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Biomass is an alternative energy resource to fossil fuels because of its potential to reduce greenhouse gas
emissions. However, ash-related problems are serious obstacles for this development, especially for the use in
combustion plants. Thus, design and operation of biomass boilers require detailed understanding of ash trans-
formation reactions during thermochemical conversion. To evaluate ash transformation in silica-rich biomass
fuels, rice husk and rice straw were selected because of their abundance, limited utilization conflicts with the
food sector, as well as their potential in both energy and material applications. This paper reveals ash trans-
formation mechanisms relevant for the ash melting behaviour of silica-rich biomass fuels considering chemical
and phase composition of the ashes. In this regard, several advanced spectroscopic methods and diffractometry
were employed to characterize the materials. The ash transformation reactions and the viscosity were simulated
using thermodynamic equilibrium calculations and a slag viscosity modeling toolbox. The results illustrate the
impact of impurities on the atomic structure of the silica resulting in an altered ash melting behaviour and
viscosity of the silica-rich ashes. Chemical water washing, acid leaching, and blending of rice straw with rice
husk strongly influenced the chemical composition of the ashes and improved ash melting behaviour. The
analysis also revealed the correlation between the crystalline fraction and the porosity in silica-rich biomass
ashes, as well as a crystallinity threshold. These findings are highly relevant for future investigations in boiler
designs and production of biogenic silica for material applications.

1. Introduction replace fossil fuels [4]. Biomass should also not compete with sustain-

able food supply or land use for the nutritional crops production, and it

In short and mid-term perspective, greenhouse gas emissions as main
driver of global warming and climate change will be restricted to fulfil
ambitious national and international agreements [1,2]. The European
Green Deal has already set the goal to achieve CO5 neutrality by 2050
[3]. In order to meet the ambitious climate protection targets, biomass
as a nearly COy-neutral energy resource needs to be considered to

should be readily available [5]. Rice husk (RH) and rice straw (RS) as by-
product of rice production fulfil these requirements [6-8]. RH and RS
are widely available and their share in global agricultural residues is
43% [9]. According to the report of Food and Agriculture Organization
of the United Nations (FAO), world paddy rice production increases
continuously and it reached around 800 million tons in the recent years

Abbreviations: AC, Ash content; BE, Binding energy; BET, Brunauer-Emmett-Teller; Blended, Blended rice straw with rice husk; BO, Bridging oxygen; CF, Chemical
fractionation; CHN, Elemental analysis for carbon, hydrogen, and nitrogen determination; db, Dry basis; EC, Elemental carbon; ESI, Electronic supplementary in-
formation; eV, Electron volt; highT ash, Ash which is produced at temperatures higher than 550 °C; LHV, Lower heating value; LOI, Loss on ignition; lowT ash, Ash
which is produced at 550 °C; LRH, Acid-leached rice husk; LRS, Acid-leached rice straw; M, Metal; MC, Moisture content; NBO, Non-bridging oxygen; n.d., Not
detected; nsa, non-slagged ash; OC, Organic carbon; RH, Rice husk; RS, Rice straw; RT, Residence time; sa, slagged ash; SSA, Specific surface area; SVMT, Slag
viscosity modelling toolbox; TP, Temperature program; VM, Volatile matter; wb, Wet basis; WRH, Water-washed rice husk; WRS, Water-washed rice straw; wt.%,
Weight percentage; Q", Status of Si atom in the atomic structure. The n value represents number of BO atoms bonded to the Si in the silica tetrahedron unit cells..
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[10]. Approximately 20-25 and 40-60 wt% of paddy rice are RH and RS,
respectively, corresponding to a huge potential for bioenergy production
[11,12]. Commonly, however, these residues are disposed by open field
burning which causes regional environmental and carcinogenic health
problems in rice harvesting areas [13-15]. However, under controlled
combustion, a pure silica (i.e. biogenic silica) can be generated from RH
and RS in addition to energy supply. High-quality silica has various in-
dustrial applications, such as adsorption of heavy metal ions, production
of catalyst supports, zeolites, silica-based mesoporous material synthesis
and drug delivery [16-20]. In addition, it can be employed in concrete
production reducing the global CO, emissions in this sector [21-24].
However, for a specific application, the biogenic silica must fulfil
dedicated requirements with respect to e.g. purity, crystallinity and
porosity. Besides process related parameters, the composition of the
biomass has a major impact and limitation of critical ash forming ele-
ments is pivotal to obtain biogenic silica with high purity and to avoid
ash melting that can hamper silica quality [25-27].

Biomass is comprised of organic and inorganic materials [28]. The
main organic compounds of the biomass are cellulose, hemicellulose,
and lignin [29,30]. Besides the organic matter, the biomass contains
varying amounts of ash forming elements such as: Si, Ca, Mg, K, Na, P, S,
Cl, Al, Fe, Mn, and some trace elements [31,32]. Ash chemistry involves
complex interactions of ash forming elements, and during thermo-
chemical conversion of the biomass, association of the ash forming el-
ements can cause ash melting problems [32].

Studies of the ash chemistry can be simplified by excluding trace
elements as well as Fe and Mn from the list of main ash forming elements
[33]. Commonly, a system including K20, Nay0, CaO, MgO, and SiO is
considered to investigate ash melting behavior of the biomass fuels.
Since the characteristics of Na and Mg resemble to K and Ca, respec-
tively, the behavior of Na and Mg can be approximated to those for K and
Ca [33]. As a result, ash melting behavior of a phosphorus-poor biomass
ash can be commonly evaluated with the three remaining compounds in
the Ky0(+Nay0) — CaO(+MgO) — SiO, ternary system [34-36]. It is
believed that the role of P, especially its interaction with biomass ash
melting, is less covered in literature [32,37-41]. In general, P is dis-
regarded from the proposed biomass ash chemistry, particularly for
biomass fuels with minor P content in their fuel ash. However, in the
phosphorous-rich biomass fuels, critical melting compositions can be
investigated with the help of the KoO(+Nay0) — CaO(+MgO) — P,0s5
ternary phase diagram [32]. Phosphates remain in the bottom ash as
stable crystalline phosphate and amorphous phosphosilicate phases
[32].

To reduce ash related problems and to increase silica purity, water
washing and acid leaching can be applied as an effective method to
reduce the level of critical ash forming elements in silica-rich biomass
assortments and employed strategies for the production of high quality
biogenic silica have been reviewed recently [14]. Inorganic species of
the solid fuels can be categorized into three groups [42]: (a) water-
soluble share (i.e., alkali chlorides, carbonates, and sulphates, as well
as the alkali earth chlorides), (b) acid soluble share (i.e., water-insoluble
but acid-leachable minerals such as alkali earth sulphates, sulphides,
and carbonates as well as the organically bounded species to the organic
matrix), and (c) residual share (insoluble minerals such as silicates and
covalently bounded elements to the organic matrix). With the help of
chemical fractionation (CF), it is possible to reveal how different ash
forming elements are associated in the biomass fuels [43,44]. CF is based
on the selective leaching and applies increasingly aggressive solvents, i.
e. water, ammonium acetate, and hydrochloric acid, respectively, to
monitor solubility of each ash forming chemical species of the biomass
fuel [36,43,45]. Consequently, information on the necessary pre-
treatment for the removal of critical ash forming elements with unde-
sired influence on the ash melting behavior can be derived from CF.
Furthermore, information on the potential release of volatile ash form-
ing elements can be derived from CF. The water-soluble share of alkali
metal is likely to be released during combustion forming particulate
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matter in the flue gas while the water-insoluble share of alkali metals
will more likely contribute to ash transformation processes and ash
melting phenomena. In chemical pre-treatment selection, environ-
mental impact of the process should also be considered in large scale
processes [14]. Therefore, simple tap-water washing can be more
favorable than strong acid leaching processes as a pre-treatment of solid
biofuels. Ash chemistry and ash melting tendency of different biomass
assortments have been extensively investigated in the past
[32,33,42,46-48]. In general, in silica-rich biomasses, K- and Ca-
silicates (especially K-silicates) are the most common phases with
lower melting points, which can cause ash melting problem [31,49,50].
Jenkins et al. [27] applied K20 - CaO - SiO; ternary system to study ash
melting behavior of original and pre-treated RS. They observed that pre-
treatment shifts the composition to the silica corner of the ternary dia-
gram with higher fusion temperatures (approx. 1500 °C), whereas, the
untreated RS fused below 1000 °C. It was reported that the observed
shift relates to the effect of pre-treatment on the concentration of alkali
and alkaline earth elements in RS. The shift in the fusion temperature
was also confirmed later by Yu et al. [51]. According to their investi-
gation, untreated RS ash sintered at 1050 °C, and it completely melted at
1200 °C. In contrast, water washed RS started to fuse at 1550 °C.
Although ash melting of silica-rich biomass fuels has been studied in
literature, the ash quality cannot be predicted according to the available
ash melting investigations.

Here, thermodynamic equilibrium calculations can provide a useful
tool to simulate the ash transformation process. Several powerful soft-
ware packages such as: ChemApp [52-54], ChemSheet [55], FactSage
[56-58], HSC [59], MTDATA [60], Thermo-Calc and DICTRA [61] have
been developed so far, which can model the ash chemistry. Lindberg
et al. [62] reviewed all these software packages and databases, and they
reported that FactSage is one of the most powerful tools to predict ash
transformation reactions in biomass combustion. FactSage has also
shown a promising potential to simulate ash transformation reactions in
different biomasses [63].

A deeper understanding of the interdependency between ash trans-
formation processes and the implied consequences for the slag formation
risk and the viscosity of the formed slag would be highly valuable to
support attempts to produce high quality biogenic silica from silica-rich
biomass fuels for material applications.

In this paper, the ash chemistry of silica-rich biomass fuels has been
investigated both experimentally and theoretically to i) reveal the
impact of water washing and acid leaching on ash and mineral phase
composition of untreated and pre-treated rice husk ash (RHA) and rice
straw ash (RSA) at different temperatures, ii) elucidate the underlying
reasons for low melting tendencies of several silica based mineral pha-
ses, iii) describe the impact of ash melting behavior (i.e. slag formation,
structural and viscosity change) on the ash quality (i.e. silica purity,
porosity and crystallinity of the ash) of silica-rich biomasses. This was
done using different spectroscopic methods (i.e. SEM/EDX, XPS, and
ICP-OES), as well as a quantitative diffractometric technique (i.e. XRD)
accompanied and bolstered by thermodynamic equilibrium
calculations.

2. Materials and methods

Fuel and sample preparation, ashing processes, solid fuel and ash
analysis as well as thermodynamic equilibrium calculation and statis-
tical analysis are described in the following subsections.

2.1. Fuels and sample preparation

RS and RH were purchased from Cascina Borella, Frazione Goido,
27,035 Mede, Pavia, Italy in the form of four round bales, each approx.
300 kg and nine big bags each approx. 150 kg, respectively. Ordinary tap
water and citric acid (Sigma-Aldrich, Steinheim, Germany, purity of >
99.99%) were used as washing and leaching agents in chemical pre-
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treatment of the fuels. Leaching was conducted in a solution of 1 wt%
citric acid diluted with tap water. Commonly, stronger acids or higher
acid concentrations are used in literature to modify the chemical
composition of the RH and RS [64-68]. Alternatively, deionized water is
also commonly employed for the pre-treatment of the RH and RS
[64,65,67,69] which resulted in improved silica purity and higher ash
porosity [14,68,70]. In order to minimize the cost and environmental
impact of the chemical pre-treatment, tap water and an organic acid
with low concentration were selected for water washing and acid
leaching of the fuels. Fluorite (Sigma-Aldrich, Steinheim, Germany,
purity of > 99.9%) was employed as a reference material in XRD char-
acterization and Rietveld refinement. Ashing was performed under
constant air atmosphere while synthetic air flow was utilized for the
thermogravimetric analysis, respectively.

Nine RH samples of approximately 2.5 kg of RH were collected from
different levels and positions within each of the big bags using a tube
sampler. Then, collected nine samples were combined for 20 min in a
mixer to produce approx. 22.5 kg homogenized starting homogenized
material. Furthermore, approximately 5 kg of RS were collected from
each RS bale. Then, the collected four samples were merged together to
have approx. 20 kg of RS. Collected RS was chopped using a mesh size of
< 5 mm, and it was subjected to the mixer for 20 min to merge the
samples and to homogenize the RS as a starting material. In
Table ESL1.1 in ESLI1, the chemical pre-treatment conditions and
designated sample labels are listed in detail. Water washed and citric
acid leached rice straw and rice husk samples are labelled as WRS, LRS,
WRH and LRH, respectively.

2.2. Ashing

Two different ashing processes were employed, i.e. low-temperature
(lowT) ashing and high-temperature (highT) ashing as described in
subsections 2.2.1 and 2.2.2.

2.2.1. LowT ashing

Low temperature (lowT) ashing is a strategy to remove the organic
share of biomass fuels and to improve the homogeneity of the initial
materials prior to the lab-scale experiments [63]. If the ashing process is
employed in an uncontrollable manner, ignition may occur, and un-
controlled high temperatures may result in possible elemental losses
[63]. Therefore, as shown in Fig. ESI.2.1 in section ESL.2, an adapted
stepwise ashing temperature program (TP) which has been reported by
Thy et al. [63] was applied using a muffle furnace with constant air
atmosphere. A maximum ashing temperature of 550 °C was selected to
burn the organic fraction of the biomass fuels, and at the same time to
avoid crystallization of the ashes. According to the literature [14], un-
treated materials crystallized at temperatures between 600 and 900 °C
depending on the source of the material and thermochemical conversion
conditions. Crystalline silica is a source of carcinogenic health problems
[71,72]. Therefore, ash crystallization should be shifted to higher con-
version temperatures. The crystallization temperature shifts to higher
values by chemical pre-treatment of silica-rich biomass fuels
[70,73-76]. Therefore, selected maximum lowT ashing temperature
secures the amorphous nature of the product. In each ashing test, 100 g
(wet based) of each biomass fuel were ashed. It was repeated until
enough lowT ash was produced from each of the biomass samples. In
each experiment, the biomass was distributed as a thin layer into a big
alumina crucible to have maximum air contact during the ashing.
Generated lowT ashes were grinded with a mortar and sieved with a 0.5
mm cubic mesh and homogenized manually. Then, the homogenized
lowT ashes were characterized as described in section 2.3.2, and used as
the starting material in highT ashing, described in section 2.2.2.

2.2.2. HighT ashing
In the highT ashing procedure of the homogenized lowT ashes, a
thermal treatment at 600, 700, 800, 900, 1000 or 1100 °C was
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Table 1
Sample nomenclature.
Run  Material Biomass Ash RS RH
designation designation
1 Rice straw RS RSA 100 -
2 Rice husk RH RHA - 100
3 50 wt% db rice straw- Blended Blended 50 50
50 wt% db rice husk
4 Water washed rice WRS WRSA 100 -
straw
5 Water washed rice husk ~ WRH WRHA - 100
6 Acid leached rice straw LRS LRSA 100 -
7 Acid leached rice husk LRH LRHA - 100

performed. For this process, a muffle furnace was employed with con-
stant air atmosphere. The muffle furnace was heated up to the desired
temperature and then, 0.5 g of lowT ashes were subsequently placed into
the furnace for 4 h. In these experiments, 20 ml conical crucibles made
of Alsint 99.7 wt% with maximum withstand temperature of 1700 °C
were used. Designated ash sample labels in highT ashing are presented
in Table 1. In each individual experiment, the cooling process was
performed using liquid nitrogen to quench the ash sample and prevent
further chemical reactions or further conversion. To cool the samples,
the crucibles were transferred immediately after highT ashing into a
flask with liquid nitrogen. After cooling, the samples were kept in a
dryer at 105 °C in order to prevent any adsorption of ambient moisture
into the pore structure of the ashes. Then, the ashes were sieved using
multiple cubic mesh sizes (3.15, 2, 1, and 0.5 mm). Finally, the ash
particles with sizes>3.15 mm were separated as the slagged (or partially
slagged) particles in each individual ash, and this fraction was analyzed
separately. The remaining ash fractions were combined and analyzed as
non-slagged ash particles. Slagged and non-slagged ashes were indicated
by “sa” and “nsa” in the result section. The sieving and slag categori-
zation were performed based on the PASSA method [77,78]. For the
porosity, chemical composition analysis, as well as the viscosity calcu-
lation, another 0.5 g of the homogenized lowT ashes were employed,
and highT ashing were applied. Then, the generated highT ashes were
analyzed without sieving.

2.3. Analysis

Analysis section includes different solid fuel and ash analysis as
described in the following subsections.

2.3.1. Solid fuel analysis

Proximate and ultimate fuel analysis were carried out for the un-
treated and chemically pre-treated fuels according to the existing stan-
dards for solid biofuels [79] regarding moisture content (MC), ash
content (AC), volatile matter (VM), elemental composition (CHN), total
content of S and Cl as well as major and minor elements. The procedure
of sample preparation for the ICP-OES analysis is described in ESI.3. The
composition of the ash forming elements in the fuel was determined on
the fuel ash, which was prepared at 550 °C according to the standard
procedure [80]. CF was carried out on solid fuels according to the
literature [81]. Details of the CF procedure are presented in Fig. ES.4.1
in ESL.4.

2.3.2. Ash analysis

In order to confirm complete decomposition of the organic share of
the solid biomass fuels (untreated or pre-treated biomass fuels) during
the lowT ashing, the ashing process was studied using a Simultaneous
Thermo-gravimetric Analysis (STA 449 F3 Jupiter®, NETZSCH, Ger-
many) coupled with Quadrupole Mass Spectrometer (QMS 403 A€olos
Quadro, NETZSCH, Germany). The procedure was monitored under an
identical lowT ashing TP as described in Fig. ESI.2.1 in section ESI.2.
Heating rate, sample amount, and synthetic air flow rate were 10 K/min,
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~10 mg, and 100 ml/min, respectively. Each of the biomass fuels was
grinded with a cutting mill IKA™ MF 10 basic Mikrofeinmiihle) to a
particle size below 0.5 mm and mixed vigorously in a plastic box to
prepare homogeneous starting material for the STA-QMS analysis. To
remove the flow effect from thermogravimetric (TG) curve, each
experiment was performed in two steps. First, TG curve of an empty
crucible was recorded by applying lowT-ashing TP. In the second step,
the same crucible was filled with the biomass fuel and the TG was
measured under the same TP. Finally, TG of the empty crucible was
subtracted from the sample curve. In order to monitor the carbon di-
oxide evolution as well as the water evaporation, as the products of
biomass combustion during the ashing process, ions with mass per
charge (m/z) of 44 and 18 were monitored, respectively, with the QMS.

Carbon content of the lowT-RS and lowT-RH ashes were measured
using EC/OC, elemental analysis (CHN), and Loss on Ignition (LOI)
methods [82,83]. Water content of these ashes was determined using
Karl-Fischer titration method [84]. Elemental-composition distribution
of lowT-RS ash and the selected highT-RS ash were examined with a
scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDX) in a Zeiss Gemini Ultra 55 machine with a Bruker XFlash
3001 detector. Prior to EDX analysis the sample was coated by a thin
chromium film to avoid surface charging during the measurement.
Acquisition time for EDX mapping of an 393 um x 295 pm analysis field
at 787 x 590 pixel resolution was 1.5 h. Beam accelerating voltage,
magnification, beam aperture, and the working distance were 20 KV,
500x, 60 um, and 8.5 mm, respectively. Mean EDX count rate and the
estimated EDX spot size were 15.5 keps and 1.2 pm. For composition
evaluation and enhanced data analyses as phase recognition the Bruker
ESPRIT 2.2 software is used. Crg, and Cgq are included in the peak
deconvolution, but they are excluded for composition calculation.

Quantitative crystalline phase determination of both the lowT and
highT ashes was realized by XRD analysis and by using the Rietveld
refinement method [85,86]. The samples were measured in a BRUKER
D8 Discover (Bruker AXS Advanced X-ray Solutions GmbH, Karlsruhe)
with Cug, radiation (1.5418 f\) and a VANTEC-500 2D detector in the
range of 15° to 65° in 20. Each experiment comprised 3 frames and a
measuring time of 3600 s. The 2D diffractograms were integrated and
evaluated using DIFFRAC.EVA V 3.1 software and PDF-2 2002 database.
The mass fractions of crystalline phases were quantified via Rietveld
refinement using TOPAS software. The crystalline fraction of the ashes
was quantified with respect to a crystalline reference material, which
was standard calcium fluorite.

Chemical composition of highT-RS sample was also determined
using a surface sensitive XPS (Kratos Ultra DLD) at room temperature. A
cross-section of freshly broken piece of the slagged ash was analyzed in
XPS in order to prevent any contamination on the chemical composition
of the studied sample. Analysis spot size was 700 x 300 ymZ The
measurement was performed with monochromatic excitation of Alg,
radiation (150 W, h8=1486.6 V), as the X-ray source. The photoelec-
tron yield is enhanced applying a magnetic immersion lens. Detail
spectra corresponding to each inclusive chemical element were obtained
after scanning at a pass energy (PE) of 40 eV with step width of 0.1 eV. A
charge neutralization was carried out to eliminate shifted binding en-
ergy arising from non-conductive sample charging. BE was calibrated
based on C 1 s with BE = 285.0 eV. UNIFIT 2021 software package [87]
was employed to evaluate XPS experimental data and determine the
areas corresponding to each element considering the specific trans-
mission correction of the XPS machine. For curve fitting convolved
Gaussian-Lorentzian peak profiles are simultaneously optimized with a
Shirley background profile.

Gas sorption of the ashes was performed using Autosorb iQ apparatus
(Quantachrome) and liquid nitrogen as the operating gas at 77 K. Mul-
tipoint Brunauer-Emmett-Teller (BET) was employed to measure BET
specific surface area (BET SSA). BET SSA was determined in the pressure
range of p/po = 0.05-0.3, considering cross-section area of nitrogen
molecules of 16.2 A [88,89]. Prior to the gas sorption method, samples
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were degassed and activated under ultrahigh vacuum for 12 h at 250 °C
[65,90].

Content of major and minor elements in the fuel ashes were deter-
mined according to DIN EN ISO 16967:2015-07 [91] using an induc-
tively coupled plasma with optical emission spectrometer (ICP-OES)
after HF digestion. Details of the measurement and the obtained results
are presented in ESI.3. Viscosity of the ashes was calculated according to
the slag viscosity modelling toolbox (SVMT) presented by Duchesne
et al. [92]. For these calculations, chemical composition of the ashes
obtained from the ICP-OES analysis were utilized.

Crystallographic structure of the presented species was visualized
using VISTA 3.0 software package [93].

2.4. Thermodynamic equilibrium calculation

Using FactSage 8.0 software package, thermodynamic equilibrium
calculations were performed to predict phase composition of the
remaining ashes. In the FactSage software, the chemical equilibrium is
calculated considering the Gibbs energy of all phases and minimizing
the total Gibbs energy of the whole chemical system [57]. In this regard,
equilibrium module and FToxid, FTsalt and FactPS databases (version
2020) were employed to get thermodynamic information about the
oxides, salts, and pure elements in gaseous, liquid and solid states [57].
According to the report of Lindberg et al. [62], FToxid database pre-
sented by Pelton et al. [58,94] provides the most comprehensive data for
solid and liquid silicates and oxides. Elemental chemical composition of
the solid fuels (fuel ash composition) obtained by ICP-OES was inserted
to the software as the input data. Pressure of the ash transformation
reactions as well as the excess air ratio were set to 1 atm and A = 1. The
temperature was monitored between 550 and 1100 °C by 50 K intervals.
The combustion air was assumed to be an ideal gas. FToxid-SLAGB was
also chosen as the solution phases in the calculation. Duplicated gases,
liquids and solid species have been deselected and removed from the
calculations by applying the priority for the databases as “FToxid,
FTsalt, FactPS” [95]. Therefore, for the similar chemical species, data
were obtained from FToxid, FTsalt or FactPS, respectively.

3. Results
3.1. Solid fuel analysis

Table 2 presents the result of fuel analysis including proximate and
ultimate analysis, as well as the lower heating value of the fuels and
chemical composition of the fuel ash.

According to the Table 2, all untreated and chemically pre-treated
biomass fuels are characterized by an ash content of approx. 13-15 wt
% db. Washing of the biomasses with water increased the silica content
of RS and RH ashes from 69.78 and 89.66 to 87.07 and 93.60 wt% db,
respectively. Thermal treatment of the acid leached fuels yielded
biogenic silica with a purity of 90.70 (RS) and 97.72 wt% db (RH).
Observed silica enrichments are in agreement with the literature data
[14].

As shown in Table 2, K, Ca, Mg, P and S are the most abundant ash
forming elements beside Si in RS. Whereas, the major ash forming ele-
ments except Si in RH are K and Ca, respectively. The behavior of listed
ash forming elements in sequential CF process is displayed in Fig. 1.

Fig. 1 shows the share of water soluble, ammonium acetate or hy-
drochloric acid leachable, as well as the non-leachable fraction of the
ash forming elements. In RS, Fig. 1a, K is generally water soluble, and
only limited amount of K remains in the solid residue as non-soluble
share. Water washing can also remove a considerable fraction of Mg,
Mn, Na, and P from RS. Ammonium acetate is not an effective leachate
to remove the critical ash forming elements in RS. A significant fraction
of Ca is acid leachable by HCI. The other elements (i.e. Si, S, Cl, Fe, and
Al) remain generally in the solid residues as non-leachable elements.
According to Fig. 1b, in RH, Ca, Na and K show higher solubility
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Table 2
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Fuel and fuel ash properties of RS, WRS, LRS, RH, WRH, and LRH. Inorganic species are specified on fuel ash basis. Abbreviations wb, db, and n.d. stand for wet basis,

dry basis and not detected. Oxygen is calculated by difference.

Fuel analysis

Parameter unit RS WRS LRS RH WRH LRH
MC wt.% wb 7.55 4.28 4.82 11.20 2.57 2.76
AC wt.% db 13.96 13.43 13.11 15.4 13.98 13.41
VM wt.% db 71.80 74.86 75.14 67.21 71.86 73.24
LHV MJ/kg db 15.87 16.69 16.87 15.80 16.36 16.55
C wt.% db 42.80 42.70 43.30 42.40 42.80 42.70
H wt.% db 5.33 5.26 5.33 5.12 5.20 5.07
N wt.% db 0.74 0.50 0.50 0.46 0.37 0.39
o wt.% db 50.47 51.44 50.76 51.84 51.58 51.78
S wt.% db 0.09 0.07 0.08 0.05 0.04 0.04
Cl wt.% db 0.57 0.03 0.03 0.13 0.01 0.02
Fuel ash analysis
Compound unit RS WRS LRS RH WRH LRH
Al,03 wt.% db 0.10 0.07 0.07 0.12 0.08 0.06
CaO wt.% db 4.32 9.15 5.86 1.30 3.55 0.73
Fe,03 wt.% db 0.20 0.24 0.28 0.12 0.16 0.09
K0 wt.% db 15.59 0.02 0.02 4.99 0.02 0.01
MgO wt.% db 2.06 0.69 0.31 0.58 0.61 0.17
MnO wt.% db 0.68 0.40 0.12 0.21 0.17 0.02
Na,O wt.% db n.d. n.d. n.d. n.d. n.d. n.d.
P05 wt.% db 1.88 0.62 0.49 0.96 0.69 0.40
SiOy wt.% db 69.78 87.07 90.70 89.66 93.60 97.72
SO3 wt.% db 1.62 1.33 1.79 0.98 0.90 0.63
Others wt.% db 0.08 0.18 0.09 0.06 0.13 0.04
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Fig. 1. Chemical fractionation results of (a) RS and (b) RH. Reported values are the average of three measurements.

compared to the RS. Consequently, these elements can be almost
completely removed from the biomass during CF.

In CF, the remaining fraction of the ash forming elements in the solid
residues can be attributed to the ash melting in the residual ashes.

3.2. Ash analysis

The results of lowT and highT ashing are presented in subsections
3.2.1 and 3.2.2.

3.2.1. LowT ash

As indicated in section 2.3.2, lowT ashing process was studied using
a STA-QMS device. Results of the STA experiments, of the selected lowT
ashes are illustrated in Fig. ESI.2.2 - Fig. ESI.2.7. The results showed that
the investigated fuels decompose completely during the lowT ashing
procedure, and lowT ashes are characterized by almost no carbon. Re-
sults from the analysis of the elemental composition and from the
determination of the moisture content are compiled in Table ESI.2.1 and

Table ESL.2.2 in ESL2. Distribution of different chemical elements in
lowT ashes is an important parameter which shows the accessibility of
different chemical species and their contribution in the ash trans-
formation reactions. Figure ESI.2.8 in ESI.2 shows the SEM-EDX map-
ping of different elements in lowT-RS ash. This sample was selected for
chemical mapping, because it contains the highest amount of critical ash
forming elements in its chemical composition (Table 2). As shown in
Figure ESL.2.8 in ESL.2 , almost all the elements are highly distributed
within the sample, and it confirms the homogeneity of the ash. Quan-
titative results from the EDX analysis for this sample are reported in
Table ESI.2.3 in ESIL.2.

3.2.2. HighT ash

Fig. 2 presents the results of Rietveld refinements of XRD measure-
ments corresponding to RS, WRS, LRS, RH, WRH, LRH, and blended RS
with RH ashes generated at different temperatures. For RS, WRS, LRS,
RS blended with RH as well as RH, slagging was observed at higher
temperatures.
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According to Fig. 2a, once the temperature increases from 550 to
700 °C, thermally non-stable phases, arcanite (K2SO4) and sylvite (KCI)
remain in RS ash along with the crystallization of the previously
amorphous silica. Formation of these phases was also reported in pre-
vious crystallographic investigations on different biomass assortments
[30,32,34,46,47,96-99]. They were also observed in the blended RS
with RH sample, Fig. 2g. In literature [100], formation of cristobalite
and tridymite crystalline silica phases was observed at temperatures
above 800 °C in RS ash, which is in agreement with the results of the
XRD analysis. In general, the crystallization temperature depends on the
phase composition of the silica-rich biomass [14]. Therefore, different
crystallization temperatures were observed for RS and RH, Fig. 2a and
Fig. 2d. According to the literature [14], pre-treatment shifts the crys-
tallization of the ash to higher temperatures. In the present study, the
crystallization temperature shifted from approximately 700 °C in RS and
800 °C in RH to 800-900 °C in WRS and LRS (Fig. 2a - Fig. 2¢) and
900-1000 °C in WRH and LRH (Fig. 2d - Fig. 2f). This can be traced back
to the reduction of the share of critical ash forming elements due to fuel
pre-treatment. In general, the level of crystallization is high in the
slagged ashes (sa, particle size bigger than 3.15 mm) compared to the
non-slagged ones (nsa, particle size below 3.15 mm). LRH ashes are
characterized by the lowest crystallinity degree at all studied tempera-
tures. These samples have the highest share of amorphous content and
silica purity.

In all pre-treated samples, except LRH ash, the fraction of wollas-
tonite (CaSiOs3) is increased compared to the untreated biomass fuels,
which is due to the increase in Ca level in the fuel ashes (Table 2). It
might be due to the hardness of the tap water in the form of Ca" ions
[101].

In WRS, LRS and WRH samples, calcite (CaCO3) was observed at
lower temperatures (550-600 °C). The reaction between CaO and
ambient CO and CO5 occurred after the heat treatment. It seems that this
carbonate phase decomposed as CO and CO, at higher temperatures, and
Ca reacted with SiO; at higher temperatures to form wollastonite.

In RS and blended RS with RH samples (Fig. 6a and Fig. 6d), at higher
temperatures (approx. 900-1100 °C), whitlockite (Ca3(POg4)2) and
KoMgSisO12 were formed. Whitlockite is one of the most common
phosphorus-based phases in biomass ashes [32,96,97,102]. KoMgSisO12

RSA-1100

Signal B = ESB
e = 20201015_HBRS47_04.4f

Signal=1.0000 Date :15 Oct 2020

EHT=2000kV  Signal
WD = 85mm
Mag= 500 X

Fig. 3. Secondary electron (SE) image of RSA generated at 1100 °C recorded by
SEM. Separated regions represents the selected areas for EDX analysis.

was also detected as a possible chemical phase in biomass ash in liter-
ature in both experimental [103] and simulation [104,105] results. Ma
etal. [106] characterized this phase using XRD in RS ash at temperatures
higher than 750 °C as a glassy compound. According to the report of Niu
et al. [103], KoMgSisO12 can be formed at higher temperatures by
arcanite, magnesium oxide, and silica in association with SO, release
(equation 1).

Fig. 2a does not include phases corresponding to the rice straw ash
(RSA) generated at 1100 °C (RSA-1100). It is because of high ash melting
tendency of RSA at higher temperatures. At 1100 °C, a glassy ash was
formed, and it covered the RSA sample. Visual inspection of RSA-1100
was performed, see Fig. ESL.5.1 in ESL5. X-ray diffraction pattern of
this samples is affected by the covering of glassy material, which is
depicted in Fig. ESL.5.2 in ESL.5. Therefore, SEM-EDX and XPS analysis
(presented in ESL5) were carried out to determine the chemical
composition of RSA-1100. Fig. 3 shows the SEM image of RSA-1100 in
which the marked areas were selected for EDX mapping. Quantitative
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Fig. 4. EDX mapping of region labelled S5 corresponding to the sample RSA-1100.

EDX analysis results of the selected regions are presented in
Table ESL.5.1 in ESL.5.

2K,S0, +2MgO + 10Si0,—2K,MgSis O, 4250, + O, (€D)]

Two distinct morphologies can be differentiated for RSA-1100 in
Fig. 3 (spots labelled S4 and S5). A graphical image of the EDX analysis
was derived for these spots (S4: Fig. ESI.5.3 in ESL.5 and S5 in Fig. 4). As
shown in these figures, Si and O are ubiquitous in all the mapping areas.
It can be an indication for the silica phase. However, K is also highly
distributed at the same regions where Si and O exist. There are also areas
which are separated from the other regions which contain elevated
concentration of Ca and P and very low concentration of Si compared to
the other regions. This is a confirmation for the expected whitlockite
phase, which was also observed in simulation and XRD phase analysis of
RSA treated at a lower temperature (RSA-1000, Fig. 2a).

Fig. 5 shows an elemental overlay image in the presented mapping
area (S5, presented in Fig. 3) using the Bruker ESPRIT 2.2 software.
Quantitative composition of the selected regions, labelled as 1, 2, 3, and
4, are presented in Table ESI.5.2 in ESL5. In the area number 1, a lower

Si content and a higher concentration of P as well as Ca compared to the
whole mapped area was found. It could be a further indication for the
presence of whitlockite. Area number 2 is characterized by increased S
and K content and diminished Si content compared to the whole mapped
area. It can be an evidence for the expected arcanite phase besides the
silica. Area number 3 has almost no other elements than Si representing
a pure silica composition. The area number 4, which is highly distrib-
uted in all the mapped area, generally contains Si, O and K.

In order to evaluate the porosity evolution during the ash trans-
formation process, BET SSA of the ashes obtained from different tem-
peratures was determined (Fig. 6). An increased conversion temperature
resulted in a decreased porosity for all samples. Above 900 °C, regardless
of the chemical composition, the obtained ashes are non-porous mate-
rials. According to Fig. 6, when the temperature is below 900 °C, ash
porosity generally depends on the chemical composition. Untreated RS
has the lowest porosity among the investigated ashes at all tempera-
tures. Blending RS with RH not only improves the ash melting behavior
but it also increases the ash quality in terms of the ash porosity. How-
ever, the fuel blending provides limited potential while chemical pre-
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Fig. 5. Color-coded element overlay map of the region labelled S5 corre-
sponding to the sample RSA-1100 using the Bruker ESPRIT 2.2 software.
Composition of the selected regions (i.e. number 1-4) are presented in
Table ESI.5.2 in ESI.5.

treatment (i.e. washing with water or citric acid) is more suitable to
improve BET SSA which was also reported in the literature
[70,73-76,107]. It is because the chemical pre-treatment decreases
critical ash forming elements such as K resulting in decreased slag for-
mation in the ash slagging tendency and higher BET SSA in non-slagged
silica-rich ashes. Thus, according to Fig. 6, LRH, LRS, WRH, and WRS
ashes are characterized by the highest porosities.

To study time dependency of phase and porosity changes at higher
temperatures, lowT-LRH, with highest silica purity among the investi-
gated ash samples, was subjected to different residence times (RT =0, 1,
2, 3, 4, 5, and 240 min) at 1100 °C, and the chemical composition and
the porosity changes were analyzed as shown in Fig. 7a and Fig. 7b.
According to Fig. 7a, porosity of the LRH ash decreases upon prolonged
heat treatment, and it drops to almost zero within 4 min. However, as
illustrated by Fig. 7b, there is a time delay in ash phase transformation.
It starts after 3 to 4 min of heat-treatment and it reaches chemically
equilibrium condition after approximately 5 min.

According to Table ESL.6.1 in ESI.6, Shaw model [92,108], which is a

Fuel 307 (2022) 121768

modified Arrhenius equation introduced from an empirical fitting of
data to relate viscosity of silicates to the temperature and ash melting
characteristics, provides the best correlation between the BET SSA and
crystallinity degree of the ashes among the applied viscosity models.
Therefore, Shaw model was selected for calculation of the ash viscosities
which were plotted as a function of temperature. The result is illustrated
in Fig. 8, and is in accordance with reported viscosity data of different
silicates [109]. It can be seen from Fig. 8 that RS has the lowest viscosity
levels even at lowT ashing temperature and hence more severe slagging
in the ash. Therefore, blending the RS with RH increases the viscosity of
RS ash. However, pre-treatment is a more effective strategy to further
increase the viscosity in both RS and RH samples.

3.3. Thermodynamic equilibrium calculations

Fig. 9 displays the results of thermodynamic equilibrium calculations
using the FactSage 8.0 software. The simulations present phase changes
of RS, WRS, LRS, blended RS with RH, RH, WRH, and LRH ashes from
550 to 1100 °C regardless of the crystallinity or amorphous nature of the
reported phases. The combustion temperature is important factor on
slag formation since a higher combustion temperature shall reflect a
different heat treatment of the lowT ashes. According to Fig. 9, in the
untreated biomass fuels, slag is formed and its share increases with
higher combustion temperatures. Direct comparison of Fig. 9a and
Fig. 9g reveals that blending of RS with RH improves ash melting
behavior of the RS due to the change in chemical composition of the ash.
However, blending cannot prevent the slag formation completely. Thus,
water washing and acid leaching are more effective, Fig. 9b and Fig. 9c.
Pre-treatment, does not only mitigate the ash melting problem, but it
also improved the silica purity. In WRS and LRS, at higher temperatures,
CaSiOs is the only dominant impurity of the ashes. In WRH and LRH
samples, illustrated in Fig. 9e and Fig. 9f, the level of CaSiOj is very low
due to the lower level of Ca in the fuel ash of the WRH and LRH
compared to Ca level in WRS and LRS.

As shown in Fig. 9, unstable phases such as KCl, K3SO4, CaSO4 are
formed at lower temperatures, which diminished during the ash trans-
formation process at higher temperatures. In the untreated and blended
samples, at higher temperatures, SiOj, CaSiOs, Ca3(PO4)2 and
K;MgSis0, are prevailing stable phases, which are in line with the XRD
results. According to the results, there is a shift in the silica phase from
SiO3 (s1) to SiO; (s2) at around 870 °C, i.e. from quartz to tridymite,
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Fig. 6. BET SSA of the ashes produced at different temperatures.
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respectively. However, in the experimental results derived from XRD
analysis, cristobalite is the dominating silica phases at elevated tem-
peratures instead of tridymite, might be due to rapid cooling of the ash
samples in liquid nitrogen after the heat treatment (see section 2.2).

Chemical composition of the slag phase is also crucial to understand
the ash chemistry during the combustion. The thermodynamic equilib-
rium calculations provide an elemental composition of the slag phase.
Table ESL.7.1 in ESL7 displays the slag content and the elemental
composition of the slag in RS, blended RS with RH and RH samples. The
results show that Si, O, and K are the dominant elements in the slag
composition.

In general, the ash chemistry of untreated biomass fuels is dominated
by the distribution between different forms of silica and the slag phase
(K-silicates). The other phases are relevant mainly at lower tempera-
tures, and they are significantly reduced by water washing and acid
leaching.

10

4. Discussion

Based on the results presented in section 3, in the following four
subsections, evaluation of the data as well as the impact of the ash
melting behavior on the structural changes, ash chemistry, porosity,
crystallinity and the ash viscosity will be discussed.

4.1. Evaluation of analytical data and simulation results

In order to understand the ash melting behavior, phase composition
of the ashes is an important aspect. The XRD measurement is limited to
characterize only the crystalline phases in the ash samples. On the other
hand, the thermodynamic equilibrium calculation is a powerful tool to
simulate both crystalline and amorphous phases. However, in thermo-
dynamic equilibrium calculation, kinetics of the ash transformation re-
actions does not play a role and crystalline and amorphous structures
cannot be distinguished. Furthermore, in reality, there are also un-
certainties about the mixing status as well as homogeneous spatial dis-
tribution of the ash forming elements, atmosphere and combustion
temperatures within the fuel bed. Therefore, the results of Rietveld re-
finements in XRD and FactSage calculation should be considered
simultaneously since each of these methods acts as a complementary
approach for the other one. Therefore, only crystalline phases obtained
from Rietveld refinements can be compared with those from FactSage
calculations even though FactSage does not differentiate between crys-
talline and amorphous phases. According to the results, there is a good
agreement between the results of XRD analysis, displayed in Fig. 2, and
the FactSage calculations, presented in Fig. 9. However, there are also
some differences, in particular with respect to the presence of unstable
phases at higher temperatures which were detected in highT-ashes (e.g.
arcanite and sylvite) while their formation was not predicted in FactSage
simulation.

Nguyen et al. [100] visualized the chemical composition of the
accumulated siliceous phytolith in RS, which is the deposited form of Si
in rice plants, using X-ray tomographic microscopy. They observed that
critical ash forming elements, K in particular, are trapped inside closed
holes in the phytolith structure during plant growing period. Conse-
quently, such ash forming elements cannot be removed even with severe
leaching procedures and remain in the fuel ash (Fig. 1a). In the present
study, chemical elemental mapping of lowT-RSA, as shown in
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Fig. 10. Correlation between the ash composition obtained by ICP-OES and
simulated by FactSage.

Fig. ESL.2.8 in ESI.2, also confirms that the ash forming elements such as
K, S, and Cl are ubiquitous in the ash structure and they are distributed
in contact with Si and O atoms. Consequently, arcanite and sylvite, are
formed in the position where the silica network is growing during the
ash transformation process. Therefore, considering the kinetic differ-
ences between the porosity evolution and the ash phase transformations,
it is more probable that arcanite and sylvite are trapped in collapsed
internal porosity structures once they are formed during the ash trans-
formation reactions. As a result, they have been detected via XRD in RS
ash at higher temperatures (Fig. 2a). In contrast, thermodynamic equi-
librium calculations could not predict the formation of these phases at
higher temperatures since only thermodynamically stable phases are
displayed while unstable phases are considered to decompose at higher
temperatures (Fig. 9a).

Comparison of ICP-OES results for the fuel ashes (listed in
Table ESL.8.1 in ESI.8) with the ash composition from the thermody-
namic equilibrium calculations (presented in Table ESI.8.2 in ESIL.8)

12

0 4=

(a)

Fig. 11. Sketch of (a) a tetrahedral structural building unit of silica, and (b)
silica tetrahedral unit network.

could be used to verify to which extent FactSage correctly predict the
release of volatile ash forming elements. Fig. 10 shows the linear cor-
relation (Y = AX + B) between the experimental and simulated data. The
X-value of each dot in this figure represents the weight percentage of a
specific element in a specific sample at a particular temperature
measured by ICP-OES (see Table ESI.8.1 in ESI.8) The Y-value of the
same dot is the weight percentage of the same element in the same
sample at the same temperature calculated by the FactSage software (see
Table ESI.8.2 in ESIL.8).

Determination of the chemical composition of RSA-1100 using ICP-
OES, XPS, and EDX techniques as well as the FactSage simulation pro-
vided comparative results (Table ESL.9.1 in ESL.9). Both surface sensitive
techniques EDX and XPS reported lower Si levels as compared to the ICP-
OES analysis of the bulky ash sample and simulation data. It indicates
that there are different levels of the critical ash forming elements on the
surface as compared to the bulk of the ash, which is in line with the
report of Zareihassangheshlaghi et al. [65]. Thus, the ashes are char-
acterized by a higher concentration of structure modifiers and critical
phases (e.g. K-silicate) on the surface compared to the bulk.

4.2. Structural changes and the ash chemistry

In order to reveal the ash melting tendency and its initiation in silica-
rich biomass ashes, the atomic structure of the pure biogenic silica prior
to and after its crystallization should be considered. Fig. 11a shows an
SiO4* tetrahedron as the fundamental building unit of both crystalline
and amorphous silica, with its 4 oxygen atoms bridging with further
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Fig. 12. Schematic of the silica network modifications by the metal (M) cations
as the structural charge compensators.

silicon atoms of surrounding tetrahedra (Fig. 11b). The oxygen atom
between the two silicon atoms together (Si-O-Si) with highly covalent
metal-oxygen bonds is called bridging oxygen (BO) [110,111]. In
amorphous silica the tetrahedral units link together randomly without a
long range arrangement [112]. As a result, a random based porosity is
formed inside the silica structure with a high free energy and low den-
sity. However, once the temperature increases and passes the crystalli-
zation temperature, the tetrahedral building units connect together with
a long-range order. The crystalline structure of quartz, cristobalite, and
tridymite are presented in Fig. ESI.10.1 in ESI.10. The melting temper-
ature of pure silica is about 1710-1750 °C, which is a very high tem-
perature [98,113-116]. It is probably because of strong network
between the silica tetrahedral units, and the strong covalent bonds be-
tween Si and O atoms.

Since the silica units are negatively charged, they also have higher
affinity to attract positively charged metal ions such as the metal cations
K, Ca and Mg, to be electronegativity balanced. As shown in Fig. 12,
different metal cations can be attracted by the silica tetrahedral units.
Double charged cations (i.e., Ca%" or Mg?") can be located between two
oxygen atoms in the silicate network (i.e., Si-O-Ca-O-Si or Si-O-Mg-O-
Si). Despite the similarities in the crystal structures, the newly formed
crystals are less stable compared to pure silica. As a result, ash melting
temperature of the newly formed phases (i.e., wollastonite) is lower than
quartz, cristobalite, or tridymite. For instance, the ash melting temper-
ature of wollastonite is around 1540 °C [116-121], and this temperature
is 1557 °C for enstatite with chemical formula of MgSiO3 [98].

If the attracted cation is an ion with single positive charge (i.e., K™ or
Na®"), the cation acts as a network modifier and it breaks the silica
network, as displayed in Fig. 12. These structures have comparatively
low ash melting temperature compared to the pure silica phases or
phases formed by double charged cations. For example, the melting
point of K5SiO3 is 976 °C [121]. The oxygen which binds a silicon atom
to a metal cation (i.e., Si-O-K or Si-O-Na) is called non-bridging oxygen
(NBO) [110,122]. Each silicon atom in the newly formed atomic struc-
tures can also be identified as Q". Here, the value n indicates the number
of BO atoms bonded to the Si in the silica tetrahedron unit cells
[123,124].

The silica structure can be modified by a mixture of both alkali and
alkaline earth metal cations. The melting temperature in this case will be
in between the abovementioned two types of the silicates (e.g. melting
point of KoMgSi5012 is between 1000 and 1100 °C [125] and this tem-
perature is 1392 °C for diopside with chemical formula of CaMg(SiO3)2
[98].

Since the crystalline structures of both cristobalite and tridymite
have a lower density and provide better possibility for the transportation
of modifier cations as compared to quartz, modifier cations can more
easily move through their crystal structures and form different phase
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incorporations with cristobalite and tridymite [126]. Fig. ESI.10.1 in
ESI.10 presents crystal structures of quartz, cristobalite and tridymite
viewed along the a-axis and perpendicular to the b-axis and c-axis.

Phosphorus can also change the crystalline structure of silicates at
higher temperatures. It can be displayed as PO3~ tetrahedron and
consequently modifies the structural network of the silicate materials
[122,127]. It is due to the presence of PO}~ as the main phosphate group
linked to the organic structure of biomass fuels [37]. Organic phosphates
are transferred to inorganic phosphates since they are not thermally
stable even at mild combustion temperatures [37]. During the thermal
conversion, inorganic phosphates can react with alkali and alkaline
earth metals (i.e. K, Ca, and Mg) to form more stable mineral phosphate
phases. Because of the similarities between the silica and phosphorus
tetrahedron, the most probable modification is the substitution of these
two species [128]. Therefore, in silica-rich ashes with a source of Ca,
whitlockite (Caz(PO4)2) can form at higher temperatures. Whitlockite is
one of the most common phosphorus-based phases in biomass ashes
[32,96,97,102]. Formation of the whitlockite as a phosphate lowers the
net ash melting temperature, although it is not apparent in the simulated
slag composition in Table ESI.7.1 in ESL.7. It is associated to the double
bond between P and one of the O atoms in the PO}~ tetrahedron, which
is not as strong as the silica network structure [128]. Haggstrom et al.
performed a detailed investigation on the role of phosphorus during the
thermal conversion of agricultural residues. Accordingly, the structure
of whitlockite contains other cations such as K as substitute for Ca. At
higher conversion temperatures, Mg can also be present in the whit-
lockite as substitute for Ca by excluding some K from the structure [39].
Thus, alkali and alkaline earth metals can act as modifiers in the network
structure of the phosphates once they have entered into the network
lowering the melting point of the phosphate phases. During a high-
temperature fixed bed combustion, the cation exchange is facilitated
resulting in the formation of K, Ca, and Mg phosphates rather than the
Ca phosphates which is commonly reported for fluidized bed combus-
tion [129]. If the share of alkali and alkaline earth metals is too low in
the fuel mixture, whitlockite can (partly) remain unchanged in the ash
[129,130]. Considering the CF of both RS and RH (Fig. 1) which well
reflects the effect of the employed pre-treatment, phosphorus remains in
the solid residue at the end of the fractionation process, and it indicates
that P can be contained in the bottom ash along with the ash trans-
formation reactions. It is in line with the report of Bostrom et al. [32] on
the behavior of P in biomass combustion. According to the XRD results,
whitlockite is formed at higher temperatures in RS (Fig. 2a) and blended
RS with RH (Fig. 2g) ashes, but it is not formed in RH ashes. It is because,
in RH, the CF showed that Ca does not remain in the residual ash
(Fig. 1b). As a result, Ca in RH is not involved in the bottom ash trans-
formation reactions at higher temperatures, and consequently whit-
lockite is not formed even though P is available for its formation.
FactSage simulation (Fig. 9a, Fig. 9d, and Fig. 9g) also confirmed that
the formation of whitlockite is more likely in RS and blended RS with RH
than its generation in RH.

According to Fig. 2a, in RS, wollastonite (CaSiO3) with Q? atomic
structure is formed at 800 °C, and it remains in highT-RSA at higher
temperatures, which is in agreement with simulated data presented in
Fig. 9a. Wollastonite was also reported in literature as a possible phase
in different biomass ashes [32,63,96,103,131-133]. According to the
proposed atomic network theory, wollastonite increases the total ash
melting tendency because of low ash melting temperature compared to
its base silica phases with Q* atomic structures.

The different association of K and Mg in RS and RH is reflected by the
differences in phase composition of the corresponding ashes. In RS a
fraction of K is water-insoluble. At higher temperatures, K and Mg react
with the silica to K;MgSisO12 which is observed as a crystalline phase at
higher temperatures in RS and blended RS with RH samples (Fig. 2a and
Fig. 2g). K;MgSisO12 was also detected as a possible phase in biomass
ash in literature in both experimental [103] and simulation [104,105]
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results. Ma et al. [106] characterized this phase using XRD in RS ash at
temperatures higher than 750 °C as a glassy compound. According to the
report of Niu et al. [103], KsMgSisO15 can be formed at higher tem-
peratures by silica and arcanite in association with SO releases (equa-
tion 1).

As the melting point of K;MgSisO;2 is between 1000 and 1100 °C
[125,134], in RSA-1100 sample, it seems that this phase melts and
covers the surface of the remaining ash. The same temperature range
was also reported by Thy et al. [135] in ash transformation process of
RS. According to their report, RS ash completely melted at 1075 °C, and
above 1170 °C, an extensive bubbling was observed as well as glassy ash
material was formed. However, their report was based on lowT-RSA
(generated at 575 °C) densified to 50 mg pellets.

The observed formation of K;MgSisO12 is in line with the simulation
results presented in Fig. 9a and Fig. 9g. In contrast, this phase was not
observed in RHA (Fig. 2d). Since CF indicate a completely water-soluble
K content of RH (see Fig. 1b), potassium is more likely to be released as
volatile ash-forming species from the ash at higher temperatures and
consequently no K;MgSisO;, formation is observed in RHA.

As shown in Table 2, the employed pre-treatment processes (defined
in section ESI.1 and Table ESI.1.1) removed K from the fuel ash. As a
result, KoMgSisO12 does not exist in WRS and LRS samples both in
experimental and simulation results presented in Fig. 2b, Fig. 2c, Fig. 9b
and Fig. 9c.

According to the results of FactSage calculations, for the untreated
biomass ashes (Fig. 9a, Fig. 9d, and Fig. 9g), the other possible reason for
the slag formation is decreasing the amount of K3CasSigO;. It seems
that at higher temperatures, this phase accelerates the formation of slag
in the original biomass ashes. Ca reacts with P or Si to form Caz(PO4) or
CaSiOs3, and the association of remaining K, Si, and O elements augments
the slag content. Based on this scenario, slag composition is rich in K, Si,
and O, which corresponds well with the simulated slag compositions
(listed in Table ESL.7.1 in ESI.7) and the commonly reported K-silicates
phases with lower melting points in conversion of silica-rich biomasses
in literature [31,49,50]. According to the silica network theory, this
composition can also be considered as a critical phase with lower ash
melting temperature.

4.3. Impact on porosity and crystallinity
As shown in Fig. 2 and Fig. 6, crystalline fraction and BET SSA of the

ashes are highly dependent on the temperature. It indicates that when
the aim is to produce high-quality porous biogenic silica, the
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Fig. 13. Crystalline fraction vs. BET SSA in the ashes.
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temperature of the conversion process should be precisely controlled.
Since the temperature inside the biomass boilers can fluctuate with
respect to time and spatial distribution [70], a detailed CFD simulation is
required to control the quality of the final product in real silica-rich
biomass boilers.

Fig. 13 displays the correlation between the crystalline fraction and
BET SSA of the ashes. The correlation shows that there is a distinct
threshold in crystallinity of the ashes (~10 wt% crystalline fraction).
Above this, porosity of the ashes is suppressed by the crystallinity and,
regardless to the temperature and the material composition, the result is
a non-porous ash. However, below the crystallinity threshold, BET SSA
increases by the blending and pre-treatment, and it is reduced with
higher conversion temperature. Thus, the equilibrium condition of the
presented experiments on the porosity changes is in the order of minutes
which should be considered as crucial RT for boiler design [70].

Clustering of non-porous silica nanoparticles (ca. 4.2 nm in diam-
eter) leads to a mesopore structure in silica [136]. At elevated temper-
atures the particles sinter together and the mesopores are diminished.
Finally, the sintering results in a non-porous material. This process is
accompanied by the crystallization of the ashes, which is shown in
Fig. 13.

4.4. Impact on viscosity

The viscosity level of the ashes is completely in line with their ash
melting tendency, and chemical pre-treatment increases the ash vis-
cosity of both RS and RH, i.e. reducing problems due to slag formation. It
is probably because of the improvement in silica purity level [137].
According to Fig. 8, a simple water washing of RH is sufficient to reduce
water soluble elements (mainly K) and to avoid problems due to slag
formation in the ash (i.e. resulting in high ash viscosity), which is almost
equal to the viscosity of LRH ash. However, in RS, water washing is not
sufficient to mitigate ash slagging (i.e. low ash viscosity), and acid
leaching is required. In each ash material, higher conversion tempera-
tures will result in a decreased ash viscosity, because critical phases with
low ash melting temperature are formed. As mentioned in subsection
4.2, pure silica has strong silicon-oxygen bonds in a strong Q*type
framework structure with maximum BO in the network, and this leads to
higher ash viscosity (Fig. 8). Ma et al. [138] also showed a correlation
between (K20 + Ca0)/SiO- ratio and the viscosity of the system, which
was directly connected to structural changes in the system, where the
variation of Si-O-Si angle or distance in silica network correlated with
viscosity of the system. They calculated viscosity of the K20 - CaO - SiO,
system from a molecular dynamic simulation. However, their study was
limited to the effect of K and Ca modifiers on the viscosity change of
silica.

5. Conclusions

In this paper, ash transformation of silica-rich biomass fuels (i.e. rice
husk and rice straw) was studied using both diffractometric and spec-
troscopic techniques, as well as the viscosity and thermodynamic equi-
librium calculations. Chemical pre-treatment and blending of rice straw
with rice husk were considered to mitigate the ash slagging risk of the
rice straw and rice husk. Furthermore, these strategies improved the
quality of the biogenic silica obtained after the combustion of these
materials. According to the theoretical and experimental results, the
following conclusions can be elucidated:

e For the first time, a threshold in crystallinity degree of the ashes (i.e.
crystalline fraction ~ 10 wt%) was observed. In order to produce
porous silica-rich ashes, crystalline fraction of the ash should be kept
lower than the threshold value. Furthermore, the equilibrium con-
ditions regarding to the porosity and crystallinity changes occur in
the order of minutes. This information is highly relevant for the
design of boilers.
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e The ash chemistry of silica-rich biomasses revealed from the ther-
modynamic equilibrium calculations is in line with the experimental
results obtained from XRD, ICP-OES, SEM-EDX, and XPS analysis.
Linear correlation between the ash composition obtained from the
simulation and the experiments showed a very good linear regression
value (R2 = 0.9993). Both the experimental investigation and the
thermodynamic equilibrium calculations showed that after the
combustion of untreated biomass fuels, K-, Mg-, and Ca-silicate,
whitlockite, and other silica phases, as well as the slag are the
dominant phases in the remaining ash, especially at higher com-
bustion temperatures. For the combustion of chemically pre-treated
samples, wollastonite is the only dominant phase beside the silica.
However, the simulation was not able to predict the behavior of
unstable phases such as KCl and K2SO4 due to the lack of kinetic
considerations and other limitations of the thermodynamic
calculation.

Within the atomic structural model, the formation of different crys-
talline phases with lower melting points during the ash trans-
formation of silica-rich materials can be described. According to the
structural model, association of the silica network modifiers (alkali
and alkaline earth metal cations), P, and Si cause the slag formation
in the ashes at higher temperatures. Chemical fractionation can also
supplement this model to predict the bottom ash related issues in
biomass conversion.

A time-dependent study revealed that Cl and S should not be dis-
regarded from the chemistry of silica-rich ashes. In the present
investigation, KCl and K»SO4, were observed in untreated rice straw
ashes at elevated temperatures.

The results of quantitative phase analysis as well as the ash porosity
and viscosity investigations confirmed that blending of RS with RH
modifies the ash composition and lowers the ash slagging risk.
However, it is not sufficient to prevent the slag formation during
highT-ashing process. The results showed that, chemical pre-
treatment is a better measure compared to the blending of the fuel
in order to mitigate the ash melting problem.

Association of P in the ash transformation mechanism and the
structural change of RH and RS confirmed that this element should
also be considered in future ash melting investigations on silica-rich
biomasses.

Findings of the present paper are crucial to understand and mitigate
the ash melting problem in silica-rich biomass combustion units. Ac-
cording to the results, in order to understand the ash chemistry and to
control the slag formation in silica-rich biomass fuels, the role of
different ash forming elements in the atomic structure of the ash should
be considered.
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