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Particulate matter (PM) emission from the combustion of solid fuels potentially
poses a severe threat to the environment. In this article, a novel approach was devel-
oped to examine the properties of individual particles in PM. With this method, PM
emitted from combustion was first size-segregated. Subsequently, each size was charac-
terized by computer-controlled scanning electron microscopy (CCSEM) for both bulk
property and single particle analysis. Combustion of bituminous coal, dried sewage
sludge (DSS) and their mixture were conducted at 1200�C in a laboratory-scale drop
tube furnace. Three individual sizes smaller than 2.5 lm were investigated. The results
indicate that a prior size-segregation can greatly minimize the particle size contrast
and phase contrast on the backscattered images during CCSEM analysis. Conse-
quently, high accuracy can be achieved for quantifying the sub-micron particles and
their inherent volatile metals. Regarding the PM properties as attained, concentrations
of volatile metals including Na, K, and Zn have a negative relationship with particle
size; they are enriched in the smallest particles around 0.11 lm as studied here.
Strong interactions can occur during the cofiring of coal and DSS, leading to the dis-
tinct properties of PM emitted from cofiring. The method developed here and results
attained from it are helpful for management of the risks relating to PM emission dur-
ing coal-fired boilers. VVC 2009 American Institute of Chemical Engineers AIChE J, 55: 3005–

3016, 2009
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Introduction

Particulate matter (PM) is a major pollutant formed during
the combustion of coal and biomasses including sewage
sludge.1–3 Because of their small size and high specific
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surface area, the particulates of 2.5 lm or less, namely
PM2.5, are rich in toxic metals. These particles have a high
possibility of escaping conventional air control devices and
hence causing adverse health impacts.4,5 Extensive studies
have confirmed that inhalation of PM2.5 can give rise to a
severe inflammatory reaction in lungs. The subcellular pene-
tration of fine/ultrafine particles followed by localization in
mitochondria can lead to oxidative stress.6

The properties of PM2.5 are essential for the understand-
ing of the formation of PM2.5 as well as their environmen-
tal impacts. Specifically, the characteristics of individual
particles have a close relationship with their health and
environmental effects.6 These characteristics include parti-
cle size, morphology, elemental composition, and oxidation
states of heavy metals. In this regard, a number of
advanced techniques have been used for PM characteriza-
tion. Of those, electron microscopy is one of the most
promising tools, including scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and com-
puter-controlled scanning electron microscopy (CCSEM).
Their applications for single particle analysis were critically
reviewed.7,8

Characterization of particles by SEM or TEM is per-
formed in a manual manner, which is thus readily biased by
the analyst’s ability to select the fields of view. Alterna-
tively, CCSEM allows examining a large number of particles
in an unattended run, in which properties of individual par-
ticles can be obtained simultaneously. Therefore, CCSEM
has been used successfully for characterizing coarse ash par-
ticles,9,10 combustion-derived PM with an aerodynamic di-
ameter �2.5 lm,11–13 and coarse PM emitted from a variety
of natural sources.14–21 Information is however scarce for
particles in the sub-micron range. One reason is the intrinsic
drawback of SEM-EDX. Its X-ray radiation can incur ther-
mal damage upon fine particles, thereby causing subsequent
mass loss for volatile elements such as S.22,23 As a result,
the quantifiable size is limited to 0.1–0.2 lm on the condi-
tion that a low-emission grid-supported carbon film is used
as particle deposition substrate.17–20

The prior preparation of sample is another critical factor
that can affect the validity of CCSEM data. A uniformly
spatial distribution is essential for particles on the deposi-
tion substrate, whereas particle overlapping should be
avoided.11,16 In addition, CCSEM analysis relies on a preset
grayscale image threshold to distinguish particles from the
background. A fairly sharp threshold is essential for particle
identification. However, combustion-derived PM2.5 is a
diverse mixture consisting of a wide range of sizes that have
elemental and chemical compositions distinctively different
from one another. Large particles and those rich in refractory
metals such as Si, Al, and Fe appear bright on a backscat-
tered electron (BSE) image, in contrast to the dim appear-
ance of the particles rich in volatile elements and those in
the sub-micron size range.16,22 Both phase contrast and parti-
cle size contrast are mixed on a BSE image. Consequently,
the small particles are readily biased by the larger ones in
the case when they were collected together. The particles
rich in light elements can also be biased by those containing
heavy elements. All of these can result in a nonuniform dis-
tribution of particle signal, thus rendering it difficult to pre-
cisely set the CCSEM threshold.

To adequately reveal the properties of sub-micron par-
ticles in PM2.5, a novel method was developed in this study,
involving an initial size-segregation of PM2.5 prior to
CCSEM characterization. As explained in Figure 1, PM2.5

emitted from a laboratory-scale drop tube furnace (DTF) was
collected by a 13-stage low-pressure-impactor (LPI) that seg-
regates particles into various size bins. This is expected to
minimize the particle size contrast during later CCSEM anal-
ysis. Regarding CCSEM measurement, the bulk elemental
composition of a size was first attained. Subsequently,
CCSEM data were processed statistically to reveal the chem-
ical compositions of discrete sizes as well as the modes of
occurrence of the elements of interest. Three cases were
studied: PM2.5 emitted from the combustion of coal, dried
sewage sludge (DSS) and their mixture. Special attention is
given to the capability of CCSEM to elucidate the heteroge-
neity of particles in PM2.5. Novel insights regarding the
interactions among the metals of different single fuels are
also anticipated, bearing significance in minimizing the envi-
ronmental impacts of coal combustion.

Experimental

Laboratory-scale combustion and PM2.5 collection

The solid fuels tested here were pulverized to \125 lm,
including a bituminous coal, DSS and their mixture having a
coal/DSS mass ratio of 50/50. As listed in Table 1, coal has
more fixed carbon and less volatile matter than DSS. Silicon,
aluminum, iron, and sulfur are abundant in coal ash, due to
the prevalence of refractory mineral species such as alu-
mino-silicates (e.g., kaolinite and quartz) and pyrite in high-
rank coals. In contrast, DSS ash is rich in iron, calcium, and
phosphorous, which are mostly derived from wastewater.

Combustion was conducted at 1200�C in air in a DTF as
described elsewhere.24 A solid fuel of about 0.2 g/min was
entrained by primary air (�1 L/min) into the DTF. The pre-
heated secondary air of �10 L/min was also fed into DTF.

Figure 1. Scheme of PM collection/size-segregation
and characterization of individual sizes.

3006 DOI 10.1002/aic Published on behalf of the AIChE November 2009 Vol. 55, No. 11 AIChE Journal



The particle residence time was around 3 s. The burn-off
rates are[95% for the three fuels.

A water-cooled and nitrogen-quenched sampling probe
was installed at the bottom of DTF to collect the combustion
products. The coarse particles were initially collected by two
cyclones installed downstream of the sampling probe, with a
cut-off size of around 2.5 lm. The exhaust gas was further
diluted with clean air and directed into a 13-stage Andersen
LPI for particle segregation. PM2.5 was divided into nine
narrow size bins having d50 ranging from 2.5 lm down to
\0.06 lm at the bottom of LPI.

Three sizes having d50 of 2.5, 0.52, and 0.13 lm were
characterized by CCSEM. Thin carbon plates with dimen-
sions of 1 � 1 � 0.1 cm3 were used for particle deposition
on the corresponding LPI stages. The collection time was
\5 min, yielding a particle density lower than 30 lg/cm2.
Such a light loading can greatly minimize particle overlap-
ping.16 Furthermore, the three sizes were collected by Teflon
filters for bulk analysis by X-ray fluorescence spectroscopy
(XRF). The XRF results were used as reference to investi-
gate if the selected observation fields of CCSEM are repre-
sentative.

CCSEM analysis

The particle-laden carbon plates were coated with an
ultra-thin carbon layer, and subjected to a JEOL JSM-5600
CCSEM coupled with an EDAX-EDX spectrometer for sin-

gle particle analysis. The analysis parameters are listed in
Table 2.

For the size of 2.5 lm, a magnification of �800 and parti-
cle size range of 2.0–4.6 lm were adopted considering that
the particles collected on a LPI stage have a narrow size dis-
tribution around d50, rather than a single size. For the other
two sizes, a higher magnification of �2000 was selected; the
size ranges were selected as 0.3–1.0 and 0.1–0.5 lm for d50
of 0.52 and 0.12 lm, respectively. Around 2000 particles
were analyzed at each magnification, which is sufficient for
statistical analyses.16

Special care was taken in the selection of fields of view
during online CCSEM analysis, so as to avoid the particle
overlapping under the deposition nozzle.19 Moreover, the
BSE images were further reviewed offline to preclude
the overlapped aggregates that might be selected during the
unattended CCSEM running. In the case that the large aggre-
gates were selected, the corresponding fields of view were
deleted. Additional fields were further chosen and measured.
This sequence is crucial for the measurement of sub-micron
particles, which was usually iterated several times to collect
sufficient particles.

In each field of view the information stored on individual
particles includes their position in the field, equivalent diam-
eter/size, area, shape factor and elemental composition. The
elemental compositions were corrected by the atomic num-
ber (Z)-dependent electron scattering, adsorption (A), and
fluorescence (F) effects. The elements detected include O,
Al, Si, Ca, Mg, S, Ti, Ba, Na, K, P, and Cl with K-alpha
peak, and Zn with L-alpha peak. Their contents were nor-
malized and carbon was precluded.

Offline interpretation on CCSEM data

For quantification, the CCSEM data were initially proc-
essed using a statistical approach to reveal the bulk proper-
ties of individual sizes, including both elemental and chemi-
cal compositions. This is crucial for understanding the size-
dependence of PM2.5 properties. For chemical speciation, the
classification scheme in Table 3 was adopted. Five major
classes were considered: alumino-silicate compounds consist-
ing of Si, Al, and/or alkali and alkaline earth metals
(AAEM), phosphates, sulfates, chlorides, miscellaneous com-
pounds containing more than three elements and the
unknown that cannot be classified into any category. The
density of each category is identical to the corresponding
one in coal mineral classification.25

Regarding the mode of occurrence of an element, no sta-
tistical approaches were made because the number of par-
ticles containing some elements such as AAEM is deficient.
Instead, it is presented in ternary diagrams in which the

Table 2. Parameters for SEM and EDX Analysis

SEM EDX

High tension 15 kV Magnification �800 for particulates with d50 of 2.5 lm
Pressure 0.9 torr �2000 for particulates with d50 � 1.0 lm
Spot size 15 Particle size range 1.0–4.6 lm at the magnification of �800
Image resolution 1024 � 800 0.5–2.0 lm at the magnification of �2000

Acquisition time 15 s
Particle numbers [2000 at each magnification

Table 1. Properties of the Fuels Tested in this Study

Coal DSS

Proximate analysis (wt %), dried
Moisture 7.8 0.2
Volatile matter 24.7 47.3
Fixed carbon 54.7 32.3
Ash 12.8 20.2

Elemental analysis (wt %), dry-and-ash-free
Carbon 78.6 52.5
Hydrogen 4.9 6.4
Nitrogen 0.8 9.2
Sulfur 1.7 0.8
Oxygen 14 30.6
Chlorine (ppm) 270 5190

Elemental composition of ash (wt %)
SiO2 52.2 9.4
Al2O3 17.7 5.9
Fe2O3 10.3 23.0
CaO 1.7 21.3
MgO 0.6 1.8
Na2O 0.3 1.5
K2O 1.4 2.9
SO3 15.4 11.3
P2O5 0.4 23.0
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number percentage is plotted against particle composition on
a three-element basis. Such a method can provide a valuable
way of examining the associations among different ele-
ments.13,26–28

Results and Discussion

Accuracy of CCSEM analysis

Figure 2 demonstrates the results obtained from combus-
tion of DSS, which are expressed in terms of comparison
between CCSEM-determined elemental contents and that
determined by XRF. Oxygen was not included. As indicated,
the agreement between the two instruments is greatly de-
pendent on both elemental type and particle size. Except for
Fe in the sub-micron sizes, relatively good agreements were
achieved for the refractory elements from Si to Mg and P.
Fe in the sub-micron size was not detected by CCSEM,
whereas XRF analysis revealed about 0.8 and 3.0 wt % of
Fe in 0.55 and 0.12 lm, respectively.

Sulfur also has a significant mass loss during CCSEM
analysis. Little of it was identified in the size of 2.5 lm,
compared with around 3 wt % as determined by XRF.
Regarding S in the medium size of 0.55 lm, CCSEM
revealed about 8 wt % S, relative to �16 wt % as deter-
mined by XRF. With particle size down to 0.12 lm, the
deviation between two instruments however becomes
smaller. Regarding the remaining volatile elements, their
CCSEM-determined contents in the three sizes are rather
consistent with the respective XRF results.

For further clarification, the accuracy of CCSEM analysis
on a certain element (M) was evaluated by the ratio of its
CCSEM-determined content (MCCSEM) to that identified by
XRF (MXRF). The value of unity refers to an excellent accu-
racy. In contrast, a large deviation of the ratio from unity
indicates low accuracy of CCSEM quantification. As evi-
denced in Figure 3, the refractory Si has ratios around 1.2–
1.4 in three sizes, which are rather stable and less dependent
on particle size. Its quantification errors are acceptable con-
sidering that the relative standard deviation (RSD) for major
elements ([5 wt %) is around 20% for CCSEM analysis
(private communication with Energy & Environmental
Research Center, University of North Dakota, USA, Appen-
dix A, Standard operating and sample preparation

Table 3. CCSEM Species Classification Category, Based on EDX Analysis of the Elemental Composition of
Single Particles (wt %)

Particle Category Density (g/cm3)
Classification Rules Based on

the Elemental Composition (wt %)

Alumino-silicates Al-Si 2.65 Al þ Si[ 80, Si[ 20, Al\ 20
Si-rich 2.65 Si[ 80
M-Al-Si 2.80/2.60 15\ Al þ Si\ 90, P\ 5, S\ 5

Phosphates P-rich 2.70 P[ 60, M\ 5
M-P-O 3.20 10\ P\ 60, M[ 5

Sulfates S-rich 2.70 S[ 60
M-S-O 2.50 10\ S\ 50, M[ 5, P\ 5, Al þ Si\ 15

chlorides Na/K-Cl 1.99 Na/K þ Cl[ 60
Zn-Cl 2.70 Zn þ Cl[ 60

Miscellaneous compounds Al-Si-P-M 2.70 15\ Al þ Si\ 60, P[ 10, M[ 5
Others 2.70 Unclassified compositions

M represents a metal except Si and Al.

Figure 2. Comparisons between the concentrations of
major elements analyzed by CCSEM (white
bars) and XRF (gray bars).

PM was collected during DSS combustion.
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procedures). Al in the size of 2.5 lm has a similar ratio as
well, while a larger value of about 1.6 was obtained for its
presence in the medium size. No Al was detected in 0.11
lm. Similarly, Ca in the smallest size and Mg in the two
sub-micron sizes also have large biases, which can be
explained by their low concentrations. For CCSEM quantifi-
cation, the minor species of 1–5 wt % usually have RSD
around 40% (see private communication mentioned earlier).
Regarding the large errors relating to Fe in the sub-micron
particles, one explanation is the lower concentrations of Fe.
Moreover, a nonuniform deposition of Fe-bearing particles
could be formed on the substrate plate. Fe-bearing com-
pounds are the heaviest species at a given size, which are
thus preferentially concentrated under the deposition nozzles.
They were mostly excluded upon the selection of CCSEM
fields of view, as noted earlier.

The mass ratios of volatile elements from S to Zn show a
strong dependence on particle size. With particle size
decreasing, their mass ratios are much close to the unity.
Especially for S, its mass ratio at 2.5 lm is only 0.1, which
is however improved to 0.5 and then 0.8 with particle size
down to 0.55 and 0.11 lm, respectively. Clearly, the volatile
metals in the sub-micron range were quantified more accu-
rately than in the larger size. This can be rationalized by the
CCSEM threshold setting principle that the dominant phase
on a BSE image is preferentially selected. For the large size
of 2.5 lm, it is dominated by the refractory metals from Si
to Mg having a total proportion [75 wt % (see XRF data in
Figure 2). Thus, the minor metals that are volatile and light
are largely overlooked. In contrast, with the particle size
decreasing, the volatile metals tend to enrich, having a total
amount comparable with the refractory metals in the medium
size and even dominating the smallest size. Consequently, they
can be easily distinguished and quantified more accurately.

The prior size-segregation of PM2.5 is definitely the criti-
cal factor contributing to the high accuracy of CCSEM anal-
ysis on sub-micron particles. It greatly minimized the parti-

cle size contrast or phase contrast in a BSE image. No
attempt was made to measure the whole PM2.5 without size-
segregation, it however can be inferred that, in the case that
the three sizes were mixed together, the smaller particles and
volatile metals within them could be underestimated in a
manner similar to that confirmed for the volatile metals in
2.5 lm studied here. This is because particles larger than
1.0 lm are prevalent in PM2.5, which usually have a mass
greater than that of the sub-micron particles by a factor of
5–10.29

Approximately similar phenomena were observed for the
other two cases including coal combustion alone and cofir-
ing. Large errors were mainly observed for the minor metals
in a certain size, due to the heterogeneity of each particle
size as stated earlier.

Properties of particles with d50 of 2.5 lm

Irrespective of fuel type, this size is made up almost
exclusively of refractory metals, as evidenced by the chemi-
cal compositions shown in Figure 4.

The Al-Si category is the most abundant species released
from coal, including alumino-silicates such as mullite
derived from the inherent clay minerals in coal.13 A small
amounts of Si-rich (quartz), Ca/Fe-Al-Si, and Na/K-Cl cate-
gories were also found, which could be generated by the
direct liberation of inherent quartz, bursting of Ca/Fe-Al-Si
liquid droplets and condensation of vaporized chlorides,
respectively. Regarding particles emitted from DSS alone,
the four-elemental Ca/Fe-P-Al-Si category is the most preva-
lent. It could have originated from the condensation of corre-
sponding molten species. Cofiring released approximately
equal quantities of Al-Si and Ca/Fe-P-Al-Si. The former spe-
cies could be from coal, whereas the latter one may have a
close relationship with particles from DSS.

The elemental compositions of Ca/Fe-P-Al-Si were further
depicted as quasi-ternary diagrams. Al and Si are grouped
together, namely Al þ Si in the diagrams. Ca and Fe are
grouped as Ca þ Fe. Their percentages and that of P were

Figure 3. Ratios between CCSEM-determined elements
to the corresponding XRF-determined results.

PM was collected from the combustion of DSS alone.

Figure 4. Chemical compositions of particles having
d50 of 2.5 lm.
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normalized and illustrated as both abundance-ternary dia-
grams and standard ternary phase diagrams in Figure 5.

The DSS-derived particles have two major peaks includ-

ing the particles containing four elements together and

those containing no metals (Figures 5a, a0). The former

group is rich in Ca and/or Fe, having a relatively narrow

distribution in the mass ratio of these two metals to Al-Si.

This category as well as the P-Al-Si species preferentially

melted under given experimental conditions. P is a good

network former to promote the formation of glassy ashes.30

Strikingly, cofiring resulted in the great shift in the associa-

tion among these four elements. Fewer particles were

formed containing all of the four metals, whereas those

having no metals are the most prevalent (Figures 5b, b0). In
addition, nearly all of the particles shifted closer to the

Ca þ Fe-Al þ Si line, indicative of less P in the compli-

cated species released from cofiring. Obviously, cofiring led

to notable interactions between the original minerals in sin-

gle fuels. The original Ca/Fe and P in DSS could coagulate

with coal ashes (e.g. Al-Si) to form aggregates larger than

2.5 lm. The shift rate of each element is however distinct.

Compared with P, Ca and Fe could largely incorporate into

coal-derived alumino-silicates, thereby mostly shifting into

the coarse particles. P could however be partly adsorbed as

gaseous vapor on the surface of coal-derived fine Al-Si,

thus remaining in PM2.5.

Properties of particles with d50 of 0.55 lm

For this size emitted from a combustion source, it exhibits
different chemical composition to those of 2.5 lm. The fuel

Figure 5. Ternary diagrams for Al-Si-P-M complexes in the size of 2.5lm formed from combustion of DSS alone
(a and a0) and the blend fuel (b and b0).

Figure 6. Chemical compositions of particles having
d50 of 0.52 lm.
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type also plays an important role. As illustrated in Figure 6,
Al-Si is still the most abundant category derived from coal
combustion. Na/K-Al-Si was formed as well, which is how-
ever deficient in 2.5 lm. Clearly, Na and K are enriched in
the sub-micron particles, likely due to the capture of their
gaseous portions on solid alumino-silicates.

DSS alone released a wide variety of categories. The Na/
K-P-Al-Si complex is the most prevalent, followed by Si-
rich, P-rich, and others in decreasing order. Although the re-
fractory metals still dominate, more Na and K and P are
clearly condensed in this size. P-rich can be the aggregated
P2O5 nuclei generated from oxidation of gaseous P vapor, or
organic-P adsorbed on the unburnt carbon. The four-elemen-
tal Na/K-P-Al-Si complex can be formed in a manner to that
of Na-Al-Si released from coal. Solidification of its molten
droplets contributes to the sub-micron particle formation.

Cofiring exerts a profound effect on this size as well,
yielding the distinct modes of occurrence of metals within it.
Apart from the prevalence of Na/K-P-Al-Si complex, new

categories such as Na/K-P and Na/K-S were also formed.
Meanwhile, the proportions of coal-derived Al-Si and Na/K-
Al-Si and DSS-derived P-rich were greatly reduced. This
further suggests interactions among different elements during
cofiring, including:

Phosphation MðgÞ þ PðgÞ þ O2ðgÞ ! MxðPO4ÞyðsÞ (1)

MxOðsÞ þ P2O5ðgÞ þ O2ðgÞ ! MxðPO4ÞyðsÞ (2)

Sulfation MxOðsÞ þ SO2ðsÞ þ O2ðgÞ ! MxðSO4ÞyðsÞ (3)

Coagulation MxðPO4ÞyðsÞ þ Al2O3 � SiO2ðsÞ

! MxO � ðP2O5Þy=2 � ðAl2O3 � SiO2ÞzðlÞ (4)

M represents a gaseous element such as Na, K, or Zn. The
former two elements, especially K are likely released from
two single fuels, whereas Zn is mostly from DSS. P is also

Figure 7. Na-(S 1 P)-(Al 1 Si) ternary diagrams.

Panels (a) and (a0) are the results obtained from DSS alone combustion; (b) and (b0) are from cofiring. All particles have a d50 of
0.55 lm.
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mostly derived from DSS. SO2 however mainly comes from
coal combustion, considering that coal is rich in sulfur when
compared with DSS (Table 1).

The mode of occurrence of a volatile metal can be greatly
affected by these reactions. This in turn influences its proper-
ties including water-solubility and toxicity. In this respect,
the modes of occurrence of the three elements were
expressed as ternary diagrams in Figures 7–9. Note that the
results for combustion of coal alone were not considered
here due to less volatile elements released from coal.

As demonstrated in Figure 7, Na emitted from DSS alone
is mostly present in the corner unbound to other elements,
which can be assigned as sodium oxide and/or chloride (Fig-
ures 7a and a0) that were formed from the condensation of
their gaseous phases. The next most abundant species is the
water-soluble Na-S/Na-P category. Cofiring however caused
more Na to be shifted towards the categories containing both
Al-Si and Na. They could be formed by the capture of Na-
bearing vapors or its oxide nuclei by coal-derived Al-Si, as
noted before. Na is one vaporized metal whose partitioning

between vapor and solid is greatly determined by its proxim-
ity to alumino-silicate compounds.31

K and Zn behaved differently to Na. For K released by
DSS alone, its most probable species is the four-elemental
complex (Figures 8a, a0). On the other hand, cofiring
released more pure K and those containing K and S/P to-
gether. Such a shift is converse to that of Na. A similar phe-
nomenon occurred for Zn (Figure 9). Clearly, More of K
and Zn in this size are water soluble, thus posing higher
environmental risks.

Properties of particles with d50 of 0.11 lm

This smallest size shows the greatest volatile metal enrich-
ment, containing a large number of particles generated from
the condensation of gaseous species. The properties of this
size also exhibit a strong fuel-dependence.

The particles emitted from coal alone are composed of P-
rich, S-rich, Na/K-S, and Na/K-P categories (Figure 10).
Here again, the former two categories can be assigned as

Figure 8. K-(S 1 P)-(Al 1 Si) ternary diagrams.

Panels (a) and (a0) are results obtained from DSS alone combustion; (b) and (b0) are results from cofiring. All particles have a d50 of
0.55 lm.
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condensed P2O5, sulfur mist and/or their organic fractions
adsorbed on the unburnt carbon, whereas the latter two are
assignable to sulfates and phosphates, respectively. DSS
combustion released distinctively different categories. Si is
mostly associated with elements including Na, K, and P to
form silicates and multielemental complexes. Silicates can
be formed from the homogeneous interaction between metal-
lic vapors and vaporized silicon (Si)/silicon suboxide (SiO).
Other species were also formed, including phosphates (P-
rich, Na/K-P, and Zn-P categories), sulfates (Na/K-S and Zn-
S), and chlorides (Na/K-Cl and Zn-Cl).

Cofiring resulted in significant shift in the chemical com-
positions. Fewer Si-containing or P-bearing compounds
while more sulfates and chlorides were formed from cofiring.
Clearly, both Si and P shifted to the larger particles, due to
their coalescence with other species. Formation of a large
quantity of Zn-S corresponds with the reduction of the S-
rich category, further suggesting interactions between DSS-
derived Zn and coal-derived SO2/SO3. This finding is also
consistent with that found for the particles around 0.55 lm.

Figure 9. Zn-(S 1 P)-(Al 1 Si) ternary diagrams.

Panels (a) and (a0) are results obtained from DSS alone combustion; (b) and (b0) are results from cofiring. All particles have a d50 of 0.55 lm.

Figure 10. Chemical compositions of particles having
d50 of 0.11 lm.
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The formation of Na/K-Cl and Zn-Cl categories is interest-
ing. Their presence in PM2.5 is assigned as those formed from
condensation of gaseous chlorides in the sampling probe,
rather than particles formed in situ in the reactor, because the
boiling points for chlorides are lower than the reaction tem-
perature adopted here. Nevertheless, their quantities and
detailed elemental compositions are helpful to reveal the vola-
tilization of these elements during combustion.

As evidenced by the Na-K-Cl ternary diagrams in Figure
11, Cl is mostly bound with Na and present in the form of
NaCl during the combustion of DSS alone, while less KCl
was found. This implies the presence of original NaCl in
DSS, which has high vaporization potential and can evapo-
rate preferentially in a combustion system. Cofiring however
resulted in the formation of a large amount of KCl.

In combination with the results found for the medium
size, this finding further confirms the correlation between Na
behavior and that of K during cofiring. As indicated else-
where,31 in the case that Na and Cl coexist in a typical com-
bustion environment, the mobile Na is able to displace min-
eral-bound K such as illite, which would not otherwise be
expected to vaporize. Once mobilized, the gaseous K could
further react with Cl, S, and/or P and condense into submi-
crometer particles.

The proportions of both Zn-Cl and Zn-S categories emit-
ted from cofiring are higher than the respective results of
single fuels. These changes can be explained by the decreas-
ing of other species such as refractory Al-Si in this size.
Effect of cofiring is not obvious.

General discussion

A prior size-segregation can greatly minimize the particle
size contrast and phase contrast that are often encountered in
the conventional CCSEM measurement. As a consequence,
the sub-micron particles and their inherent volatile metals
can be quantified in a fairly accurate sense. By measuring
about 2000 particles, the accurate bulk properties of a certain
size can be attained. More importantly, an enormous amount
of information can be achieved for individual particles.
Therefore, the distribution of an element in PM2.5 and its
mode of occurrence are deduced statistically. This feature is
unavailable in conventional CCSEM and other techniques.

Case studies here further confirm the significance of the
developed method. Although only three sizes were analyzed,
insights can still be gained into the chemical and physical
reactions that take place among the inorganic elements. The
vaporized metallic vapors preferentially condense into sub-
micron particles, which can also be partly captured by the
refractory mineral species. Cofiring of coal with DSS greatly
affects the fates of volatile elements. As demonstrated here,
a portion of the coal-derived mineral-bound K could be
mobilized by the DSS-derived Na. Consequently, a large
quantity of KCl was emitted from cofiring. Sulfur derived
from coal, however, was capable of attacking the DSS-
derived gaseous Zn to form zinc sulfate that potentially con-
densed into sub-micron particles. Such a finding is consistent
with what is reported elsewhere.32,33 In addition, the phos-
phorous derived from DSS promoted the agglomeration
among mineral species. Clearly, these reactions can signifi-
cantly affect the operation of a utility boiler where cofiring

is expected to replace conventional coal combustion. Special
care should thus be taken with the erosion and corrosion
problems related to molten sulfates and phosphates. Further-
more, these results are helpful for an accurate evaluation of
the environmental impacts of PM2.5. Apart from bulk prop-
erty analysis, direct evidence can also be obtained through
CCSEM analysis on the modes of occurrence of potentially
toxic elements, particularly those in the sub-micron size
range. The resulting information is crucial for the evaluation
of water-solubility of PM2.5 as well as its toxicity and envi-
ronmental impacts.

Conclusions

Combining a prior size-segregation with CCSEM analysis
is a promising method to determine the properties of individ-
ual particles in the PM2.5 emitted from coal combustion and
cofiring. A study of PM2.5 emitted from three combustion
sources led to the following conclusions.

Figure 11. Na-K-Cl ternary diagrams.

Panel (a) is the result obtained from DSS alone combus-
tion and (b) is from cofiring. All particles have a d50 of
0.11 lm.
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1 Size-segregation of PM2.5 by LPI is capable of reduc-

ing the particle size contrast and phase contrast on BSE

images during CCSEM analysis. Accordingly, the dominant

phase in a certain size was quantified with an RSD around

20% or less. Especially, the sub-micron particles and volatile

metals within them were measured precisely. In terms of the

bulk elemental composition, CCSEM compared favorably

with other methods such as XRF.
2 The obvious interactions among the elements of single

fuels occurred during cofiring. P, Ca, and/or Fe in DSS coa-

lesced with coal-derived refractory minerals into coarse ash

particles. DSS-derived Zn was sulfated by S from coal to

form zinc sulfate in PM2.5. On the other hand, the refractory

mineral-bound K in coal could be mobilized by Na from

DSS, transforming into chloride during cofiring.
3 The results for sub-micron particles are helpful for

understanding the influence of cofiring on their emissions.
Insights can also be gained for the modes of occurrence of
volatile metals and their environmental impacts.
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Notation

Nomenclature

AAEM ¼ alkali and alkaline earth metals
BSE ¼ backscattered electron

CCSEM ¼ computer-controlled scanning electron microscopy
d50 ¼ diameter of the particle having a 50 percent collection

efficiency
DSS ¼ dried sewage sludge
DTF ¼ drop tube furnace
EDX ¼ energy dispersive X-ray analysis
LPI ¼ low-pressure impactor
M ¼ an element

MCCSEM ¼ content of an element quantified by CCSEM
MXRF ¼ content of an element quantified by XRF
PM ¼ particulate matter

PM2.5 ¼ particulates with an aerodynamic diameter smaller than
2.5 lm

PM10 ¼ particulates with an aerodynamic diameter smaller than
10 lm

RSD ¼ relative standard deviation
SEM ¼ scanning electron microscopy
TEM ¼ transmission electron microscopy
XRF ¼ X-ray fluorescence spectroscopy

Roman symbols

Al þ Si ¼ the sum of concentrations of aluminum and silicon
Ca þ Mg ¼ the sum of concentrations of calcium and magnesium

S þ P ¼ the sum of concentrations of sulfur and phosphorous

Subscripts

(g) ¼ gas
(l) ¼ liquid
(s) ¼ solid

x, y, z ¼ stoichiometric moles of an atom
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