s Environ. Sci. Technol. 1991, 25 268-274

L

Mechanisms \of Iﬁmganic Particle Formation during Suspension Heating of

Simulated Aqueous Wastes

James A. Mulholland® and Adel F. Sarofim

Department of Chemical Engineering, 66-153, Massachusetts Institute of Technolagy, Cambridge, Massachusetts 02139

m The fate of cadmium, lead, and nickel contained as
nitrates in aqueous droplets was studied in a laboratory-
scale furnace. Trimodal particle size distributions were
observed. Metal partitioning between a residual mode
(particle aerodynamic diameter, D, 4, > 7 #m) and an
intermediate mode (1 um > D, .., > T um) was consistent
with the dependence of particle porosity on condensed-
phase transformations during nitrate decomposition. In
addition, ultrafine particles were produced. In the nickel
experiments, where vaporization was not a reasonable
mechanism for inorganic aerosol formation, it was found
that 30-36% of the particles had aerodynamic diameters
of less than 1 um. Furthermore, a preponderance of ce-
nospheres was observed in the large particle size fractions.
It is conjectured that the fragmentation process of ceno-
sphere bursting produced the submicron aerosol. In the
cadmium and lead experiments, the amount of submicron
particles produced was in qualitative agreement with the
amount of metal oxide calculated to vaporize,

Introduction

Currently global natural fluxes of some metals, such as
cadmium, are exceeded by anthropogenic fluxes (). The
emission of metal aerosols from incinerators represents a
potential contribution to the anthropogenic sources. Re-
cent field studies by the United States Environmental
Protection Agency (EPA) and by European investigators
have included measurements of metal emissions (I-5). Not
only are the ultrafine particles produced during thermal
decomposition difficult to capture by electrostatic pre-
cipitation (6}, but these particles penetrate the deep lung
when inhaled (7). In addition, increased metal emissions
result from a rise in the concentration of metals in the
major sinks of soil and water. Another reason for study
of the fine inorganic particles generated by incinerators
is that they provide a signature that can be used for source
attribution. The amount and composition of ambient
inorganic particulate matter varies widely with geograph-
ical location and time as a consequence of the wide vari-
ability of source emissions (8). Therefore, a mechanistic
understanding of the physical and chemical processes
governing inorganic particle formation during waste in-
cineration is needed both for the development of better
control technologies to reduce the contribution of inorganic
aerosols to atmospheric pollution and for the development
of better source allocation models that utilize ambient
metal particulate markers. :

Studies of the cliemical and physical transformations
of mineral matter in coal combustion have providéd con-
siderable insight into the formation of inorganic aerosols,
It has been shown that coal fly ash is bimodally distributed
with respect to size (9-13). The larger residual ash par-
ticles, with diameters in the range of 1-50 um, contain trace
amounts of volatile species concentrated at the particle
surface. The submicron particles, on the other hand, are
enriched with the more volatile coal mineral matter con-
stituents (10). Lahoratory studies. (1 7-13) have shown that
these particles are produced by the nucleation and sub-
sequent coalescence and coagulation of a portion of the
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vaporized fly ash. Although the mass fraction of submicron
particles is typically much less than that of the residual
particles, the submicron particles are much more numerous
and contain most of the particle surface area available for
heterogeneous condensation of inorganic vapor; hence,
volatile species enrichment is observed in the submicron
particles.

While the subsequent processes of nucleation, conden-
sation, coalescence, and coagulation govern the composition
and size distribution within the submicron size mode,
vaporization is largely responsible for the quantity of in-
organic aerosol generated. Barton et al. have developed
a metals-partitioning model based on equilibrium vola-
tilization (14). Vaporization of inorganic species is com-
plicated by simultaneous chemical processes such as de-
composition, chlorination, oxidation, and reduction. For
example, the vaporization of refractory oxides has been
found to involve the more volatile suboxide or metal
species as well as the oxide itself (15, 16). Comparisons
of the results of vaporization calculations with experi-
mental and field measurements indicate that the equilib-
rium assumption is not always reasonable (17).

Char fragmentation has been shown to increase the
number of residual ash particles, which increases particle
surface area and, thus, particle vaporization rate (18).
However, there is no evidence that fragmentation leads
directly to submicron particle formation, with the excep-
tions of two explosive phenomena. First, Smith et al. {(19)
described a cenosphere formation and bursting phenom-
enon. Cenospheres are thin-walled hollow spheres formed
by bubble nucleation and growth in a melt of critical
viscosity. Raask (20) suggested that in coal-ash slag ce-
nosphere formation, carbon monozide is generated from
iron carbide reacting with silica. The quantity of ash
cenospheres formed in pulverized coal fired boilers varies
with coal type, with as much as 5% being formed for some
pyTitic coals. If during cenosphere formation the viscosity
of the melt is just below a critical value, Smith et al.

suggested that the incipient cenosphere can burst, resulting

in a shower of submicron fragments. A second mechanism
known to produce submicron fragments is the so-called
“secondary atomization™ of liquid droplets. Lasheras et
al. {21) have shown that, when multicomponent droplets
of differing component liquid volatilities are heated rap-
idly, concentration gradients develop due to mass-transfer
limitations. When heat transfer is great enough to vaporize
the volatile-rich droplet core, disruptive burning oceurs
whereby the droplet explodes into tiny droplets. In liquids
with dissolved inorganics this can lead directly to sub-
micron aerosol formation.

TFo gain a better understanding of the mechanisms for
metal partitioning between the fine condensation aerosol
and the larger particles produced by the residue of met-
al-containing liquid wastes burned in suspension, a labo-
ratory study was conducted. Effects of waste composition,
waste atomization, local gas composition, and furnace
temperature were measured (22). Three particle size
modes were observed, and two pathways of submicron
particle formation were hypothesized (Figure 1). This
paper describes a subset of these experiments that most
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Figure 1. Pathways of inorganic particulate formation during sus-
pension heating of metal-containing droplets {22), Droplet fragmen-
tation by secondary atomization {dashed line) is not observed in ex-
periments with metal compounds dissolved in pure sofvents.
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Flgwe 2. Drop-tube reactor with Berglund-Liu droplet generator,
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size classlfication.

unambiguously demonstrates the roles of decomposition,
explosive fragmentation, and vaporization in the formation
of inorganic particles.

Experimental Section

Apparatus and Methods. A laminar flow, isothermal
drop-tube furnace was used to vaporize aqueous droplets
containing nitrates of cadmium, lead, and nickel. The
general features of the laboratory-scale facility are shown
in Figure 2. A stream of monodisperse droplets, generated
by a Berglund-Liu-type device (23), is injected down the
center of the reaction zone contained by an electrically
heated quartz tube (47 mm i.d.). The full reaction zone
length is 33 cm, representing a nominal bulk gas residence
time of 1.4 5. A metered flow rate (6.0 standard L/min)
of dry air is preheated to the furnace wall temperature
prior to entry into the reaction zone. In the present set
of experiments, furnace wall temperatures ranging from
900 to 1500 K were maintained.

Optical access to the entire reaction zone provides the
ability to evaluate droplet atomization quality by micro-
photography. Satellite dropets are virtually eliminated by
operating the Berglund-Liu device at an optimum vibra-
tional frequency. Droplets of uniform size, with less than
10% standard deviation in measured diameter, are pro-

duced (22). Secondary atomization due to differences in
droplet component volatilities was neither expected nor
observed in these experiments with a single solvent.
Secondary atomization by Coulombic explosions was also
avoided in these experiments. Calculations show that the
electrostatic charge induced during droplet generation ia
substantially less than the limit imposed by the Rayleigh
stability criterion over the entire lifetime of the droplet.
Thus, droplet atomization processes are not responsible
for heterogeneity in the emitted particle size distribution.
The entire product stream is recovered and rapidly
quenched by dilution gas. Particle deposition in the
collection probe is avoided by transpiring gas radially
through the probe's inner wall. The particles and gases
are then passed through an Anderson Mark II cascade
impactor for on-line aerodynamic size classification of
particles between 0.4 and 15 pm. Impaction stages are
greased to minimize particle bounce. The particles with
aerodynamic diameter less than 0.4 pm pass through the
impactor and are collected on an absolute final filter.
Each solution studied contained one metallic salt ad-
ditive. The use of single metal solutes chviates the need
for detailed chemical analysis of the collected particles;

gravimetric analysis provides the particle aerodynamic size

distribution directly. Inversion and smoaothing of the data
are performed by using the algorithm of Markowski {24).
Scanning electron microscopy (SEM) of the larger size
fractions iz utilized to provide information concerning
particle morphology.

Metals Studied. Cadmium, lead, and nickel com-
pounds were chosen for study both because these metals
are of highest priority in EPA’s proposed regulations (25)
and because they incorporate a wide range of volatilities.
Cadmium is a refractory oxide, with a sublimation point
of 1832 K for the oxide and a boiling point of 1038 K for
the pure metal. Lead oxide boils at 1745 K, whereas lead
metal boils at 2013 K. Nickel oxide and nickel metal both
have boiling points of about 3000 K. Nitrates of cadmium
{CA(NO3)+4H,0], lead [Pb{NO;),}, and nickel [Ni{N-
O3)6H,0] were dissolved into distilled water in a mass
concentration of 1.5%. Each metal salt solution was
studied separately, allowing for simple gravimetric analysis
of the collected particulates. The lack of strongly exo-
thermic reactions that would accompany organometallic
decomposition and vaporization allows for simple caleu-
lation of droplet and particle temperatures. During
thermal treatment the nitrate decomposes to the ther-
modynamically favored monoxide. Treating the collected
particles in bulk as the monoxide resulted in a mass bal-
ance closure to within 5%.

Transformations between solid and liguid phases also
oceur. Of critical importance is the condensed-phase
viscosity during the release of nitrogen dioxide and oxygen.
Adapted from the observations on changes in drying
droplets at ambient gas temperatures above decomposition
by Charlesworth and Marshall (26), Figure 3 shows se-
quences of physical transformations during decomposition
of different types of droplets. Lead nitrate decomposes
by sublimation; hence, its decomposition might be depicted
by sequence [. Cadmium nitrate decomposes as a low-
viscosity liquid; sequence II describes such a transforma-
tion. Nickel nitrate is a viscous melt during decomposition;
sequence III represents a transformation path of this type.

Droplet and Incipient Particle Size Distributions.
A 20 pm diameter orifice is vibrated at 215 kHz to produce
a steady stream of 36 um diameter droplets with an initiat
interdroplet spacing of 2.7 diameters. However, due to
rapid deceleration of droplets in a linear array, droplet
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Figure 3. Physical transformations in droplets at ambient gas tem-
peratures above the decomposition temperatre, adapted from the
cbservations on changes in drying droplets by Charlesworth and
Marshall (26).

collisions and coalescence ensue, resulting in the devel-
opment of a heterogeneous size distribution. Droplet size
distributions are measured in situ by microphotography,
with details given elsewhere (22). After only 3 em (about
2 ms) of flight, the mean droplet diameter has increased
by 70%. To aveid further droplet collisions and coales-
cence, dispersion gas is introduced coaxially with the
droplets, resulting in a dilute spray being developed.
Microphotographs show that droplet size growth due to
coalescence ceases after 3 cm. Therefore, the measured
droplet size distribution at this location is used as a starting
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point in the vaporization calculations, with droplet colli-
sions assumed to be negligible beyond this point. This
distribution was found to be bimodal, with multipleis
consisting of 75% of the total number of droplets. From
this starting distribution measurement, the number of
oversize droplets (i.e., droplets with diameters greater than
100 pm) that are calculated to pass through the reaction
zone without completely evaporating is consistent with the
number observed (1.5% by number, corresponding to ap-
proximately 15% by mass).

The decay of the homogeneous droplet size distribution
generated, due to the aforementioned droplet interaction
effects, results in a heterogeneous size distribution of in-
cipient particles. The minimum initial particle diameter
for these experiments, produced from a singlet drop, is 4
um. This corresponds to an aerodynamic diameter (ref-
erenced o spherical geometry and unit density) of ap-
prozimately 8 um. The average initial particle diameter
is a factor of 1.7 greater than this minimum initial diam-
eter.

Results and Discussion

Particle Size Distribution Measurements. In Figure
4 particle aerodynamic size distributions are shown for the
heating of the nickel, cadmium, and lead solutions. The
histograms shown represent the measured masses on each
of the eight cascade impactor stages and on the final filter;
the curves represent results from the deconvolution of the
data. From the left column of Figure 4 it is seen that data
inversion and smoothing did not alter qualitatively the
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Figure 4. Aerodynamic particle size distributions. The graphs in the left column include the actual cascade impactor stage data in histogram
form and a regression fit to the output of the data inverslon code for ona furnace temperature. The graphs in the right cofumn show the results
from the inversion algorithm without regression for several furnace temperatures.
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Figure 5. Mass fraction measurernents by aercdynamic particle size
made, with time-dependent calculations shown for the vaporization of
the metal monoxides.

trend of the original data. However, the shape of the
calculated distribution near the upper and lower diameter
end points is arbitrary.

The data exhibit a trimodel character when displayed
ina semllogarlthmlc plot of mass fraction versus aerody-
namic diameter. The aerodynamic diameters marking
mode boundaries are less than 1 xm (submicron mode),
between 1 and 7 um (intermediate mode), and greater than
7 um (residual mode). All of the particles produced fol-
lowmg droplet evaporation are initially of residual mode
size.

The integrated mass percents of metal oxide collected
in each of the three modes of the aerodynamic size dis-
tribution are shown in Figure 5 as functions of furnace
temperature for the nickel, cadmium, and lead nitrate
solutions studied. Also shown are the equilibrium (based
on furnace volumetric flow rate) and time-dependent
{based on a model desecribed in Appendix A) vaporized
mass percents of CdQ and PbO (dashed lines). Equilib-
rium and time-dependent values of vaporization of Ni(Q)
are insignificant at temperatures below 2000 K.

Nickel oxide submicron particle mass fractions of
35-40% were measured over the temperature range stud-
ied {Figure 5a). It is unlikely that any of these submicron
particles could have formed via a vaporization route due

1L @i
Flgure 6. SEM photograph of a typical nicke! oxide canosphera

to the extremely low volatility of nickel and its oxides. In
addition, the almost total lack of dependence of submicron
particle fraction on temperature suggests that vapor
pressure is not a driving force.

Submicron particles fermed by vaporization and con-
densation and residual particles formed by the unvaporized
component of each droplet had been expected prior to the
start of this study (22). However, an unexpected inter-
mediate particle size mode is seen, most distinctly for
nickel. One possible explanation is that of a varying
particle porosity created during decomposition and phase
transformation, as presented in Figure 3. Droplet size
distribution heterogeneity results in particles ranging in
initial size by a factor of 3. In addition, the larger droplets
require longer times to evaporate, leaving little or no time
available for exposure of the particles to the reactor gases.
Thus, variations in particle porosity arise due to variations
in incipient particle size and subsequent particle residence
time. The inertial impaction parameter that determines
aerodynamic size classification is proportional to the
particle density times its actual diameter squared. For
particles of equal mass and composition but differing
density, the inertial impaction parameter and, therefore,
the particle aerodynamic diameter, is proportional to
density raised to the one-third power (and, likewise, in-
versely proportional to actual diameter). Thus, the net
effect of increased porosity on aerodynamic size classifi-
cation is a decrease in aerodynamic diameter. The amount
of particles of intermediate size relative to the amount of
particles in the residual size category is greatest for nickel,
less for lead, and least for cadmium, consistent with the
order of particle porosity as hypothesized in Figure 3.

SEM Analysis. Direct evidence of the particle porosity
variation between metal compounds suggested by the
particle size distribution measurements was obtained by
SEM analysis of the residual and intermediate particles.
Nickel oxide residual and intermediate particles were
found to contain a large fraction of cenospheres. A typical
cenosphere had a diameter of 5~10 um, a shell thickness
of about 0.5 um, and a single blow hole (Figure 6). A
second observation from SEM analysis was that the re-
sidual and intermediate particles of cadmium had smaller
optical diameters than did the particles of lead with
equivalent aercdynamic diameter. This suggests that the
particles of lead oxide, which has a greater bulk density,
are more porous than thé cadmium oxide particles. Thus,
the formation of particles of intermediate size is consistent
with the direct observation of extremely porous nickel
cenospheres and the inferred cbservation of moderate
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porosity in the lead particles relative to the dense cadmium
particles.

As already stated, the particles produced after water

evaporation vary in initial size and reactor residence time.

due to the heterogeneity of the droplet size distribution.
This affects the dynamics of nickel oxide cenosphere
formation. The submicron mass fraction of nickel particles
can be attributed to the cenosphere bursting phenomenon
reported by Smith et al. (19). A fraction of the particles
with the necessary size and residence time characteristics
may produce cenospheres that burst into submicron
fragments. A first attempt to develop a method of pre-
dicting the critical energetics for cenosphere formation and
bursting follows.

A simple criterion is hypothesized for qualitative pre-
diction of particle transformations during nitrate decom-
position. During decomposition of the nicke] nitrate to
the oxide, the release of nitrogen dioxide and 0Xygen in
the core of the viscous melt results in bubble nucleation
and growth. By use of the expression for the rate of ex-
pansion of a hollow sphere derived by Goodier (27) (Ap-
pendix A), the characteristic times for cenogphere forma-
tion are estimated for a 4-um particle (Figure 7). A D2
law estimate of nitrate decomposition time is also shown
in Figure 7 {(dashed-dotted line). Cenosphere formation
and bursting is expected to occur when the viscous relax-
ation time is of the same order of magnitude as the
characteristic time of nitrate decomposition. "This criterion
suggests that a critical viscosity of between 102 and 10°
N-s/m? is required for cenosphere formation, consistent
with the critical viscosity reported by Raask (28). When
the viscosity during decomposition is sufficiently low such
that the viscous relaxation time is much less than the
nitrate decomposition time, as in the case of cadmium
nitrate decomposition, the gas bubble escapes before the
shell hardens. As a result, a dense particle forms. When
the viscous relaxation time is much greater than the nitrate
decomposition time, a porous particle results.

This order of magnitude analysis is useful if measure-
ments of melt viscosities during decomposition are
available. If measurements are not available, estimates
may be made from the inorganic compound melting point
and its viscosity dependence on temperature (usually as-
sumed to be exponential). Obviously, the melt viscosity
varies as the composition varies. However, due to the wide
variability of viscosity for different chemical compounds,
identification of compounds likely to form dense particles,
cenospheres, or porous particles can be made with this
analysis using a minimum value of viscosity, i.e., using the

272 Environ. Sci. Technol, Vol. 25, No. 2, 1891

viscosity attained at the onset of decomposition.

Vaporization Calculations, To estimate the amount
of metal that vaporizes, a pseudo-steady-state model of
transient heating and vaporization is used {29), assuming
infinitely fast chemical decomposition of the nitrate to the
monoxide (Appendix B). Coupled with the equations for
spherically symmetric mass and energy transfer is the
one-dimensional momentum transport equation, derived
from a balance of the drag and gravitational forces. These
equations, valid for both the droplet and particle processes,
are solved numerically to yield time-dependent vaporiza-
tion rates, given initial droplet size and velocity distribu-
tions and composition, and given gas temperature, flow
rate, and composition.

The calculation of metal vaporization provides only a
qualitative match with the measurement of submicron
particle fraction (Figure 5b and c). The heterogeneity of
the initial droplet size distribution has the effect of
broadening the dependence of vaporization on tempera-
ture, but not to the extent observed. Moreover, at the
lower temperatures studied, the amount of submicron
particles formed exceeds the amount that would be formed
if the vapors were saturated in cadmium and lead oxides.
Therefore, while the primary mechanism of submicron
particle formation in the cadmium and lead tests appears
to be that of vaporization, it is likely that fragmentation
contributed to submicron particle formation as well.

Conclusion

The aerodynamic: particle size distributions produced
by the rapid heating of polydisperse droplet streams were
measured for aqueous solutions containing cadmium, lead,
and nickel nitrates over a range of furnace temperatures
from 900 to 1500 K. The particle size distributions were
found to be trimodal. Variations in particle porosity for
the three metal compounds studied appear to account for
the differences in the distribution of particles with aero-
dynamic diameter greater than 1 um. SEM analysis of the
larger nickel oxide particles revealed a preponderance of
cenospheres. Nearly independent of temperature, a large
fraction of submicron particles was produced in the nickel
tests, suggesting that cenosphere bursting occurred.
Submicron particle formation in the cadmium and lead
tests is in qualitative agreement with the vaporization of
cadmium and lead oxides. However, fragmentation may
also contribute to submicron cadmium and lead particle
formation, particularly at the lower temperatures studied.
Direct measurements of the fine particle size distribution
are needed to support or reject this hypothesis.

Appendix A. Viscous Relaxation Time Calculations

With the expression for the rate of expansion of a hollow
sphere derived by Goodier (27), the characteristic time for
cenosphere formation can be estimated from

dr/dt = r*Ap f{4nl,) (A1)

where Ap = p— [p, + 20(1/r + 1/r))]. For the purposes
of illustration, calculations of viscous relaxation time as
a function of viscosity were made for a particle of 4-um
diameter forming a cenosphere of 10-um diameter (Figure
7). A bubble pressure transient given by an instantaneous
gas mass release and resulting in a final pressure equal to
the equilibrium pressure is assumed. The characteristic
time was calculated as the time required for the particle
to expand to 95% of its final size. A nominal surface
tension of 0.8 N/m? was used, with the sensitivity to a 50%
change indicated by an error bar.



Appendix B. Vaporization Model

After injection, a droplet undergoes heating and evap-
oration, followed by particle heating, chemical decompe-
sition, and phase transformation. To predict the amount
of metal that vaporizes, the processes of coupled droplet
heating and evaporation followed by coupled metal mon-
oxide heating and vaporization are modeled. Other pro-
cesses (e.g., metal nitrate decomposition, melting, and
solidification} are neglected. A pseudo-steady-state model
of droplet and particle vaporization is used. In the con-
densed phase, with the uniform internal temperature as-
sumption (i.e., infinite thermal diffusivity limit)

Cpepc(dT/dt) =
[6ENW(T ~ T) /D?) + (3p,AH.,,/DHAD /dt) (B1)

In the gas phase, assuming steady state, spherical sym-
metry, a Lewis number of unity, constant properties, and
no chemical reaction, the heat and mass transport con-
servation equations (Fourier’s law and Fick's law, re-
spectively) become identical. For small mass-transfer rates,
one obtains

dm/dt = ~(xp D?/2)(dD/dt) =
Ren®D¥H(py — pa™) /(1 - pa)} (B2)

where the mass-transfer coefficient is given by k, =
pD,gSh/D. The vapor pressure of species A is given by
the Clausius-Clapeyron equation: p, = exp[-AH,,,
(Tvp/ T, — 1}/ (RyTwp)]. Applying film theory to derive a
correction factor for high rates of mass transport (29), one
obtains

(dm/dey* = 8(dm /dt) (B3)

where the correction factor is given by 6 = [In (1 + B)]/B.
The mass-transfer number is given by B = ¢ (T - T.)/
AH,,.. Forced convection effects are acoounteﬁ for by an
empirical correction to the heat- and mass-transfer coef-
ficients (29). Coupled with the mass- and energy-transfer
equations is the one-dimensional momentum transport
equation, derived from a balance of the drag and gravi-
tational forces.

dv./dt = —[3p/(dp N)Cpv2 + g (B4)

These equations, valid for both the droplet and particle
processes, are solved numerically to yield time-dependent
vaporization rates for the droplet and particle, given an
initial droplet size and velocity distribution and compo-
sition, and given a gas temperature, flow rate, and com-
position.

Glossary

o

mass transfer number

p gas specific heat, J/g-K

¢ condensed-phase specific heat, J/g-K
C?[c, drag coefficient

D droplet/particle diameter, um

Dy sere particle aerodynamic diameter, pm
Dy mass diffusivity, cm?/s

g gravitational constant, 981 cm/s?
AH.. latent heat of vaporization, J/g

k gas thermal conductivity, J/cm-s-K

Ry mass-transfer coefficient, g/cm?s

Lo cenosphere shell thickness, pm

dm/dt  mass vaporization rate (low values), g/s

(dm/ mass vaporization rate (high values), g/s
de)*

Nu Nusselt number

p cenosphere internal pressure, atm

Ap actual and equilibrium pressure difference, atm
Pa furnace ambient pressure, atm

Pa vapor pressure of species A, atm

P partial pressure of species A in bulk gas, atm

r radius, xm

r; cenogphere inner radius, pm

R, specific gas constant, J/gK

Sh Sherwood number

t time, s

T bulk gas temperature, K

T, condensed-phase temperature, K

Tip boiling point temperature, K

U, condensed-phase velocity, cm/s

v, relative velocity between gas and droplet, cm/s
n absolute viscosity, N-s/m?

8 correction factor for high mass-transfer rates

B gas density, gfem?

Pe condensed-phase density, g/cm®

L) surface tensien, N/m?
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