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ABSTRACT

Ultrafine ash particles play an important role in establishing a sticky inner deposit layer on
heat transfer surface for power plants, but it is still unclear whether a thin surface alkali coating
on these ultrafine particles might control this deposition behavior. In this research, we used a
high resolution FE-TEM/STEM equipped with twin SDD EDX detectors for high X-ray detection
efficiency, to determine the presence and absence of surface enrichment of alkali metals on
ultrafine solid fuel ash samples that had low bulk alkali compositions but high deposition rates.
Results from two types of combustion generated nano-sized ash particles are presented. One
was from the oxy-combustion of pulverized bituminous coal, the other from oxy-combustion
of pulverized rice husks, both being burned in a 100kW rated down-flow laboratory combus-
tor. Elemental mapping results from STEM/EDX uncovered some surface enrichment of alkali
metals in ultrafine ash particles, where it existed, as it did for combustion of rice husks.
However, it was not able to discern similar alkali metal surface enrichment for the bituminous
coal ultrafines that had resulted in even higher deposition rates. Since deposition rates from
both of these cases lie on the same correlation with PM;, one can conclude that although sur-
face enrichment of alkali metals is present for some ~100 nm particles, it is not a prerequisite
to achieve high inner surface deposition rates. This is in contrast to prevailing theories that
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point to alkali metals as “bad actors” as far as the sticky inner deposition rate is concerned.

1. Introduction

The generation of inorganic ultrafine/nanoparticles
during coal/biomass combustion process is one of the
major issues for power plants. First, the ultrafine fly
ash particles can deposit on heat transfer surface and
stimulate the formation of ash deposition (Li et al.
2015; Zhan and Wendt 2017), which can significantly
decrease the heat transfer efficiency and even cause
costly boiler shutdown (Bryers 1996). Second, the
entrained ultrafine particulates in the flue gas cannot
be efficiently captured by pollution control devices
and can make a significant contribution to ambient
airborne particulate matter (PM). These released ultra-
fine particles have very long atmospheric residence
times and could thus cause serious environmental and
human health risk (Donaldson et al. 2005; Lighty,
Veranth, and Sarofim 2000). Numerous studies have
been conducted to determine the existence of hazard-
ous elements (As, Cd, Pb, Hg, Sn, etc.) in ultrafine/

nanoparticles and some of these studies can be found
in a recent review paper (Saikia et al. 2018). In gen-
eral, most reported studies on combustion generated
ultrafine particles are concerned with the health effects
and little is available about their effect on ash depos-
ition formation. Therefore, the objective of this work
is to shed light on the understanding of the effects of
ultrafine aerosols on ash deposition formation.
Among the very few available literature references
concerned with the relationship between ultrafine par-
ticles and ash deposition, Li et al. (2015) reported that
the ultrafine particles generated from Zhundong lig-
nite are mostly composed of sodium sulfate and
sodium chloride, that these particles can deposit on
heat transfer surface by thermophoresis force and sub-
sequently form the sticky inner layer. This sticky inner
layer can thus capture additional large particles on the
wall, which can be denoted as a “glue effect.” Zhan
and Wendt also discovered the “glue effect” of ultra-
fine particles and their studies suggested that ultrafine
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particles do not necessarily consist of measurable bulk
amounts of alkali metal rich minerals (Zhan and
Wendt 2017). They further suggested that the growth
rates of sticky inner deposits depend on the concen-
tration of submicron particles in the flue gas regard-
less of their composition. However, the compositions
of ultrafine particles in Zhan and Wendt’s work were
measured by scanning electron microscopy (SEM)
with energy dispersive X-ray spectroscopy (EDX),
which can only provide the bulk composition of ultra-
fine particles. Hence, it is still unclear whether there
exists a surface coating of alkali metals in ultrafine
particles. A small amount of alkali rich minerals (such
as Na,SO4 NaCl) on the surface might not signifi-
cantly change the particle’s bulk composition, but it
can greatly decrease the viscosity of surface material
that can cause the particle to stick. Therefore, to
understand the role of alkali metals, it is important to
understand the distribution of alkali metals within the
ultrafine particles, not just their bulk concentrations.

Particles with diameter smaller than 100nm are
referred as ultrafine particles in this article. During
the combustion process, a few percent of inorganic
minerals can be vaporized and converted into inor-
ganic vapors. Volatile elements such as Na, K, Cl, P,
and S are more readily vaporized than refractory ele-
ments, but a small portion of refractory metal oxide
ash (8iO,, CaO, and MgO) can be reduced by CO
during char oxidation process to form volatile inor-
ganic vapors (SiO, Ca, and Mg) (Quann and Sarofim
1982). After being released from the char particles,
these inorganic vapors nucleate to form nano-sized
nuclei, which can further grow in size through coagu-
lation and generate ultrafine particles (Xu et al. 2011).
These processes are greatly affected by the fuel prop-
erties and combustion conditions (Liu, Wang, and
Wendt 2017). Due to the small size and high surface
area, ultrafine particles have a greater tendency to
absorb hazardous elements that are transferred from
coal ash to vapor phase during combustion process
(Saikia et al. 2015).

The morphology, size, and composition of micron
and even submicron fly-ash particles have been well
characterized by a variety of techniques (Vassilev and
Vassileva 2005). Although the average bulk compos-
itional information of a group of ultrafine particles
can be analyzed by SEM/EDX, the individual ultrafine
particle itself cannot be characterized by this tech-
nique. Nevertheless, a multiparametric characteriza-
tion of size, chemical composition, and atomic
structure of individual ultrafine particles can be ana-
lyzed by high resolution transmission electron

microscopy (HR-TEM). HR-TEM usually has a high
spatial resolution at the atomic scale, and it can pro-
vide direct images and compositional information of
individual nanoparticles at a spatial resolution down
to atomic dimensions (<1nm) when it is coupled
with EDX. Satoshi Utsunomiya, Rodney Ewing, and
their research groups have published numerous stud-
ies concerning the characterization of ultrafine air-
borne particulates in the They
determined the existence of heavy metals (Pb, As, La,
Ce, Sr, Zn, Cr, Se, Sn, Y, Zr, Au, and Ag) in ultrafine
atmospheric aerosols through high-angle annular dark
field scanning TEM (HAADF-STEM) and energy-fil-
tered TEM (EFTEM) (Utsunomiya and Ewing 2003;
Utsunomiya et al. 2004). Using these techniques, they
were able to identify the nanocrystals of uraninite
(UO,,,) in carbonaceous matter (<50nm) for the
first time (Utsunomiya et al. 2002). More importantly,
they further utilized the electron tomography to
obtain the three-dimensional structure of samples at
nanometer scale (Utsunomiya et al. 2011). HAADEF-
STEM is also utilized in this article to characterize the
metal distributions of individual ultrafine particles.

The work described in this article builds on the
pioneering work of Chen et al., who were among the
first to investigate the properties of ultrafine coal fly
ash using transmission electron microscopy (Chen
et al. 2005a, 2005b). They showed that ultrafine coal
fly ash could have quite different morphologies, com-
positions, and microstructures compared with super-
micron coal fly ash, but did not focus specifically on
surface enrichment in alkali metals, and did not relate
their results to deposition behavior. The ultrafine
combustion generated particles could consist of vari-
ous minerals such as nano-sized aluminosilicate glass,
ferrian spinel, hematite, magnetite, mullite, and
quartz, depending on the fuel properties and combus-
tion condition (Ribeiro et al. 2013; Silva and da Boit
2011). For example, the ultrafine aerosols from
Western Kentucky coal are mainly composed of Al-Ti
rich minerals, while the major chemical categories for
ultrafine aerosols from Wyoming PRB coal are Ca-P
rich minerals (Chen et al. 2005c). Typically, ultrafine
coal fly ash particles are composed of a large amount
of alkali and alkaline earth metals (AAEM) (Xu et al.
2016), and the yield of AAEM in ultrafine particles
would be reduced if aluminum-silicon content is
increased in the fuel (Ruan et al. 2018). However, lit-
tle is known for the characteristics of ultrafine fly ash
from biomass combustion. In order to fill this gap,
the ultrafine fly ash from coal and biomass combus-
tion will be both investigated in this article.

environment.
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Figure 1. Inside deposition rates correlation with PM; concen-
tration in flue gas (Wang, Li, and Wendt 2019).

Figure 2. SEM images of inner deposits of Utah coal under
oxy-combustion (Wang, Li, and Wendt 2019).

2. Methods
2.1. Generation of ultrafine fly ash particles

All the ultrafine fly ash particles investigated in this
work were generated in a 100kW (rated) down-fired
oxy-fuel combustor (OFC) at University of Utah’s
industrial combustion and gasification research facility
(ICGRF). OFC is a self-sustained pilot-scale reactor
and it mainly consists of an ignition zone, a radiation
zone, and a convection zone. OFC can be systematic-
ally controlled, and it operates at realistic stoichiomet-
ric ratios, with turbulent diffusion flames in ignition
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zone causing realistic temperature/time profiles, which
are comparable to practical units. The ash aerosols are
sampled downstream where the exhaust gases become
laminar. The OFC has been extensively used in previ-
ous studies for various pulverized solid fuels including
coal and biomass, and details regarding its configur-
ation can be found elsewhere (Wang, Li, and Wendt
2018; Zhan et al. 2016; Zhang et al. 2011; Zhou
et al. 2019).

Size classified ash aerosols were sampled by an iso-
kinetic, water-cooled sampling probe. The sampled
aerosol was quenched by the nitrogen at the inlet to
avoid the further coagulation and water condensation
inside the probe. The particle size distributions
(PSDs) of the sampled ash aerosols were obtained
using online electric mobility technique (SMPS:
0.0143-0.672 um) and light scattering technique
(APS: 0.532-20 pm) combo. The size segregated ash
aerosols were collected by an 11-stage Berner low
pressure impactor (BLPI: 0.0324-15.7 pm), which is
based on particle aerodynamic behavior. Although
different physical principles are the behind the oper-
ation of these three instruments for PSD measure-
ments, the resulting PSDs from SMPS/APS match
well with that from BLPI for the investigated cases in
this article. More details concerning aerosol analysis
technique can be found elsewhere (Wang, Li, and
Wendt 2018). The aerosol samples with cutoff size of
0.168 um are selected to represent ultrafine particles
in this work.

The ash deposit is collected by a temperature con-
trolled probe, which has been described in details by
Zhan et al. (2013). The wall temperature on the probe
is controlled through the adjustable air flow and
inserted thermocouple. The deposit probe is inserted
in post-flame zone to collect fouling ash deposition
that are formed in laminar convection zone by inertial
impaction and thermophoresis force. Typically, the
skin temperature of the probe is controlled at 922K
and the surrounding flue gas temperature is about
1300 K. The collected ash deposits on horizontal sur-
face of the probe can be mainly divided into tightly
bound sticky inner deposits and loosely bound outer
deposits. As described above, the “glue effect” of ultra-
fine particles can promote the formation of sticky
inner deposits, thus only inner deposits will be
involved in the article.

2.2. The “glue effect” of ultrafine fly ash particles

The characteristics of ash aerosols from different solid
fuels with various combustion conditions have been
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analyzed and reported elsewhere (Wang, Li, and
Wendt 2019), and the relationship between inner
deposits growth rates (or inside deposition rates)
and submicron particle concentrations is recapped
and shown in Figure 1. It clearly suggests that
higher PM; concentration corresponds to higher
inside deposition rate, and this is explained as the
“glue effect” of submicron particles. Figure 2 shows
the SEM image of inner deposits from Utah coal
oxy-combustion, which suggests that submicron/
ultrafine particles indeed have the “glue effect” and
tend to stick on the surface of large particles
(Wang, Li, and Wendt 2019). As mentioned above,
the “glue effect” of submicron particles has not been
well understood yet, the possibility of surface coating
of alkali contents need to be further determined.
For this purpose, the sampled ash aerosols from rice
husk and Utah Sufco coal #2 (denoted as Utah coal
afterwards) will be further studied to determine the
metal distributions in ultrafine aerosols that are gen-
erated from biomass and coal combustion. Both
fuels were burned under oxy-combustion with oxy-
gen concentration of 70% (denoted as OXY70).
More details about the combustion conditions of
these two cases can be found elsewhere (Liu, Wang,
and Wendt 2017; Wang, Li, and Wendt 2018). As
shown in Figure 1, both selected cases have high
inside deposition rates along with high PM,;
concentration.

3. Results and discussion

3.1. Ultrafine fly ash particles from rice husk
oxy-combustion

The bulk compositions of raw rice husk ash and ultra-
fine fly ash from oxy-combustion are measured by
SEM/EDX and the results are presented in column I
and II of Figure 3. An FEI Quanta 600 FEG SEM
operated at 15kV, coupled with an EDAX™ EDX
system with a Si(Li) X-ray detector was used for the
SEM/EDX measurements. Quantitative analysis of
SEM/EDX results was obtained using the standardless,
matrix effect ZAF correction method (where Z is the
atomic number correction, A is the absorption correc-
tion, and F is the secondary fluorescence correction)
built into the EDAX"™ Genesis software that was also
used to collect the data. Any results obtained from
standardless EDX quantification routines must be
treated with caution as they are commonly misinter-
preted. As noted by Newbury (1998), results from
standardless quantification as applied to non-homo-
genous, topographically rough samples which are
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Figure 3. C and O free compositions measured by EDX
(“other” represents the sum of P, Cl, Mn, and Ti): (I) raw rice
husk ash composition; (Il) bulk composition of ultrafine fly ash;
(1) composition of individual particles from Figure 4(a); (IV)
composition of individual particles from Figure 4(b).

comprised of major and minor constituents (such as
is the case with these samples), must be viewed in
terms of relative rather than absolute amounts. Thus,
the reported compositional results must be interpreted
cautiously, and the “quantitative” bulk composition
analysis herein should only be used for comparison
purposes. As EDS provides data of high precision
(although not necessarily of high accuracy), and these
samples have similar topography and major/minor
elemental constituents, the inter-sample comparison
of wt.% is still valid.

As shown in Figure 3, there are appreciable
amounts (9.6%) of alkali metals (Na and K) in bulk
ultrafine fly ash, and the concentrations of potassium
and sodium in ultrafine fly ash are separately 100.2%
and 5.5% higher than that in raw ash. Moreover, the
iron in ultrafine fly ash is even 410.1% higher than
that in raw ash. Despite the enrichment of alkali
metals and iron in ultrafine fly ash, the majority
(73.4%) of the ultrafine fly ash is composed of Si.
This finding for ultrafine particles in rice husk com-
bustion is different from the research by Han et al.
(2019), where they indicated that ultrafine particles
are dominated by K, Cl, and P. This controversy
might be caused by: (1) the higher peak gas tem-
perature in this study (1705K) than that in Han’s
(1575K), which causes stronger vaporization of silica
in this study; (2) the lower K,O in rice husk ash in
this study (2.66%) than that in Han’s (5.78%).
Although the bulk composition of ultrafine fly ash is
dominated by Si, the possible surface coating of
alkali rich minerals could significantly reduce the
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Figure 4. HAADF images of ultrafine particles from rice husk oxy-combustion.

particle viscosity at the surface and increase the
sticking probability. Therefore, it is important to
determine whether silicon and alkali metals are
homogeneously distributed inside the ultrafine partic-
ulates or the alkali metals are adhered on the surface
of pure silica nucleus.

STEM/EDX was utilized to analyze individual ultra-
fine fly ash particles. During sample preparation, 1 mg
of particles are dispersed in 10 mL ethanol by sonic-
ation for 1 h. Afterwards, a 5uL solution droplet is
applied to the TEM grid (ultrathin carbon film sup-
ported by a lacey carbon film on a 400 mesh copper
grid from Ted Pella, Product No. 01824), and the
aerosol samples are mounted to the grid after drying
for 20min. A 200kV JEOL 2800 STEM with dual
SDD EDX detectors was used to collect the data.
HAADF images, which were collected with a detector
semi angle of 62.1mrad, are shown in Figure 4.
Figure 4a shows the cluster of a number of ~100nm
primary particles, Figure 4b shows the partially
enlarged image of primary particles. With the high
resolution of the STEM, the insert in Figure 4b indi-
cates that there exist some nanoparticles (~2nm) on
the surface of the ultrafine particles. As brighter
regions in HAADF images correlate to sample regions
that have higher atomic density, so called “z” contrast,
these bright nanoparticles must be rich in a relatively
heavier element. This will be discussed in more detail
later. These ultrafine fly ash formed though the vapor-
ization and nucleation should be in spherical shape,
but the ~100nm primary particles have some extent
of deformation and are sintered together to form the
cluster (indicated by the arrow in Figure 4b). The rea-
son for the sintering will be discussed in more
details below.

Figure 5 presents the elemental mapping for the
particles that are investigated in Figure 4. The reduced
X-ray analytical volume in STEM/EDX, necessary
high probe currents, and instrument design limita-
tions have typically limited this kind of analysis as
applied to beam sensitive samples such as combustion
generated ash. The dual SDD EDX detector system on
the JEOL 2800 at Utah, with a combined detector area
of 200mm” and nominal solid angle of detection of
1.9sr helps to overcome these traditional limitations.
For elemental mapping data acquisition, the spectral
images are processed using the ThermoScientific NSS
software. The spectral images are background sub-
tracted using “net counts” and a 5 x5 “Kernel Size,”
high “Quant Map Detail” and high precision of “Filter
Fit Type” are applied using the software. Here, we
only show spectral images for the most abundant ele-
ments measured (C, O, Al, Si, K, Ca, and Fe). Note
that trace amounts of elements such as Na and S were
also detected in the EDX spectra, but are not shown
in the spectral images for clarity. The correction
method of “Cliff-Lorimer” (Cliff and Lorimer 1975)
was utilized for the quantitative analysis in STEM/
EDX. As was the case for the SEM/EDX results dis-
cussed earlier, these standardless quantification results
must be interpreted in relative rather than absolute
terms. The resultant concentrations are presented in
column IIT and IV of Figure 3.

It should be noticed that there exists considerable
difference in composition between bulk ultrafine par-
ticles (column II) and individual ultrafine particles
(columns IIT and IV), which might be caused by the
singularity of the investigated individual particles.
Overall, it suggests that Si is the dominating element,
and there are only small amounts of Al, K, Ca, and Fe
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Figure 5. Elemental mapping results from STEM/EDX for the distribution of C, O, Al, Si, K, Ca, and Fe in individual particles.

sparsely distributed within the particles. With a lower
magnification in Figure 5a, the ultrafine primary par-
ticles do not show significant compositional differ-
ence. With a higher magnification in Figure 5b, it is
indicated that potassium is more enriched on the sur-
face of primary particles especially in the place where
primary particles are jointed. This enrichment indi-
cates that the sintering of primary particles might be
caused by the thin film of potassium associated min-
erals on the surface, which is formed through the con-
densation of potassium rich fumes. The thickness of
this thin film is less than 10 nm and cannot be recog-
nized by bulk composition analysis, thus it is import-
ant to obtain high resolution elemental mapping in
order to resolve the metal distributions.

As mentioned earlier, the nanoparticles adhered on
the surface are rich in an element of higher atomic
number (see Figure 4b). Correlation to the EDX
results, which show the heaviest element detected as
Fe, it is reasonable to assume that these nanoparticles
are composed of iron rich minerals, likely iron oxide.
The iron contents in rice husk might be mainly associ-
ated with organic matrix, which could generate nano-
sized iron oxides during oxidative decomposition.
These nano-sized iron oxides can be further interact
with silicate, thus surface enrichment of nano-sized
iron oxides are detected on silicate rich particles.
Furthermore, carbon is also enriched on the surface of
ultrafine particulates as shown in Figure 5b, which
might be primary soot particles. It is not unusual to
have carbon contents on the surface of ultrafine fly
ash particles (Linak et al. 2007). It should be noted
that the distribution of Ca is a little vague, because it
is hard to get enough signal to determine its spatial
distribution with a low concentration in rice husk
ash (1.31%).
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Figure 6. C and O free basis compositions (“other” represents
the sum of P, Cl, Mn, and Ti) measured by EDX: (I) raw Utah
coal ash composition; (ll) bulk composition of ultrafine fly ash;
() composition of individual particles from Figure 7(a); (IV)
composition of individual particles from Figure 7(b).

3.2. Ultrdfine fly ash particles from bituminous
coal oxy-combustion

The ultrafine fly ash generated from the oxy-combus-
tion of Utah coal is also investigated, and the bulk
compositions of raw Utah coal ash and ultrafine fly
ash were measured by SEM/EDX and the results can
be found in columns I and II of Figure 6. For ultra-
fine fly ash, the concentrations of potassium and
sodium are 68.5% and 81.2% lower than, while the
iron is 106.2% higher than that in raw Utah coal ash.
The results for alkali metals are contrary to the find-
ings in rice husk oxy-combustion, which might be
caused by more intense scavenging effect of alumnio-
silicates in Utah coal oxy-combustion. It was demon-
strated that partitioning of alkali metals in the vapor
and the subsequent fraction in the formed ultrafine
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Figure 7. HAADF images of ultrafine particles from Utah coal oxy-combustion.

Figure 8. Elemental mapping results from STEM/EDX for the distribution of O, Mg, Al, Si, Ca, and Fe in individual particles.

aerosol can be greatly reduced by the presence of
alumniosilicates under high temperature (Gallagher,
Peterson, and Wendt 1996; Zhan et al. 2015). This
scavenging effect on alkali metals is more intense in
Utah coal oxy-combustion than that in rice husk oxy-
combustion because: (1) silica contents are abundant
in both fuels, but the alumina content in Utah coal
ash (12.9%) is much more than that in rice husk ash
(1.73%), causing more alumniosilicates in Utah coal
during combustion process; (2) the peak gas tempera-
ture is higher in Utah coal oxy-combustion (~1866K)
than that in rice husk oxy-combustion (~1705K),
causing higher reaction rates. Therefore, there are less
alkali metals retained in the fume for Utah coal oxy-
combustion, which further causes lower concentration
of alkali metals in the formed ultrafine particles.
Moreover, Ca is 131.2% more enriched in ultrafine
aerosols. The high concentration of Mg, Al, Si, and
Ca suggest that Ca-Mg aluminosilicates is the major
constituent for ultrafine fly ash.

Figure 7 presents the HAADF images of some
ultrafine particles from Utah coal oxy-combustion.
These ultrafine fly ash particles have good spherical
shape. It has been reported that the formation of
ultrafine particles in coal combustion primarily occurs
near the solid fuel particles within the surrounding
boundary layer (Liu, Wang, and Wendt 2017). There
exists extreme high temperature and reducing envir-
onment near the burning fuel particles, thus the ultra-
fine particles can consist of significant amount of
refractory elements such as Mg, Al, and Si as men-
tioned above. The ultrafine particles also tend to
agglomerate together as shown in both Figures 7a and
b. It should be noted that these particles showed more
beam sensitivity than the rice husk generated ultrafine
particles. This required imaging with lower probe cur-
rent (nominally 59 pA) and shorter scanning time per
pixel. Thus, the HAADF image shown in Figure 7b is
noisier due to reduced image contrast and no nano-
particles can be distinguished here. However, for EDX
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we were still able to obtain reasonable net counts of
characteristic X-rays for detected elements to collect
spectral image maps.

In order to determine the relative composition of
these ultrafine particles, the elemental mapping for
Figures 7a and b was conducted and the results are
presented in Figures 8a and b separately. The same
data acquisition process from Figure 5 is applied for
Figure 8. Once again, only the abundant elements are
investigated and reported (C, O, Mg, Al, Si, Ca, and
Fe). The quantitative analysis of Figures 8a and b is
presented in columns III and IV of Figure 6 through
same methodology as mentioned above. Overall, there
are considerable amounts of Si, Mg, Al, Ca, and Fe in
ultrafine fly ash particles. There are no alkali metals
detected in the investigated individual particles, which
is consistent with the extreme low concentration of
alkali metals in bulk composition as shown in column
IT of Figure 6. Similar with Figure 5b, carbon also
tends to be enriched on the surface for Utah coal
ultrafine particle as shown in Figure 8b. Although the
concentration of alkali metals is extremely low in both
bulk composition and surface of ultrafine particles,
these particles still tend to adhere on large particles
and promote the formation of inner deposits as
shown in Figures 1 and 2. Therefore, the “glue effect”
of ultrafine particles are not necessarily caused by the
presence of alkali metals in either the bulk or on the
surface the particles.

4, Conclusions

Ultrafine fly ash particles generated from oxy-combus-
tion of Utah coal and rice husks were investigated in
this work to study their “glue effect” necessary to
form sticky inner ash deposits on heat transfer surfa-
ces. The bulk compositions of raw fuel ash and gener-
ated ultrafine particles were obtained through SEM/
EDX, while the composition and elemental mapping
of individual ultrafine fly ash particles were obtained
through high resolution STEM/EDX.

With dual EDX detectors in the system, the collec-
tion time can be significantly reduced and the sample
drifting can be minimized, thus allowing the measure-
ment accuracy to be improved. The comparison
between rice husk results and Utah coal results sug-
gest that the physicochemical properties of ultrafine
particles highly depend on the raw ash composition
and the peak gas temperature. More aluminosilicates
in raw ash and higher peak gas temperature can scav-
enge more alkali metals from the fume and cause less
concentration of alkali metals in the formed ultrafine

particles. These ultrafine particles can consist of a sig-
nificant amount of refractory elements such as silica
and Ca-Mg aluminosilicates under high temperature
oxy-combustion. The surface of the ultrafine particles
from rice husk contain iron rich nanoparticles, being
generated from the organically associated iron con-
tents. The surface coating of alkali metals in ultrafine
particles is found for rice husk oxy-combustion but
not for Utah coal oxy-combustion. Furthermore, the
concentration of alkali metals in ultrafine particles
bulk composition is extremely low for Utah coal oxy-
combustion, but the sticky inner deposition rates are
very high. This suggests formation mechanisms for
the strong inner deposits do not depend on the con-
centration of alkali metals either in the bulk or on the
surface of ultrafine particles. The deposit depends pri-
marily on the concentration of ultrafine particles of
any composition, in the flue gas. In addition these
findings suggest that the unique technique of high
resolution STEM with dual EDX detectors is a power-
ful tool to resolve the elemental distribution within
ultrafine fly ash particles.
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