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The partitioning of nicke! (Ni) and chrominm (Cr) in a laboratory scale combustor was
investigated theoretically and experimentally. Theoretical predictions based on chemical
equilibriun indicate that chlorine significantly increases the volatility of Ni because of the forma-
tions of Ni-chloride compounds. Chlorine’s predicted effect on Cr volatility at high temperatures
(> 700K} was minimal, although some volatils Cr-chioride compounds were predicted at low
temperatures (< 700K). :

Experimental studies ernployed a 59 KW laboratory scale combustor with a swirling natural gas
diffusion flame through which aqueous Ni and Cr solutions were sprayed. Particle size
distributions (PSDs) in the stack were measured by three different techniques: electrical mobility
and inertial impaction for sampled aerosols and light scattering for in-situ analyses. All three
methods produced consistent PSDs. Experimental data for Ni were also consistent with the
theoretical predictions, and confirmed the large increase in Ni volatility due to chlorine. Also
consistent with equilibria, experimental data for Co(I11, VI) failed to indicate notable increases in
volatility due to chierine addition. However, introducing Cr(VI} in the feed produced smaller Cr
Particles in the exhaust than did Cr{IIT). Experimental evidénce suggests that, contrary to
equilibrium predictions, Cr(VI) vaporized in the flame while Cr(I1I) did not. This result, however,
may not be related to the initial Cr valency but, rather, due to the particular choice of Cr(III)
[Cr{NO,)y] and Cr{VT} [CrO;] species examined. Speciation of Cr in the exhaust, however, was
independent of the initial Cr valency, with exhaust values of Cr{V1) typically less than 1% of the
total Cr measured. Based on color and solubility, a large fraction of the sampled Cr was believed to
be Cr,0;. The Cr(VI) fraction in the exhaust was enhanced slightty by chlorine, but reduced to
below analytical detection limits by the addition of small (stoichiometric with respect to Cr)
Quantities of sulfur.
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Once vaporized with chlorine, Ni was readily scavenged by kaolinite. However, kaolinite had ng
effect on the PSD of non-volatile Ni (without chlorine), and both kaolinite and hydrated lime hagd
no effect on the PSDs for Cr{IIF, V), whether it vaporized or not (with and without chlorine),

Keywords: Waste incineration; chromium speciation; hexavalent chromium; metal transforma.
tions; transition metals; particle formation

INTRODUCTION

Toxic elements are present in the effluents of many combustion processes,
including coal and oil fired utilities, industrial operations, and thermal
processes for the treatment of municipal and hazardous wastes (Linak and
Wendt, 1993). Fourteen metals, including the metalloids antimony and
arsenic, and the element selenium are currently regulated in the U.S. under
the Clean Air Act Amendments (CAAA, 1990) and the Resource
Conservation and Recovery Act (RCRA, 1986; Fed. Reg., 1991; Garg,
1992). While antimony, arsenic, and selenium typically exhibit only weak
metallic properties, they are defined here as metals for simplicity. Trace
elements are often classified based on their behavior in combustion systems,
and this behavior can be related to their relative volatilities. In a review of
the coal combustion and gasification literature, Clarke and Sloss (1992)
identify three overlapping groups. Group 3 elements volatilize most readily
and are concentrated in the gas phase and depleted in 2ll solid phases.
Group 2 elements are enriched on the fine-grained particles which may
escape particulate control systems. Group 1 elements are concentrated in
the coarse residues or are partitioned equally between these residues and fly
ash particulates. These elements are generally trapped by particulate control
systems. Rizeq et al. (1994) also group these metals into three volatility
classes which correlate approximately with the groups identified above.
Mercury and selenium, tend to be volatile, even at moderate stack
temperatures. Antimony, arsenic, cadmium, lead, and thallium, are of
medium volatility (semi-volatile), and have the potential of vaporizing at
the high temperatures in the flame zone. Finally, a third group including
barium, beryllium, chromium (Cr), and nickel (Ni), are considered to be
non-volatile (refractory) over the entire range of typical combustion
temperatures encountered. The metals cobalt and manganese are not
classified by Rizeq et al. (1994), but are classified as Group 1 elements
by Clarke and Sloss (1992). The final regulated metal, silver, is not classified
by either study, but based on the volatility of several species expected to
be formed within combustion environments, silver would also likely
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be classified as non-volatile. Whereas most attention, heretofore, has been
focused on the behavior and partitioning of the volatile and semi-volatile
metals, this paper focuses on Ni and Cr which are generally considered to be
refractory.

Volatile and semi-volatile metals have been of interest because they
remain as vapors within combustion and flue gas cleaning systems resulting
in poor removal efficiencies, or tend to form fumes of submicron particles
resulting from nucleation and condensation of metal vapor. These
mechanisms lead to substantial enrichment of toxic metals on submicron
particles which are often difficult to collect in particulate poilution control
equipment. Scotto et al. (1992); Wendt (1994) and Linak et al. (1995)
demonstrated that some metal vapors react at high temperatures (above
their dewpoints) with sorbents to form environmentally benign water
insoluble products. Thus, the emissions of some of these volatile and semi-
volatile metals can be managed. Several researchers (Davison, 1974; Klein
et al., 1975; Markowski ef al., 1980 and Quann and Sarofim, 1982) have also
noted enrichment of the refractory metals Ni and Cr in submicron particles,
even though it is not obvious that these metals necessarily vaporize in the
combustion process. The mechanisms by which this occurs are not readily
apparent. It is appropriate, therefore, to focus on refractory metals, and to
determine if their partitioning among various particle sizes can be predicted
and controfled.

Ni is slightly less volatile than Cr (boiling points of 3003K and 2945K,
respectively). Cr exists in two forms in the environment (Goyer, 1991;
Seigneur and Constantinou, 1995), as either trivalent Cr(I1I) or hexavalent
Cr(VI), as in the chromate anion CrO}~ or in the compound CrOs. Cr(VI)
has the lowest risk specific dose for all carcinogenic metals (0.00083 pg/m®)
(Fed. Reg., 1991), while Cr(III) is not considered particularly hazardous.
However, from a regulatory viewpoint, all Cr must be considered to be
Cr(VI) unless difficult site specific speciation is performed.

Linak ef al. (1996) determined that regardless of the initial valency of Cr,
only a small fraction of the total Cr in the exhaust of a research combustor
occurs as Cr(VI). We focus here not only on how Cr is chemically parti-
tioned between valency states in the exhaust, but also on how this can be
manipulated through the addition of other compounds, such as sulfur and
chlorine, and how the physical partitioning of Cr among various particle
sizes occurs in a practical combustion configuration. While the previously
Published research focused on Cr speciation and factors which influence the
chemical partitioning of Cr(VI) and total Cr, this research emphasizes
factors which influence particle formation and the resultant metal particle
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size distributions (PSDs). To accomplish this, three particle sizing methods
are used: inertial impaction, electrical mobility, and fn-situ light scattering,
Additional morphological information is provided by ficld emission
scanning electron microscopy. Throughout this paper, recent Cr data are
compared to Ni data taken in the past (Linak et al., 1994, 1995). This is
done to correlate similarities and contrast differences between two seemingly
similar refractory metals.

THEORY: EQUILIBRIUM CONSIDERATIONS

Multicomponent equilibrium calculations can provide insight into which
species are thermodynamically stable at flame and flue gas temperatures,
Previous literature on equilibrium predictions exist in the work of Wu and
Biswas (1993); Frandsen et al. (1994) and Owens et al. (1995). As always, the
accuracy of equilibrium results depends on the accuracy of the thermo-
dynamic data available, and on the availability of thermodynamic data
for all important species containing the elements in question. In addition,
equilibrium calculations do not take into account kinetic or mixing limitations
and represent, therefore, an idealized solution that may not be realized in
practical systems. Thermochemical predictions were determined using the
CET89 computer code for calculating complex chemical equilibrium
compositions (Gordon and McBride, 1986). Table I lists the metal species
considered in these calculations, together with the appropriate references.
Note that the chlorinated Cr species list has been updated and differs from that
used by Wu and Biswas (1993) and by Linak and Wendt (1993), and so new
and different equilibrium results might be expected. Of interest is the
thermodynamic partitioning between vapor and condensed phases, as well as
the partitioning between various species. Also, of special interest for Cr is the
partitioning between Cr(VI) and Cr{III) species (see Linak er al., 1996).
Conditions, sammarized in Table II, represent combustion of natural gasata
stoichiometric ratio of 1.2, with aqueous metal solutions injected to produce
nominally 100 ppm metal in the exhaust. Effects of chlorine (0—2900 ppm
chlorine) and sulfur (0~ 2800 ppm sulfur) were investigated.

Equilibrium predictions (Fig. 1a), which complement the prior Cr species
predictions of Linak er al. (1996), indicate that both metals are refractory,
with dewpoints of 2000K and 1900K for 100 ppm Ni and Cr, respectively.
Chlorine addition (Fig. 1b} lowers the Ni dewpoint by approximately 100K,
but has no significant effect on Cr. The fact that chlorine is more likely to
vaporize Ni than Cr at high temperatures, suggests that, in the presence of
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TABLE1 Nickel and chromium species considered for equilibrium calenlations
Species without chiorine or Additional species with Additional species with
chlorine

Ni species Reference Ni species Reference Ni species Reference
Ni J12{76 NiCl 19477 NiS N2/76
Ni0 L2/84 NiCl, 1B93 NiS(a) T2/76
Ni(CO) IBRY NiCly(s) 1893 NiS(b) J12{76
NiO-H; L3/84 NiCl(l) TB93 NiS(/) 112476
Ni(s) J12{76 NiS2(s) nm
Ni{!) J12{76 NiSx!) hxYry)
Ni;C(s) B3/89 NiySp(I) T12{76
NiCOs(8) B5/39 NiaS(I0) 112/76
NiO(1) BAR73 NisS,(f) 12176
NiOQ2) BART3 NiS.() J3/77
NiO(3 BART3 NiSO(s) 1B93
Cr species Reference Cr species Reference Cr species Reference
cr J6/73 CrCl BES5 Cr3(1) IB7?
CiN J2/n CrCl, BES3 CrS(2) By
Cr0 J12/73 CrOC1 BES5 CrAS0.):(s) 1BRY
CrtOH BES3 CrCly BE9S
Cr0; J1f73 CrOCl, BE95
CrOOH BES3 CrCl, BE9S
Ce(OH): BES3 CrOuCl BE9S
Cr0, J12/73 CrOCl, BE95
CrO,CH BE93 CrCls BES5
Cr(OH); BE93 CrO.Cl; BESS
CrO(OH), BE95 CrOCl, BE95
CrO(OH), BE93 CrClg BE9S
CrO,{0H), BE93 CrClus) 1B89
Cr(OH), BE93 CrCla(f) 1889
CeO(OH), BES3 CrCly(s) ): 13
Cr{OH)s BE93
Cr{OH)s BES3
Cris) J6{73
Cri) J6{73
CryCi(s) 1B89
CryC(5) 1B93
CrnCols) 1889
Cr{CO)(s) 1B39
CrN(z) J12/73
CryN() J12/73
CrOy(s) TB8%
CrOs(s) 1B39
CrO4(!) 1B89
Crz04(3) 273
Cry0a(l) 12473

J6{73; JANAF 6/73—Chasc (1985); J12/73: JANAF 12/73—Chasc (1986); J12/76: JANAF 12/76 - Chase
{1986); J3/77: JANAF 3/77—Chase (1986); 19/77: JANAF 9/77—Chase (1986); L2/84: Lewis 2/84 — McBride
o af, (1993} L3/84: Lewis 3/84—McBrde et af (1993); BE93-Ebbinghzus {1993). BE95-Ebbinghaus
(1995); BART3- Barin (1973); IB77 -Barin (1977); 1B29, B5/89—Barin {1989); IB93 - Barin (1993).
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TABLE II Nominal expetimental mass feed rates

Fuelfoxidant species Feed rate g-molesfmin
CH, 86.09 L/min 3.74
G,@SR=1.2 20991 L/min 8.75
N.@SK =12 789.67 L/min .79
Feed rare g-molesimin Calculated
stack ppm,
Cr(III) tests
Cr(NQy)y(ITT) 1.26 g/min 0.0053 115 (Cr)
H;0 17.11 g/min 0.95 ’ -
Cly 0.61 L/min 0.027 1180 {Cl)
1.52 Ljmin 0.68 2930 (CY)
50, 1.16 L{min 0.052 1120 (8)
2,90 L{min 0.13 2800 (S)
Cr(VI) tests
CrO5(IV) 0.52 gfmin 0.0052 112 {(Cr)
HO 17.27 gfmin 0,96 -
Cl; 0.61 L/min 0.027 1180 (Cl)
1.52 Limin 0.068 2930 (Ch)
50, 0.087 L/min 0.0039 84 (S)
0.29 L/min 0.013 280 (S)
1.16 Limin 0.052 1120 (S)
2.90 Lfmin 0.13 2800 (8)
Ni tests
Ni(NO;)z 0.91 g/min 0.0049 108 (Ni}
H;0 17.50 g/min 0.97 -
Cly 0.52 L/min 0.024 10060 (CH

chlorine, high temperature sorbents might be able to capture Ni, but are less
likely to capture Cr because (reactive) sorbent capture of a metal requires
that metal to first be vaporized. Experimental work is required to test this
hypothesis. At low temperatures { < 500 K), Ni and chlorine are predicted to
form a condensed Ni-chloride salt, thus rendering the residue water soluble.
Chlorine’s predicted effect on Cr at low temperatures (< 600K) is pro-
found. Not only is Cr predicted to form vapor-phase Cr-chlorides, but it is
also predicted to form the Cr(VI)-chlorides, CrQOCl, and CrCl; (indicated on
Fig. 1b).

The presence of sulfur (Fig. Ic) completely eliminates the chlorine
enhanced formation of low temperature Cr(VI) species, but has little effect
on the high temperature Cr(VT) species (not shown on Fig. 1, see Linak ef af.,
1996). This is because sulfur ties up Cr to form Cr(I)-sulfate, but only at
low temperatures. The effect of sulfur on the Ni/chlorine mixture is quite
predictable. It has no effect at high temperatures on the devolatilization of
Ni, since Ni-sulfates are unstable there, while its effect at low temperatures
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FIGURE ! Ni and Cr equilibrium predictions for four experimental conditions: (a) O ppm
chlorine, 0 ppm sulfur; (b) 2500 ppm chlorine, O ppm sulfur; (¢} 2500 ppm chlorine, 2500 ppm
sulfur; and (d) 0 ppm chlorine, 2500 ppm sulfur. Table I presents Ni and Cr species considered.
Table IT presents input concentrations used for fuel and oxidant species. Ni and Cr concen-
trations were 100 ppm. Lines represent total condensed species.

(< 900K} is merely to replace a solid Ni-chloride by a solid Ni-sulfate.
Additional calculations exploring the effects of calcium’s affinity for sulfur
‘showed that calcium, even at concentrations in excess with respect to sulfur,
displaced neither the Ni- nor the Cr-sulfate and, therefore, had no app-
reciable effect on Ni or Cr partitioning.

The volatility behavior of Ni and Cr in the presence of sulfur only
(Fig. 1d) is similar to their behavior without sulfur (Fig. la). At higher
temperatures, Ni- and Cr-sulfates are not predicted to be stable, and at low
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temperatures (< 900K for Ni and < 800K for Cr) solid phase Ni- and
Cr-sulfates are predicted to replace solid phase Ni- and Cr-oxides.

EXPERIMENTAL APPARATUS AND
EXPERIMENTAL PROCEDURE

Laboratory Swirl Flame Combustor

Experiments were performed using the laboratory scale 59kW (actual),
82kW (maximum rated) horizontal tunnel combustor presented in Figure 2.
This refractory-lined research combustor was designed to simulate the time/
temperature and mixing characteristics of practical industrial liquid and
gas combustion systems. Natural gas fuel, aqueous metal solutions, gas
dopants, and combustion air were introduced into the burner section
through an International Flame Research Foundation (IFRF) moveable-
block variable-air swirl burner. This burner incorporates an interchangeable
injector positioned along its center axis. Swirling air passes through the
annulus around the fuel injector promoting flame stability and attachment
to the water-cooled quarl. A high swirl (IFRF Type 2) flame with internal

To alr pallution controt system

Gas sarple port

In-shtu ight scatterdng particle sizar

Aerosol sample port
{slectrical mobliity & impaction particle slzers)

Cooling water

| im | Clg or 80y

[ Sarbant Combustion ak
Transport air

FIGURE 2 EPA horizontal tunnel combustor.
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recirculation {Swirl No, =~ 1.48) was used. Gaseous and aeroso! samples
were taken from a stack location 59m from the burmer quarl. The
temperature at this location was approximately 670K (745°F). Figure 2 also
indicates where sorbents were injected for those few experiments where
sorbents were examined. The method of injection and the composition and
surface characteristics of the kaolinite and hydrated lime sorbents are
described by Linak et al. (1995). The temperature profile for the standard
59kW experiments (without oxygen enrichment) has been published pre-
viously (Linak et al., 1994). Further details regarding the experimental com-
bustor can be found elsewhere (Linak et al., 1994, 1995, 1996).

Metal Systems Investigated

Ni-nitrate [Ni(NOa)], Cr(IIl)-nitrate [Cr{NO,),], or Cr(VI)-oxide [CrO4]
were introduced as aqueous solutions through a special fuel/waste injector
which incorporated a small air atomizing system down the center of a
standard natural gas injector. The resulting droplet PSD was relatively
narrow with a mean droplet diameter of approximately 50—80 um (Linak
et al., 1994). Diatomic chlorine (Cl,) or sulfur dioxide (SO,) dopants were
introduced, separately from the metal solutions, with the (secondary)
combustion air. Thus, the metal, chlorine, or sulfur, were not mixed prior
to their introduction into the combustor. All interactions between the
components were dependent upon normal turbulent mixing patterns.
Aqueous solutions containing 1.5% (by weight) Ni and Cr were used.
Solution flow rates were maintained so as to produce stack gas
concentrations of approximately 100 ppm metal (by volume). Metal feed
rates presented in Table II correspond to constant molar feed rates of
approximately 0.005 g-moles/min. Several tests were performed to introduce
Cl; or 80O, at different molar ratios of chlorine or sulfur to metal. These feed
rates and resulting stack concentrations (calculated) arc also presented in
Table I1. Excess air was maintained at 20%. No air preheat was employed.

Chromium Speclation: Sampling and Analysis

In contrast to Ni, analytical measurement of total Cr and Cr(V1) is
particularly difficult because the likely dominant Cr species [CryOs(s)] is
extremely difficult to digest for subsequent analysis and care must be taken
to ensure that Cr(VI) is not reduced during the sampling and analysis
process. Cr{VI) is stabilized by keeping the sample in contact with an
alkaline environment at all times. The converse problem of Cr oxidation to
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Cr(VI) species is not an issue at room temperatures (Seigneur and
Constantinou, 1995).

Samples were analyzed for both Cr(VI) and total Cr. Cr(VI) analyses were
performed using ion chromatography with a post-column reactor (IC/PCR)
and a visible wavelength detector, as described in the Methods Manual for
Compliance with the BIF Regulations, EPA Method 0061 (Garg, 1990a).
These same samples were also analyzed for total Cr by a caustic fusion
procedure. In this method, the sample filtrate was placed in a graphite
crucible and “fused” with 1 g of sodium nitrate (NaNO,) and 3 g of sodium
hydroxide (NaOH) in a muffie furnace. During fusion, the crucible and
contents were heated over a 4 hour period from 250°C to 410°C with 1 hour
stops at 350 and 390°C. Upon cooling, the sample was dissolved in
approximately 60 mL of deionized water over a hot plate and then diluted to
100mL in a volumetric flask with 2mL of concentrated nitric acid (HNO,)
added. The digested samples were analyzed by graphite furnace atomic
absorption (GFAA). This method produced notably improved digestion
efficiencies (75%, 87% and 91%) compared to the hydrofluoric acid (HF)
digestion efficiencies (44% and 72%) outlined in the EPA Method 0060
(Garg, 1990b) procedures. Further discussion of these analytical methods
are presented by Linak ez al. (1996).

Aerosol Particle Size Distribution: Sampling and Analysis

PSD measurements were taken from the stack location using three
techniques. Extractive samples were taken for collection by inertial
impaction and electrical mobility analyses using an isokinetic aerosol
sampling system based on the modified designs of Scotto et al. (1992) and
Linak ef al. (1994). In order to minimize in-probe gas and aerosol kinetics,
the sampling system dilutes and cools the aerosol sample using filtered
nitrogen and air immediately after sampling. Dilution ratios are measured
directly for each experiment and verified independently by the measurement
of a nitric oxide tracer gas.

Extracted samples were directed to an Andersen Inc. eight stage, 28.3L/
min. (1 ft3/min.), atmospheric pressure cascade impactor and a Thermo-
Systems Inc. scanning mobility particle sizer (SMPS), The cascade impactor
is designed to collect physical samples (for subsequent gravimetric and/or
chemical analysis) on nine stages (including the after filter) less than
approximately 10um diameter. The SMPS classifies and counts particles
within a working range of 0.0l to 1.0um diameter using prnciples of
charged particle mobility through an electric field. The SMPS, used
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throughout the Cr experiments, is an upgraded version of the differential
mobility particle sizer (DMPS), used during the Ni experiments. The SMPS
upgrade allows for improved PSD resolution and shorter sampling times.
The SMPS and DMPS were configured to yield 54 and 27 channels,
respectively, evenly spaced (logarithmically) over the 0.01 to 1.0 um diameter
range.

In addition to the inertial impaction and electrical mobility devices which
require an extracted sample, limited in-situ light scattering PSDs were taken
using an Insitec Inc. Jaser doppler velocimeter. This instrument determines
particle size by measuring the light scattering intensity of particles which
pass through a sampling volume established within the combustor stack by a
laser focused through a set of quartz optical accéss ports. This instrument
was available fot only several Cr experiments and was not available at all
during the Ni experiments. The working range of this device was appro-
ximately 0.3to 30 pm diameter which slightly overlapped and extended the
PSD data collected by the SMPS.

In addition to the three PSD instruments, samples were collected on silver
filters and analyzed using a field emission scanning electron microscope
(SEM) equipped with an energy dispersive X-ray (EDX) spectrometer. This
provided morphological information as well as qualitative chemical analysis
of individual particles.

RESULTS AND DISCUSSION

Particle Slze Distributlons without Chlorine

Figure 3 presents the PSDs for Ni [injected as Ni(NO;);], for Cr(III)
[injected as Cr(INOs);), and for Cr(VI) [injected as Cr(,]. As described
above, these aqueous solutions were injected through a natural gas diffusion
flame operated at 20% excess oxygen (SR = 1.2). These data (open symbols)
were obtained using the SMPS for particles in the 0.01 to 1.0pm diameter
size range and the in-situ light scattering particle sizer for particles in the 0.3
to > 10 pm diameter size range. Each panel also shows the effect of chlorine
addition (solid symbols), where the chlorine was added as Cl; gas, with the
secondary combustion air. Figure 4 shows the results of gravimetric analyses
of masses collected on the eight stages and after filter of the cascade
impactor. The mass fraction of the metal collected is plotted versus particle
diameter. The particle diameter, denoted by the abscissa value at left side of
each bar, is that particle diameter at which 50% of the particles fail to be
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FIGURE 3 Particle volume distributions measured by electrical mobility and light scattering
for: (a) Ni(NOj),; (b) Cr(NO;); and {c} CrOy aqueous solution feeds with and without chlorine.
Chlorine concentrations were 1000 and 2900 ppm for the Ni and Cr experiments, respectively.

collected by the impactor plate in question {50% cutoff diameter). All
particle sizes in Figure 4 have been corrected for particle density effects.

It should be noted that all three methods of particle collection and sizing
produced consistent results. Data from the in-sifu light scattering particle
sizer slightly overlapped and extended the range of the SMPS for the
sampled particles. This suggests that the isokinetic dilution sampling
procedure used maintained aerosol size integrity,

The Ni SMPS volume PSD without chlorine {(Fig. 3a) showed a maximum
at about 0.3—0.4 um diameter, and this is corroborated by the correspond-
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ing impactor results on Figure 4a. These diameters are somewhat smaller
than the 2pum mean diameter that was calculated for the residual Ni
particles remaining after the liquid solvent vaporized. This suggests that
some form of fragmentation occurred. For Cr(III) without chlorine, a single
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particle size mode peaking between 1.0 and 10 pm diameter is shown by
both the in-situ light scattering particle sizer data (Fig. 3b) and the impactor
data (Fig. 4b). For Cr(VI), two modes are apparent from the SMPS and the
in-situ light scattering particle sizer, with a dominant mode peaking at about
0.1-0.3 pm diameter (Fig. 3c). This is verified by the impactor results (Fig,
4c), which also show a dominant mode at about 3.2—0.3 pm diameter.
These results suggest that CrO; vaporized, while Cr(NO;); did not. The
difference in volatilization behavior of the two Cr compounds is, of course,
in contrast to equilibrium predictions, which are independent of the initial
Cr speciation. Because there was some doubt that these small particles were
caused by vaporization, additional experiments were conducted to
investigate whether one could create additional volatilization (as demon-
strated by the appearance of larger amounts of even smaller fume particles)
by imposing substantially higher combustion temperatures. Figure 35
presents additional data for CrO; resulting from higher temperature
experiments, where oxygen enrichment (24—26%) produced measured
temperatures that were approximately 125K higher. Figure 5 depicts no
significant change in the Cr PSD and no evidence of additional
vaporization, most probably because the CrO; was extensively vaporized
under all conditions examined. Under baseline conditions, the particles were
collected primarily on the bottom impactor plate (stage 7) (see Fig. 4c),
rather than on the after filter, because the high Cr dewpoint still allowed
substantial particle coagulation to occur before sampling. Due to instrument
availability, the coarse mode was not measured for the experiments
described on Figure 5. This was also the case for a portion of the data
presented in Figures 3b,c.

Effect of Chlorine

Chlorine has a significant effect on the number and volume PSDs for Ni.
The maximum number concentration now occurs at 0.03 um diameter (data
not shown), while the maximum volume concentration has shifted to
particle diameters less than 0.1 pm (Fig. 3a), These PSDs are consistent with
a nucleation/vaporization mechanism for Ni in the presence of chlorine. The
Cr results, by contrast, show no effect on the stack PSD by chlorine, as
illustrated by comparison of open and solid symbols on Figures 3b, c. In the
case of Cr{NQ;);, the chlorine did not facilitate vaporization, while in the
case of CrQ;, which vaporized without chlorine, no difference in PSD was
noted. Thus, the PSDs from neither Cr{NQ;); nor Cr(}; were affected by
chlerine. With oxygen enrichment (Fig. 5) chlorine appeared to produce a
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FIGURE 5 Particle volume distributions measured by electrical mobility for Cr0, aqueous

solution feeds with oxygen enrichment of the combustion air (24-26% O3) and with oxygen
enrichment and chlorine.

slight increase in the number of small particles, and also produced a multi-
modal PSD, possibly because of the appearance of multiple chlorinated Cr
species with different nucleation characteristics, This multi-modal behavior
is also evident for CrO; without oxygen enrichment (Fig. 3c) and is not
predicted by equilibrium (Linak er af, 1996). However, comparisons
between the Ni and Cr results are qualitatively consistent with the
equilibrium predictions of Figure 1, which show the effect of chlorine to
be that of moving the Ni dewpoint from above that of Cr to below that
of Cr. According to both theory and experiment, chlorine facilitates
Ni volatilization at high temperatures, but has little effect on Cr. Note,
however, that results are inconsistent with the low temperature equilibrium
predictions of Cr with chlorine, since the Cr was found to condense at low
temperature [ie., the predicted equilibrium yield of almost 100% of the
Cr(VI) compounds, gaseous CrOCl, and CrClg, was not observed).
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Scanning Electron Micrographs

In the absence of chlorine, neither Ni(NOj); nor Cr(NQ,); appeared to
vaporize, although CrO, did. Yet, even in the absence of vaporization, g
significant quantity of submicron particles were formed (Figs. 3 and 4). The
issue now is to explain how small particles are created from refractory
compounds, without having recourse to vaporizationfaucleation processes.
Maulholland and Sarofim (1991) and Mutholland er af. (1991) have shown that
Ni(NO,); can form cenosopheres, which can fragment to form small particles,
In their studies, this yielded a tri-modal PSD (using a cascade impactor). This
tri-modal behavior was not observed here with either the impactor or the
SMPS. Differences in heating rates in the two experiments are thought to
account for this. Although no cenospheres with single blow-holes were
observed in samples taken from these experiments, the possibility of fine
particle formation through other fragmentation mechanisms is quite possible.

Figure 6 presents a series of three magnifications of a secondary electron
image of an exhaust particulate sample from the Cr(NO;); experiments with
chlorine present. Figure 6a (3000 X magnification) shows a coagulated
agglomerate on a silver filter. Figure 6b (9000 X) shows greater detail and
suggests that a variety of particle shapes are present. Figure 6c (45000 X)
distinctly shows the presence of tiny, well formed crystals, with angular
sides. EDX analyses show that the elongated crystal located in the right
center (Fig. 6¢) contains Cr but no chlorine, while the fused sphere in the
upper left corner (Fig. 6¢) contains both Cr and chlorine. The mechanism by
which the tiny crystals were formed, and by which chlorine is found within
only 2 limited number of spherical particles is not known. Sintering
mechanisms may come into play. Secondary electron images of the samples
from the CrO; experiments show a very finely divided amorphous powder,
and were very different from those shown on Figure 6. These results support
the hypothesis that the two Cr species followed very different mechanistic
paths from inlet to sample. However, based on sample color and poor acid
solubility, the predominant Cr species sampled for all the Cr experiments is
believed to be CryO,[Cr(II})], which is the predicted predominant stable Cr
species between 900 and 1400 K (Linak e? al., 1996). This was independent
of whether Cr(NO3); or CrO; was fed.

Cr Partitioning

Although the primary focus of this paper is on factors influencing PSDs,
chemical speciation is also of paramount importance, as far as Cr is
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concerned. Equilibrium predictions of Cr speciation (Linak ez al.,, 1996)
suggested that in the absence of chlorine, the fraction of Cr(VI) is small and
appears only at the higher temperatures. When chlorine is added, two
additional Cr(VI) species arc predicted to appear at lower temperatures
[CrOCL,; and CrClg). EDX analysis (Fig. 6) shows that chlorine is found only

FIGURE 6 Field emission scaniling electron micrographs of particles collected on a silver
filter during Cr{NG,); aqueous solution feeds with chlorine: (a) 3,000 X; (b} 9,000 X; and (c)
00 X.
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FIGURE 6 (Continued).

on the fused spherical particles, and not on the angular crystalline particles.
One might speculate that the fused particle may contain Cr including the
Cr(VI) compounds, CrOCl, and/or CrCls. However, since the equilibrium
calculations at low temperatures fail to predict the existence of a solid
species containing Cr, one might conclude that kinetic limitations prevent
significant Ct(VI) formation. Whatever the formation route to chlorinated
Cr in the exhaust, sulfur is predicted by equilibrium (Fig. 1d) to eliminate
those species and, thus, (potentially) eliminate one source of Cr(VI).
Shaded symbols on Figure 7 denote the fraction of measured Cr that
appeared as Cr(VI) in the stack as a function of the stack sulfur
concentration. Chlorine has been shown to enhance Cr(VI) formation
(Linak ef al., 1996). As shown in Figure 7, less than 1% of the total Cr was
measured as Cr(VI). This is a slightly smaller percentage than presented
by Linak er ol (1996). However, that study examined higher chlorine
concentrations ( > 6000 ppm). As sulfur is added, the fraction of Cr(VI)
decreases to below analytical detection limits. The sensitivity of Cr
speciation to sulfur addition is notable. Less than 100 ppm SO, addition
(2900 ppm chlorine) decreased the Cr(VI) fraction to below analytical
detection limits, This is qualitatively consistent with equilibrium predictions
{shown as lines on Fig. 7), where speciation data are compared to equilibria
at two different temperatures. Equilibrium predictions of Cr(VI) are
extremely sensitive to temperature (see Linak et al., 1996). However, no
particular significance should be placed on these temperatures since they



PARTITIONING OF REFRACTORY METALS 309

1.0 _ >

B CrNO,); data
A CrO,data

0.8

0.6

Equilibrium (x0.01) @ T =500 K

Cr(VI) as percentage of total Cr measured

0.4,
F 3
Equilibdum @ T=600K
0.2
0.0 —h— . . ' Al —
0 100 200 300 400 2500

Sulfur conc. (stack), ppm

FIGURE 7 Effect of sulfur (stack) concentration on Cr{VI) emissions. Shaded symbois repre-
sent experimental data for Ce(NO;); and CrQOs aqueous solution feeds. Lines represent
equilibrium predictions at 500K end 600 K. Cr and chlorine concentrations were 100 and
2900 ppm, respectively.

were chosen arbitrarily, with T'=600K. shown only because it allowed Cr
partitioning to be matched for the Oppm sulfur case. Both theory and
experiment suggest that sulfur is so effective in eliminating Cr(VI) because it
displaces chlorine from the Cr(VI) compounds otherwise formed without
sulfur. Both theory and experiment suggest that only a very small amount of
sulfur, determined by the Cr/sulfur stoichiometry, is sufficient to suppress
formation of chlorinated Cr(VI) compounds.

Sorbent Scavenging of Refractory Metals

One would not expect metals that are not vaporized to be scavenged by
sorbents, such as kaolinite or lime. Since vaporization of both Ni(INO,),



310 W.P. LINAK AND 1. 0. L. WENDT

(with chlorine) and CrO; (with and without chlorine) was noted to have
occurred, it is appropriate to investigate metal/sorbent interactions for all
the cases reported on Figure 3.

The results for Ni are especially interesting. Ni without chiorine does not
vaporize (Figs. 3a and 4a) and, therefore, cannot react as a vapor with
kaolinite sorbent (Fig. 8a). Note how the effect of kaolinite addition is only
to add to the coarse particle size mode (at 1.0 um diameter, which is at the
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FIGURE 8 Particle volume distributions measured by electrical mobility and light scattering

for: (a) NiNO3),; (b) Cr{INO,),; and (¢) CrO; aqueous solution feeds with and without kaolinite
and chlorine.
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upper limit of the SMPS data), and the smaller particles are not affected.
This is consistent with coagulation theory (Linak and Wendt, 1993) which
indicates that coagulation between small and large particles is too slow to
enable metal particle scavenging by sorbent particles. When chlorine is
added, Ni appears to vaporize (Fig. 3a) and, consequently, it also appears to
interact with kaolinite, as shown by the decrease in the very small particle
mode which was present without the sorbent (Fig. 8a). Hence, chlorine
allows Ni to volatilize and consequently be scavenged by kaolinite. The
pertinent mechanism may, however, be quite complicated, since other
research (Scotto et al., 1992 and Linak et /., 1995) has shown that chlorine
tends to diminish the reaction rate for the scavenging of cadmium and lead
by kaolinite. These two conflicting effects must be accounted for.

Figure 8 also shows the effects, or rather the lack of an effect, of kaolinite
injection on the Cr PSD for both Cr(INOa); and CrO3. For Cr(INQ;)s, this is
not surprising, since that compound did not vaporize. However, there was
also no sorbent scavenging effect on CrO,, even though that compound was
believed to vaporize. Possible explanations include low interaction affinity
between Cr and kaolinite and the possibility that the Cr vapor may not have
been present long enough to contact the sorbent, which was injected
downstream of the flame (see Fig. 2). Figures 3 and 4 show that Cr from
CrO; underwent coagulation over a longer period. of time than did Ni with
chlorine, presumably because it had a higher effective dewpoint. Lime also
had a negligible effect on the PSDs from Cr(NOs); and CrOs, and so it can
be concluded that lime is an ineffective sorbent for all forms of Cr tested,
whether vaporization occurred or not.

CONCLUSIONS

Three methods for measuring PSDs in combustor exhausts yielded
consistent results. The extractive sampling methods followed by electrical
mobility analysis and inertial impaction agreed well with in-situ stack
analyses using light scattering. Ni didnot vaporize under baseline
conditions, but did vaporize upon the introduction of chlorine (with the
combustion air). When it vaporized, a portion of the Ni (70-80%) could be
scavenged by kaolinite.

Whether Cr vaporized depended on the form in which Cr entered the
combustor. When it was introduced as aqueous Cr(NO,); [Cr(III)] it did not
vaporize, even upon the addition of chlorine. When it was introduced
as aqueous Cr0; [Cr(V])], it did vaporize, both with or without chlorine
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present. No matter how in entered, or whether, indeed, it vaporized, Cr in
the exhaust contained very little Cr(VI). The mechanistic paths which Cr
follows upon its introduction into a furnace are not known, but depend on
the initial form of the metal, even though the ultimate speciation does not.
Submicron metal crystals were observed for Cr that did not vaporizs,
suggesting that physical as well as chemical processes play important roles in
determining resultant PSDs. Chlorine enhanced Cr(VI) formation in the
exhaust. However, even in the presence of 2900 ppm chlorine, a maximum
of less than 1% of the total Cr measured in the exhaust was Cr(VI). This
fraction of Cr(VI) could be reduced below analytical detection limits by
stoichiometric (with respect to Cr) addition of sulfur. .

In general, equilibrium predictions were useful in explaining the exp-
erimental data. This was especially true for the effects of sulfur on Cr(VD),
Equilibria could not predict the observed effects of inlet Cr speciation, but
were useful in explaining how chlorine influenced Ni vaporization without
having a significant effect on Cr. Quantitative predictions from equilibria,
however, should be made with due caution.
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