facilitates the emission of potassium and
chlorine (P-C-P pathway) by adding alkali metals and non-metallic negative ions to form low-melting
point chloride, which are subsequently released out of furnace in the form of gas; (2) the pathway
that decreases the potassium concentration of biomass pellet fuel (P-D pathway) by increasing other
alkali metals (Fe, Na, and Mg) in granulation pellet fuel process, replacing single K element structure
to generate silicate crystal structures with high melting points (Fe-K, Mg-K, and Na-K) by adding
foreign substances to decrease S and K concentrations in the pellet fuel; and (3) the pathway that
changes the structures of silicate ion groups (S-I-G pathway) by primarily changing the crystalline
structures of silicic acid consisting of Si,0,” negative ions in slagging materials. By increasing the y
value or y to x ratio, high-melting point materials such as Si,O,* and Si;O;* form, improving anti-
slagging efficiency. Furthermore, higher combination ability of phosphorus and potassium compared
silicon [26] and high temperature stability of tar in CaO-K,0-P,0O; ternary system [27] generate a
mixture of K-Ca-P compounds, such as K,CaP,0O,,, K,CaP,O;, and K,Ca(PO,), with high melting
points, producing the other branch pathway caused by the phosphorus element of additives.
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Figure 9: Effects of additives on the conversion paths of silicon and potassium during pellet fuel
combustion

4 Discussion

The activity of alkali metals in TS pellet fuel combustion process directly affects the emission
[28] and slagging of biomass combustion equipment [29]. In this research, the slagging rates of the
burner’s ash of various additive treatments were found to be proportional to their potassium fixation
rates. As this is the pellet fuel combustion model for especial tobacco curing not to allow prediction
of the temporal patterns of release of gas-phase potassium, it is not quite fit the traditional model
for potassium release that is described by Mason et al. [30]. For example, low slagging rate of CHP
corresponded to its low potassium fixation rate, while high slagging rate of TS corresponded to its
high potassium fixation rate, indicating that anti-slagging additives applied to resist furnace slagging
mainly decreased TS-based pellet fuel slagging rate by decreasing potassium fixation rate. The essential
role of TS additives was possibly promoting the release of burning fuel in the form of gas from K,
Mg, and Na elements during combustion, preventing the formation of low-melting point potassium
silicates attached to burning pellet fuel and dust surface [3 1], and physically weakening further bonding
and slagging of the contained substances. At fixed potassium content in TS-based pellet fuel during
different test treatments, slagging blocks with low potassium fixation rates after combustion indicated
that potassium was precipitated in the form of alkali metal gas or replaced with other alkali metals,
which agreed with the findings of He et al. [22] using similar CHP TS additives.

Biomass burner furnace temperature in the heating chamber of flue-cured tobacco barn was
900°C-1100°C [25]. Chlorine species concentrations in flue gas and ash were clearly affected by
combustion temperature [32]. Chlorine was released in the form of gas as HCI, NaCl, and KCI vapor
at low temperatures [33] or during the case of low firepower [34]. At high temperatures, difference in
emission profiles could be described in terms of K: (Si + Al) ratios, such that low (Si + Al) facilitated
the release of KCI or KOH to gas phase [35]. In this research, chlorine element content variation
patterns was closely related to slagging severity. It was found that three inorganic additives could
decrease K: (Si 4+ Al) ratios and were conducive to chlorine emission out of furnace.

Potassium content in tobacco straw was much higher than that in common crop straw and
agricultural and forestry wastes [36]. In this research, TS pellet fuel slagging tendency was primarily
caused by low-melting point silicates, mainly K,Si,0s, condensed on ash surface. This was different
from the furnace slagging of K,CO; and K,SO, generated from pure agricultural straw [37] and CaCO,
produced after the combustion of sawdust, felling residue, and bark materials [38]. Hence, increasing
potassium release in TS-based pellet fuel combustion process and reducing the production of low-
melting point silicates should be the research directions for the selection of anti-slagging additives for
TS, opposite to the improvement of potassium fixation rate in ash by crop straw additives [39]. The
temperature and structure of furnace in biomass pellet fuel burners are key factors affecting biomass
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particle slagging [40]. This research focused on heating environment in flue-cured tobacco curing.
Further research is necessary on the slagging types of different anti-slagging TS-based pellet fuels in
domestic or industrial boilers.

5 Conclusions

To determine flue-curing TS slagging conditions and the properties of its residues, five anti-
slagging additives with different proportions were added to TS to create biomass pellet fuel. A
representative biomass burner to cure tobacco with heat was applied for flue-curing and a certain
amount of slagging residue was analyzed. The obtained results revealed that TS pellet fuel residue was
mainly consisted of low-melting point K,Si,0s.

In summary, the anti-slagging mechanism proposed in this research using various additives
showed that: 1) Increase of potassium precipitation promoted the release of K, Mg, and Na in pellet
fuel during combustion. Lower potassium fixation rates of different slag treatments resulted in more
obvious anti-slagging effects. 2) Alkali metals in the additives replaced silicates with K structures in TS
pellet fuels to generate silicates with high melting points of AI-K, Ca-K, Fe-K, Mg-K, and Na—-Na
structures. 3) The structure of silicate functional groups from simple Si,Os> was reconstructed into
complex Si,O,” with high melting point.
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