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A concept of multizone combustion of pulp and paper-
generated biowaste was investigated. The biowaste was
initially fed into the low-temperature region (<1250 K) and
then subjected to the high-temperature treatment (1770
K), which was followed by sudden quenching in a second low-
temperature zone (,1250 K). This type of burning is
called the low-high-low temperature process (LHL). It
was found that destruction of selected polycyclic aromatic
compounds occurred during the LHL process before
they were emitted into the atmosphere. The biowaste
material underwent dramatic morphological changes, which
influenced segregation of metals within ash particles
and their leachability. The heavy metals (Cr, Cd, Pb) were
encapsulated and immobilized within the ash particle
core surrounded by a compact shell consisting of condensed
layers of light nonhazardous metals (Si, Al, Na, K). It
seems that the multizone combustion of biowaste may be
an attractive and useful way for the clean and efficient
disposal of contaminated biowastes.

Introduction
To remain faithful to environmental covenants, many
industrial sectors, e.g., pulp and paper and steel industries,
are facing new challenges. They generate contaminated
wastes that have to be disposed of. Combustion of wastes is
a proven disposal technology that permits the reduction of
hazardous material to a fraction of its original volume while
generating energy (1, 2). However, in the case of residues

containing aromatic hydrocarbons and heavy metals (e.g.,
pulp and paper sludge, contaminated soil, or metallurgical
slag), the transfer of these environmentally detrimental
components into the combustion products is a major issue
of public concern (3, 4).

In this paper, the focus is on toxic heavy metals and
polycyclic aromatic compounds (PACs) that cannot be
captured by the classical air pollution control equipment.
Many PACs are carcinogenic. Therefore, even fractionally
small emissions of PAC may become substantial health
hazards. These hydrocarbons are often present in the vapor
phase, subsequently condensing onto fine particles. These
particles also contain heavy metals released during combus-
tion (5). Thus, the fine particles may act as carriers of both
the PACs and toxic metals.

As particle-PAC-heavy metal aerosol is known to be
mutagenic to bacterial and human cells (6), research directed
toward their formation and destruction is of interest to public
health officials and industries generating contaminated
wastes. It is particularly meaningful when residual materials
containing aromatic hydrocarbons and toxic metals are
burned. Such residual materials are often generated during
biological treatment of industrial solid wastes. The residues,
which are left after the biological treatment, are called
biowaste. They are still hazardous and have to be treated
prior to their disposal. Most of these residues (e.g., pulp and
paper sludges) contain enough combustibles to be considered
as low-grade fuel surrogates. Because of the energy conser-
vation and waste management problems, it is possible that
in the future more low-grade fuels will be used. All in all, it
is important to collect and interpret data related to the
properties of biowaste material in the high-temperature
environment existing during combustion.

In this research, a multizone temperature concept, shown
in Figure 1 (bottom), was applied to dispose of biowastes.
In this method, the biowaste is initially fed into the low-
temperature region (<1250 K) and then subjected to the high-
temperature treatment (1770 K), which is followed by sudden
quenching in a second low-temperature zone (,1250 K).
This type of burning process will be called the low-high-
low temperature process (LHL).

Experimental Section
Apparatus. The experiments simulating events occurring
during the LHL process were conducted in a computer-
controlled facility consisting of a high-temperature Cahn TG-
171 thermogravimetric furnace with maximum sample size
of 100 g coupled with a Mattson Galaxy 5020 Fourier
transform infrared spectrometer. This system has been
described in detail elsewhere (7); therefore, only brief
description is given here. Since the sample has to remain
stationary inside the cylindrical ceramic crucible (15 mm
diameter) placed in the combustion chamber (30 mm
diameter), biowaste “movement” through the LHL regions
was simulated by programming the temperature ramps as
illustrated in Figure 1 (top). The facility can relatively closely
simulate the residence time, temperature histories, and
chemical environment of commercial waste remediation
units allowing for a variety of solid-solid, solid-metal, and
solid-gas interactions. Changes in the sample weight and
temperature as well as the gas composition inside the furnace
are measured continuously. The reactor is designed for
operation at atmospheric pressure with the temperature limit
of 1970 K. The length of the heated zone is 300 mm with a
homogeneous temperature zone of 100 mm (in this zone the
radial temperature profiles are uniform). The extent and
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location of the homogeneous zone was determined in the
presence of both the sample and the air flowing within the
reactor. Data are collected on-line using an ATI-Cahn-
Mattson data acquisition system.

Materials. The biowaste used in this research was initially
generated by a pulp and paper mill employing a deinking
process. It was subsequently biologically treated with Lep-
tospirillum bacteria. The biowaste studied was thus a solid
residue that remained in a pond after biological processing
of the deinking waste. The appearance and properties of the
biowaste are shown in Figure 2 and listed in Table 1,
respectively. The biowaste consisted mainly of hydrocarbons

(61.03%), oxygen (26.72%), ash (20.37%), and moisture
(10.00%). Small, as for the industrial biowaste, quantities of
nitrogen (0.60%) and the absence of detectable quantities of
sulfur suggest that fuel NOx and SOx emissions should not
be of concern in this case (8).

Individual irregular fragments of the biowaste (5-25 mm)
were composed of long cylindrical fibers with diameters
between 15 and 50 µm and lengths between 200 and 500 µm
(see Figure 2). The fibers were intertwined with each other
and randomly distributed with no preferential alignment.
Fine fibers (diameter <20 µm) made up the bulk of the
biowaste matrix, while large fibers (diameter >30 µm) were
trapped inside the matrix. The matrix appeared rather dense
and nonuniform in comparison to the individual fibers.

The heating value of the biowaste was 15.8 MJ/kg, which
is higher than the typical heating value of municipal solid
waste and about half that of bituminuous coal (9, 10). Ash
elemental analyses showed a dominance of SiO2, Al2O3, and
CaO (56.47%, 29.43%, and 4.49%, respectively) with high levels
of alkalis (Na2O + K2O > 2.00%). The biowaste was doped
and well mixed with lead, cadmium, and chromium. Aqueous
solutions of metal nitrates such as Cr(NO3)3‚9H2O, Cd(NO3)2‚
4H2O, and Pb(NO3)2 were used. They were mixed with the
biowaste at a known mass ratio, using enough water to
completely saturate them. After being mixed for 1 h, the
biowaste particles were dried overnight at 380 K. Water was
then added back to the waste to a level of 10.0 wt %. The final
concentration of lead was 2800 ppm, cadmium was 2430
ppm, and chromium was 2780 ppm. Both the added metals
(Cd, Cr, Pb) and metals naturally present in the ash (Si, Al,
K, Na) were randomly dispersed inside the feed biowaste
after it was doped with heavy metals and prior to combustion
(11). In addition, no influence of biomass predrying and
rehydration on combustion profiles was observed (12).

Since it was important for this study to determine the
concentrations of PACs during the combustion of the solid
residues, the biowaste was also enriched with selected PACs,
namely, fluorene, phenanthrene, cyclopenta[cd]pyrene and
benzo[a]pyrene, were added (see Table 1).

FIGURE 1. Illustration of a multizone temperature concept (bottom). In this low-high-low temperature (LHL) approach, biowaste is fed
into the low-temperature region (<1250 K), then subjected to high-temperature treatment (1770 K) in the high-temperature region (HTR),
which is followed by another low-temperature region (,1250 K). Movement of the biowaste through the LHL regions was simulated by
programming temperature ramps in the thermogravimetric furnace (top).

TABLE 1. Physicochemical Properties of Biowaste Residues

Ultimate Analysis (wt %)
carbon 40.10 moisture 10.00
hydrogen 2.11 nitrogen 0.60
sulfur 0.10 oxygen 26.72
ash 20.37

Proximate Analysis (wt %)
volatile matter 6103 mineral matter 20.37
fixed carbon 860 moisture 10.00
heating value 15800 kJ/kg

Ash Elemental Analysis (wt %)
SiO2 5647 Na2O 1.40
Al2O3 29.43 K2O 0.61
CaO 4.49 Fe2O3 0.96
TiO2 3.11 P2O5 0.14
MgO 2.92 SO3 0.47

Selected Metals Identified in the Biowaste (ppm)
Si 49000 Cd 2430
Al 29500 Pb 2800
Ca 6200 Cr 2780
Na 2000

PACs added to the Biowaste
fluorene cyclopenta[cd]-

pyrene
phenanthrene benzo[a]pyrene
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Experimental Design. The morphology/topography of
ash particles formed during biowaste burning, distributions
of metals inside ash particles, and concentration profiles of
polycyclic aromatic compounds were determined. Data were
obtained during the experiments when a 50-g sample of
biowaste residue was heated to 1770 K at an average rate of
50 K/min, then held in this high-temperature zone for 300
s, and subsequently quenched in liquid nitrogen outside the
furnace (∼14 000 K/min). These conditions were found to
be optimal to significantly reduce the potential environmental
impact of the biowaste treatment (13). The temperatures for
the three LHL zones (maximum temperature of 1770 K; and
low temperatures below 1250 K) were chosen to ensure that
ash formed during combustion will be present as a molten
material inside the high-temperature region (the ash de-
formation point was at ∼1400 K) and that it will solidify upon
entering the low-temperature region. The heating and
quenching rates as well as the influence of the crucible
location, sample condition, and gas flow on the measure-
ments were carefully verified in separate experiments (14,
15). The temperature within the combustion chamber was
measured with a B-type microthermocouple, which re-
sponded quickly to the changes of the conditions within the
furnace (e.g., drying, pyrolysis, and burning of the biowaste).
Thus, the reported heating rate was determined on the basis
of the true temperature history rather than simply from the
programmed temperature ramps. To achieve waste com-
bustion, a continuous flow of air (120 mL/min) was delivered
to the reactor. The air flowed around a ceramic crucible in
which the biowaste was placed, first entering at the top of
the sample. Oxygen diffusion was from the top to the bottom
of the sample. Thus, the sample was burned in a layered

mode. Because the combustion process was not occurring
in the bulk volume of the biowaste sample, as it usually occurs
in large-scale practical combustion units, we refer to the
process as taking place under combustion-like conditions.
Both the radial and axial temperature profiles as well as gas
flow patterns were held uniform around the sample located
inside in the homogeneous zone.

Instrumental Methods. The solid samples were analyzed
to determine ash morphology, size, surface characteristics,
and composition. The polished cross-sections of the ash
particles embedded in epoxy were used for particle interior
analysis. Filter-dispersed samples were used for surface
analysis. Analyses were performed using a JEOL 8900
SuperProbe electron probe microanalyzer (EPMA) equipped
with five wavelength-dispersive spectrometers (WDS) and a
Noran energy-dispersive X-ray spectrometer (EDS). The
WDS/EDS spectrometers were used to determine concen-
trations/distributions of the following metals: SiKR, AlKR,
NaKR, KKR, CdLR, PbMR, and CrMR. Measurements of all
the elements were conducted at 100 s counting times, 20 keV
accelerating voltage, and 100 nA beam current. The standard
and unknown samples were coated with carbon simulta-
neously to ensure an equivalent thickness of the carbon coat.
The same counting time was used for standardization so
that any effects of C contamination in the sample chamber
would be similar for the standard and for the unknowns. The
EPMA operated in the backscattered, secondary, or absorp-
tion electron imaging modes. In some cases, EDS was used
together with WDS allowing the simultaneous acquisition of
major, minor, and trace element data.

The measured metal contents (e.g., Cd > 400 ppm, Pb >
450 ppm) were much greater than their corresponding limits

FIGURE 2. Morphological characteristics of the biowaste material prior to combustion.
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of detection (16). To provide a representative statistical
distribution, at least 3000 ash particles were examined in
each individual sample. Ash and sludge microphotographs
were taken at magnifications varying from 252 to 110 000
times to minimize “losses” of small particles in the back-
ground. Inaccuracy in the EPMA measurements is typically
within a 5-7% range (17).

Leachability of metals from ash particles was determined
with tests similar to the Toxicity Characteristics Leaching
Procedure (18). A 0.5 M acetic acid solution was added to the
ash samples at a solid-to-liquid ratio of 1:10 and mixed for
24 h. The concentrations of heavy metals in the filtered liquid
were analyzed using a Perkin-Elmer 3110 atomic absorption
spectrometer.

Polycyclic aromatic compounds (PACs) were identified
by a Mattson Galaxy 5020 FTIR and quantified by a Varian
Saturn 3 gas chromatograph-mass spectrometer (GC-MS).
Gas samples containing major combustion gases (CO2, H2O,
O2, CO) and PACs were collected using a quartz sampling
probe (0.8 mm diameter), the tip of which was located just
above the sample container allowing for the withdrawal of
undiluted gas samples for analyses. The gas sampling was
accomplished via a heated glass sampling line (470 K) in
order to avoid catalytic reactions that could form PACs on
surface between 520 and 570 K. Gas-phase time-resolved
concentration profiles were obtained. The gas phase IR
spectra were obtained using a 160-cm-long gas cell-transfer
line assembly equipped with wide band MCT detector with
linearized, low-noise preamplifier. Detector bias current was
optimized for maximum sensitivity operation at 77 K. The
spectral range was analyzed from 7800 to 400 cm-1. Typically
100 scans were co-added for each spectrum at a nominal
resolution of 2.0 cm-1. PACs were recognized on the basis
of the IR spectra and response factors obtained for each PAC,
which were compared with those of standard compounds
(NIST-EPA Gas-Phase Infrared Database was used).

GC-MS analyses were performed on solid particles and
high boiling PACs collected in an ORBO-100 charcoal organic
trap located inside the sampling line. Volatile analytes from
the reactor were transferred into a fused silica capillary
column (2.1 m long, 0.18 mm i.d.; coated with DB-1, 0.4 µm
film thickness) located within the Saturn 3 GC-MS. The

column was programmed to start at an oven temperature of
313 K, where it remained for 500 s. The temperature then
rose to 673 K at a rate of 2 K/min and was maintained at this
final temperature for 300 s. The mass spectrometer was
scanned from m/z 34 to m/z350 at a 2 scan/s rate. The mass
spectra, registered at 70 keV, were obtained automatically
during the chromatographic analysis. Most spectra were
recorded on a rising total ion current curve (the best mass
spectra). When the peaks in the chromatogram were not
distinctly separated from one another, the spectra were
recorded at the peak tops. Individual PACs were identified
on the basis of relative retention times, mass spectra, and
response factors obtained for each PAC, which were com-
pared with those of standard compounds. PAC concentra-
tions (µg/m3) were calculated using flue gas flow rate and
ion count area data obtained in these experiments as well
as information from earlier experiments (19, 20). The total
PAC concentrations were calculated by summing the con-
centrations of individual PACs.

Results and Discussion
Distribution of Polycyclic Aromatic Compounds. Temper-
ature-resolved profiles of polycyclic aromatic compounds
(PACs) identified during the combustion experiments of the
biowaste are shown in Figures 3 and 4. The PACs concentra-
tion is plotted against the position along the low-high-low
temperature regions. Measurement points for the PAC
concentrations were located at the entrance of the high-
temperature region (HTR) and inside the low-temperature
regions before and after the HTR (see Figure 1 for the location
of the high-temperature region in the LHL process).

The general trend observed was that the PAC concentra-
tions were significantly lower in the low-temperature region
following the HTR than in the zones preceding it. The
concentration of fluorene decreased from 90.9 to 8.0 µg/m3

(Figure 3). The concentrations of phenanthrene, benzo[a]-
pyrene (Figure 3), and fluoranthene (Figure 4) decreased from
67.6, 9.3, and 51.0 µg/m3 to 10.2, 4.7, and 28.6 µg/m3,
respectively. Both cyclopenta[cd]pyrene (Figure 3) and coro-
nene (Figure 4) were not detected at the furnace exit while
their concentrations at the entrance of the HTR were 21.5
and 11.8 µg/m3, respectively. The amount of retene decreased

FIGURE 3. Concentration profiles of fluorene C13H10, phenanthrene C13H10, benzo[a]pyrene C22H12, and cyclopenta[cd]pyrene C18H10 along
different temperature regions (HTR indicates the location of the high-temperature region in the LHL process).
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from 37.4 to 11.1 µg/m3 (Figure 4). The overall PACs reduction
trend is confirmed by a 78.2% decrease in the total PACs
from the initial concentration of 328.8 to the final 71.7 µg/
m3.

Some of the PACs detected during the combustion
experiments were also found in the biowaste (e.g., fluorene
and phenanthrene). Although some pyrosynthesis might be
responsible for the formation of these species, it is unlikely
that they would be formed in such high concentrations (90.9
and 67.6 µg/m3, respectively). Therefore, the high concentra-
tions of these species in the combustion gas, prior to and at
the entrance of the HTR, could be attributed mainly to their
presence in the biowaste.

Fluoranthene and coronene were not found in the
biowaste. The relatively high concentrations of these species
(51.0 and 11.8 µg/m3, respectively) were likely a result of new
fluoranthene and coronene molecules forming during de-
composition of higher hydrocarbon compounds and inter-
actions between lower hydrocarbons leading to the formation
of larger and relatively stable molecules.

Mutagenic benzo[ghi]perylene was detected only in the
low-temperature region following the HTR (Figure 4). This
aspect of benzo[ghi]perylene behavior is still not clear and
is difficult to explain by the present state of the analysis.
However, it may be expected that benzo[ghi]perylene
molecules were formed along the biowaste combustion
pathway and that the formation mechanisms prevailed over
those processes leading to benzo[ghi]perylene destruction.

1-Methyl-7-isopropylphenanthrene, known as retene,
belongs to the alkylated phenanthrene compounds and is
usually formed during smoldering combustion (21). Since
retene was present in the gas samples, it implies that a period
of low-temperature smoldering combustion takes place
during biowaste burning. It is expected that retene was
primarily formed by thermal degradation of resin compounds
in the biowaste, a different formation mechanism than other
PACs. This mechanism involves cracking of organic com-
pounds to smaller, unstable molecules. These fragments,
mostly radicals, recombine to larger aromatic ring systems
by pyrosynthesis.

It is expected that the decrease in PACs concentration
may be due to the release of hydroxyl radicals (OH) in the

high-temperature region and subsequent PAC decomposition
via OH oxidation (formation of aliphatic and paraffinic
hydrocarbons was noticed). It is evident that the PAC
destruction during the combustion of biowaste residues
occurs within the LHL reactor before PACs are emitted into
the atmosphere.

Ash Morphology and Surface Topography. Biowaste
material underwent dramatic morphological metamorphosis
during combustion, as illustrated in Figure 5. As the fibrous
mixture (Figure 5A) was heated and oxidized (the ignition
temperature was about 360 °C), small inorganic inclusions
appeared sporadically in the form of irregular particles with
sizes smaller than 10 µm. These particles formed chains
replacing the initial fibers (Figure 5B). The oxidation reactions
caused visible shrinking of the initial ash inclusions. At
temperatures exceeding 1100 °C, it was clear that sintering
of the ash particles occurred (Figure 5C). As indicated in
Table 1, the ash consisted mostly of Si-Al-Ca compounds.
The phase diagram of the CaO-Al2O3-SiO2 ternary system
suggests that it could be melted when the temperature
reached or exceeded the ∼1185 °C melting point for these
compounds (22). Thus, most of the ash appeared as a liquid
phase. Consequently, spherical particles were generated.
They were attached one to another (see Figure 5C). When
temperature reached 1400 °C, the ash was completely
transformed into a molten phase. High temperature ef-
ficiently removed previously present structural differences.
The structure of the ash heated to 1500 °C and subsequently
quenched indicates that the ash has a smooth surface and
is compactly built with high probability of a condensed
internal structure (Figure 5D). It was confirmed (13, 23) that
the ash particle has a nonporous, dense, and compact
structure.

The observed profound changes in the particle morphol-
ogy and surface topography should influence the properties
of the biowaste-ash system that are important from an
environmental point of view (e.g., leachability of toxic metals).

Distribution and Leachability of Heavy Metals. Metals
associated with the biowaste-ash system were divided into
three groups: (1) matrix metals (Si and Al), which constituted
the bulk of the inorganic material (see Table 1); (2) heavy
toxic metals (Cd, Cr, Pb), which are hazardous for the

FIGURE 4. Concentration profiles of fluoranthene C16H10, retene C18H18, benzo[ghi]perylene C22H12, and coronene C24H12 along different
temperature regions (HTR indicates the location of the high-temperature region in the LHL process).
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environment or human health; and (3) light alkali metals
(Na, K), which significantly decrease the melting point of the
ash. It was observed that the matrix metals were rather
uniformly distributed inside the ash particles regardless of
temperature (13). It suggests that the morphological changes
did not influence significantly the behavior of the ash matrix
metals. Contrary to Si/Al, combustion temperature and
structure transformations were important for the distribution
of heavy and light metals in the solid residue. At low
temperatures (below 1000 °C), the concentrations of heavy
metals in the particle core and in the surface region were
comparable. Figure 6A shows the distribution of Pb in the
core and on the surface of the ash particle collected at 900
°C (an area of 200 µm × 200 µm analyzed with EPMA-WDS).
The amount of lead present in the core and the surface was
1435 and 1461 ppm, respectively.

At high temperatures (1250 °C and higher), there was a
significant difference in Pb partitioning between the particle
core and the surface. The concentration of lead on the surface
at 1350 °C was only 163 ppm while total Pb detected in the
core was 1212 ppm (Figure 6B). Similar behavior was observed
for chromium and cadmium. At 900 °C, concentrations of Cr
in the core and on the surface were 1410 and 1434 ppm,
respectively; while at 1350 °C, 1316 ppm of Cr was measured
in the core and 172 ppm was measured in the 5 µm thick
surface layer. Cd was also almost uniformly distributed
between the core and the surface at 900 °C (1342 and 1347
ppm, respectively). When temperature rose to 1350 °C, only
58 ppm of Cd was seen on the ash particle surface and 1319
ppm was seen within the particle core. It is clear that, during
the LHL combustion, heavy toxic metals are partitioned
within the ash particle core rather than on its surface. These
findings are different from what was known from other studies
on sludge and coal combustion (e.g., refs 24 and 25). In these
studies, it was shown that the conventional combustion yields
ash particles with the surface predominance of potentially
toxic elements such as Pb and Cr. These metals are easily
leachable if located on the particle surface.

It should be mentioned that a bulk mass balance
performed for the heavy metals (including also Ni, Zn, and
Cu) indicated that 82.7% of the initial concentration of the
heavy metals in the biowaste was retained in the ash particles.
Thus, the ash particles generated during the multizone
biowaste treatment under combustion-like conditions were
capable of preventing a significant portion of the toxic metals
from escaping into the flue gas stream.

The behavior of low-melting light alkali metals (Na and
K) was also affected by temperature-ash morphology
changes. They revealed the highest concentrations (almost
4.0%) in the regions close to the particle surface. This is
opposite to the observed distribution of lead. It is illustrated
in Figure 6C where the concentration of sodium at 1350 °C
is significantly higher on the surface than inside the particle
(3879 ppm vs 1682 ppm). Thus, in the final ash material light
alkali metals were mostly located in the external surface and
subsurface layers.

The leachability of the heavy metals from the final ash
material was evaluated using the leaching index. It was
defined as a percentage ratio between the mass of an
individual heavy metal in the leachate and the initial mass
of this heavy metal in the ash prior to leaching:

Results from the leaching test for different metals are
presented in Figure 7 as a function of temperature. Data
indicate that the leachability of Cr and Cd from particles
formed at temperatures below 1000 °C is relatively high. The
leaching values for Cd and Cr are 1.5 and 5.9% for particles
extracted at 750 °C, respectively, and 0.5 and 1.2% for particles
formed at 900 °C, respectively. Since the initial concentration
of Cr in the contaminated ash pellet prior to leaching was
8000 ppm, the results suggest that 472 ppm of Cr leached out
from the particles formed at 750 °C. In the case of Cd, 32
ppm was found in the leachate (initial concentration of Cd

FIGURE 5. Morphological metamorphosis of the biowaste material under combustion-like conditions. (A) Biowaste at room temperature
(average fiber size 30 × 350 µm). (B) Particle chains at 600-1100 °C (average chain size 15 × 100 µm). (C) Sintered ash at 1100-1400
°C (average particle size 50 µm). (D) Molten ash at 1400-1500 °C (average particle size 20 µm).

LI ) mass of heavy metal in leachate
initial mass of heavy metal in ash

× 100%

VOL. 33, NO. 23, 1999 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 4323



was 2140 ppm). No leaching of Pb was observed at low
temperatures (initial concentration 152 ppm). As the particle
formation temperature increased, the leaching rates for the
heavy metals decreased. When the ash morphology changed
into a dense material and the surface topography changed
into a continuous and condensed substance (above 1200
°C), no toxic metals such as Cr, Cd, and Pb were detected in
the leachate, probably due to fixation of heavy metals within
the aluminosilicate matrix. No heavy metals in the leachate
implies that compact ash particles formed at high temper-
atures could be safely disposed of (e.g., landfilled) or reused
because such ash would not be classified as a hazardous
material.

There is a question of what is the “driving force” for the
observed behavior of metals during biowaste burning. It is
expected that at low temperatures (below 1000 °C) metals
are transported via diffusion within the initial inorganic solid
matter. Light metals (e.g., Na and K) with low atomic radius
and weight would easier pass through the fine pores within
the ash particles than heavy metals (e.g., Pb, Cr, and Cd).
Such a diffusion process could promote slight variations in
metal concentrations inside the particle with light metals
slightly enriched in the particle surface.

At higher temperatures (above 1250 °C) during ash
melting, the primary mechanisms for mass transport are
diffusion and viscous flow. The diffusion distance could be
determined by cation patterns in the melt (26). It seems that
the relative mobility of ash network formers (such as Si and
Al) and network modifiers (such as Na and K) may control
the nature of diffusion in a melt and may determine how
metallic elements migrate (26, 27). Metallic elements are
usually classified into four groups with respect to diffusion:
(i) alkali ions (Na, K); (ii) network modifiers other than alkalis,
mostly divalent cations (Ca, Mg, Pb, Cr); (iii) network forming
cations (Si, Al, Ti); (iv) oxygen and other anions. The alkali
ions have the simplest diffusion behavior among all species.
A typical diffusion rate at 1300 °C is approximately 10-9 m2/s
in a silicate melt (26). Their diffusion rates are, in general,
much faster than that of all other nonvolatile species. A typical
diffusivity of other network modifiers such as Pb and Cr is
about 10-11 m2/s at 1300 °C in a silicate melt. It decreases
with increasing silica content. Thus, in this study, the
diffusivity of Pb2+/Cr3+ is significantly lower than that of K+/

FIGURE 6. Distribution of heavy and light metals (Pb and Na, respectively) between the surface and the core of the ash particle collected
at 900 and 1350 °C. (A) Distribution of Pb at 900 °C. (B) Distribution of Pb at 1350 °C. (C) Distribution of Na at 1350 °C.

FIGURE 7. Influence of temperature on leaching of Pb, Cd, and Cr
from the ash.
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Na+ and would promote metals segregation in the ash.
Therefore, Na and K may rather easily move to the exterior

of the ash particle while heavy metals (e.g., Cr) would be
forced into the particle core area. Because the subsequent
particle quenching process is very fast (∼14 000 K/min), no
rearrangements of heavy metals within the solidifying ash
material are possible. As a result, the heavy metals seem to
be encapsulated and immobilized within the ash particle
core surrounded by a compact shell consisting of condensed
layers of light nonhazardous metals.

The multizone combustion of biowaste in which sequen-
tial low-high-low (LHL) temperature regions are applied
can be considered as an attractive and useful way for the
clean and efficient disposal of contaminated biowastes due
to the following reasons:

(i) It is possible to control ash particle structure, distribu-
tion of metals within ash, and destruction of selected
polycyclic aromatic compounds in the LHL process. In fact,
our data illustrate for the first time that toxic metals (Pb, Cr,
Cd) are encapsulated within the ash particle core rather than
located on the surface. In addition, they are immobilized (no
leachability detected in ash particles treated at high tem-
perature).

(ii) Environmental impact will therefore be reduced since
nonhazardous ash, which is yielded in the LHL process, can
be safely disposed of or reused.
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