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Abstract—The potential use of sorbents to manage emissions of ultrafine metal nuclei from residual oil combustion
was investigated by using an 82-kW-rated laboratory-scale refractory-lined combustor. Without sorbent addition,
baseline measurements of the fly ash particle size distribution (PSD) and chemical composition indicate that most of
the metals contained in the residual oil form ultrafine particles (10.dliameter). These results are consistent with
particle formation via mechanisms of ash vaporization and subsequent particle nucleation and growth. Equilibrium
calculations predict metal vaporization at flame temperatures and were used to define regions above the dew point for
the major metal constituents (iron [Fe], nickel [Ni], vanadium [V], and zinc [Zn]) where vapor-phase metal and solid-
phase sorbents could interact. The addition of dispersed kaolinite powder resulted in an approximate 35% reduction
in the ultrafine nuclei as determined by changes to the PSDs as well as the size-dependent chemical composition.
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INTRODUCTION cle size distributions (PSDs) and size-dependent chemical compo-
sitions were compared without and with sorbent injection. Experi-
Airborne fine particulate matter (PM) has recently become themental results were compared to predictions of an equilibrium chem-
subject of considerable environmental interest due to the results of atry model and also to an aerosol growth model. While not applied
number of studies correlating short-term exposures to ambient levelsreviously to fuel oil combustion, sorbent addition has been exam-
of fine PM with acute adverse health effects [Wilson and Spenglerined by a number of research groups as a means to control toxic
1996; U.S. EPA, 1996; Bachmann et al., 1996; Wolff, 1996]. Con-metal emissions from incineration systems [Scotto et al., 1992; Linak
sequently, ambient concentrations and source emissions of PM smadit al., 1995; Shin et al., 1995; Yang et al., 1999, 2001; Davis et al.,
er than 2.51m in aerodynamic diameter (R)face increased reg-  2000; Linak, 2000].
ulation [Federal Register, 1997]. Numerous theories exist to explain
the mechanisms causing physiological damage. Health effects stud- EXPERIMENTAL
ies have identified theories related to ambient particle composition
that appear to exacerbate adverse health effects, including the prels-Experimental Protocol
ence of transition metals (e.g., copper [Cu], iron [Fe], nickel [Ni], Experiments were conducted using EPAs horizontal refractory-
vanadium [V], and zinc [Zn]) [Dreher et al., 1997] and aerosol acid-lined “Rainbow” combustor, which is designed to simulate the time/
ity. In addition to particle composition, another apparent factor in-temperature environments of larger utility boilers and incinerators.
fluencing health impacts is the presence of ultrafine particles (<0.IThis combustor is equipped with an 82-kW-rated (59-kW operated),
pm diameter) [U.S. EPA, 1996]. All these characteristics, transi-International Flame Research Foundation (IFRF), moveable-block,
tion metals, acidity, and ultrafine size, are exhibited by the PM gen~variable-air swirl burner which incorporates an air-atomizing oil
erated from the combustion of residual fuel oils. nozzle positioned along its center axis and annular swirling air to
Whereas previous work examined the physical and chemical chapromote flame stability (IFRF Type 2 flame, swirl No.=1.48). Gas
acteristics of fine PM from fuel oil combustion [Miller et al., 1998] and particle samples were taken from available stack locations where
and determined effects of combustor design on differences in emisemperatures were ~760 K. This combustor operates at high tem-
sions [Linak et al., 2000], the research presented here focuses qeratures with low quenching rates (~200 K/s), resulting in particle
the potential of sorbent addition to reduce the emission of ultrafineemissions containing very little unburned carbon and approximat-
ash nuclei from a residual oil fired refractory lined combustor. Parti-ing emission concentrations from large oil-fired utility boilers. Fig. 1
shows a diagram of the laboratory-scale refractory-lined combus-
To whom correspondence should be addressed. tor. The experiments presented here utilized a high-sulfur No. 6 fuel
E-mail: seoyc@dragon.yonsei.ac.kr oil, the composition of which is presented in Table 1.
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Fig. 1. EPA refractory-lined combustor.
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Table 1. Ultimate analysis, concentration of major metals and cal- 2. Particulate Sampling and Analysis

orific value of oil Standard EPA Test Method 5 [U.S. EPA, 1994] sampling was

Water (%) 0.3 used to determine total particulate concentrations. PSDs were de-
Carbon (%) 832 termined by electrical mobility, time-of-flight, and inertial impac-
Hydrogen (%) 8.98 tion techrjiques for §ampled aerosols. E>'<tractive samples were tak-
Nitrogen (%) 0.31 en by using an isokinetic aerosol sampling system described else-
Sulfur (%) 235 where [Lln.ak et al..,'1994].. D|Iut.ed samples were directed tp aTsl
Ash (%) 01 Inc. scanning mobility particle sizer (SMPS) configured to yield 54
Oxygen (%) 471 channels evenly spaced (logarithmically) over a 0..015 pm.7
Vanadium fig/g) 146 dlameter range and.to a T.SI'Inc. aerodynamic pa@rtmle ;lzer.(APS)

i which uses time-of-flight principles to measure particles with diame-
Nickel (ug/g) 132 ters 0.5 to 2Qm. Together, these two analyzers can measure PSDs
Irpn (ug/9) 48.6 over a range from approximately 0.01 tq@®diameter. An MSP
Zinc (ug/g) 68.€ Inc. ten-stage, 30 L/min Micro-Orifice Uniform Deposit Impactor
Gross calorific value (kcal/kg) 10,077

(MOUDI) was used to collect physical samples for chemical anal-

ysis. As configured, the MOUDI had a working range of between

0.05 and 18m diameter. MOUDI samples were examined by x-

Powdered kaolinite sorbent (Burgess Pigment Co., Sandersvilleay fluorescence (XRF) spectroscopy to examine changes in metal

GA, No. 40, nominally 1.44m diameter) was introduced into the PSDs as a result of sorbent injection.

combustor by using a twin-screw loss-in-weight feeder and air educ-

tor (K-Tron model KCL KT20). Transport air introduced at the screw RESULTS AND DISCUSSION

exit entrained the kaolinite and carried it into the combustor at a

postflame location between 1,550 and 1,650 K (see Fig. 1). Physit. Equilibrium Predictions

cal properties and chemical composition of the kaolinite used are Thermochemical predictions were determined with the Chemi-

shown in Table 2. Sorbent feed rates were determined so that theal Equilibrium Analysis (CEA) code with species listed elsewhere

molar ratio of kaolinite (AD,-2Si0) to the concentration of vana- [Linak et al., 1999] and thermochemical data taken from the liter-

dium in the flue gas was 15: 1. One experiment also examined ature [Chase, 1986; Barin et al., 1973, 1977; Barin, 1989, 1993;

kaolinite:vanadium ratio of 60 : 1 (these data are not presented herelAPP, 1995; Ebbinghaus, 1993, 1995]. The chemical composition
for the No. 6 oil (see Table 1) and combustion at a stoichiometric

Table 2. Properties of kaolinite used as a sorbent ratio (SR) of 1.2 were used in the' QEA cglculation since these cor-
respond to the experimental conditions. Fig. 2 presents the predicted

Specific gravity 2.63 Silica 44.8-45.3wWt%  glement speciation, and more importantly, shows the fractions of

Average particle size 14m  Alumina  37.5-39.7 wt% condensed-phase species for the four principal metals of interest
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Fig. 2. Equilibrium predictions for major metals from residual oil
combustion at SR=1.2.

six data sets that were taken. Representative, rather than average,
PSDs are presented in order to preserve detail. These PSDs are com-
posed of the data from two instruments (SMPS and APS). The dis-
tinctive submicron mode (between 0.07 and Qré&liameter) for

the baseline run (without sorbent) is clearly indicative of particles
formed by nucleation and coagulation of vaporized materials. In
contrast to the baseline PSD, the PSD with sorbent addition con-
sists of two modes, a smaller submicron mode between 0.05 and
0.06um diameters, and a supermicron mode (pthSdiameter),

that is consistent with the reported kaolinite particle size ¢frth.4
diameter. Fig. 3 indicates that kaolinite addition reduced the submi-
cron volume (directly related to mass) by approximately 34%. How-
ever, it is interesting to note that this reduction did not increase when
the kaolinite:vanadium ratio was increased from 15:1 to 60 : 1 (data
not shown). This may indicate that capture by sorbent was not lim-
ited by amount of sorbent present but rather by short residence times
between sorbent injection and metal condensation. These experi-
ments have not excluded the possibility of simple condensation of
metal species on the kaolinite particle surfaces. This may happen
within the combustor, but not within the sampling probe, because
of the rapid dilution at the probe tip [Davis et al., 1998]. Ongoing
activities are examining the manner in which the metals are bound
to the kaolinite through the use of x-ray diffraction (XRD) analysis
and the use of progressive leaching with various acidic solvents to
determine the relative metal solubility.

3. Metal Composition and Reduction of Nuclei

(Fe, Ni, V, and Zn) as a function of temperature. These equilibrium Particles collected on the MOUDI stages were analyzed for the
predictions suggest some Fe, Ni, and V species to be present in vipur principal elements. Fig. 4 presents elemental mass fractions as
por phase above 1,400 to 1,500 K, and Zn species to be present =

vapor phase above 1,000 K. These temperatures are below those

which the kaolinite sorbent was introduced (1,550-1,650 K). Fe,
Ni, and V species were expected to vaporize in the flame zonean 18 i
nucleate at or closely downstream of the sorbent injection location 16 1 A |~V = Ni——Fe 4 Zn
Hence, the time available for interaction between the sorbent an ‘
vapor-phase species was limited by the combustor access ports, a 1.2 1
by mixing, and might explain the partial sorbent utilization observed.
Equilibrium also predicts that metal-sulfates are most stable at lovz 0.8

temperatures.
2. Particle Size Distributions

Fig. 3 presents representative volume PSDs for the combustio € ¢ 5
of the No. 6 oil without and with sorbent, and depicts one of atleas8  ,
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Fig. 3. Measured volume PSDs using SMPS (0.015-um) and
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Table 3. Reduction of metals in the ultrafine particle size mode, 1.8E-04

as determined by XRF analysis -o- without sorbent (baseline)
1.6E-04 1 - with sorbent (35% reduction)

Total intensities (particles <0.56n)

€
: : Reduction (%) g 14804 zzzzz
without sorbent  with sorbent g 12E041 0
Y 7771 5045 35.1 ® 1.0E-04 20805
Ni 1507 662.1 56.1 § soE0s| %"
Fe 1409 613.9 56.4 § BOE05|  soeon
Zn 1686 101¢ 39.6 B 4.0E-05} 0.0E+00 &
= 2.0E-05 |
determined by XRF vs. particle diameter for Fe, Ni, V, and Zn with- 0'0E+0%.01 0.1 1 10
out and with the addition of kaolinite sorbent. A description of the Aerodynamic diameter Dp, pm

XRF method employed can be found elsewhere [Linak et al., 2000]. ) o ] )
The top and bottom panel show the elemental PSDs without anf!9- 5- Theoretical PSD predictions using MAEROS2. PSDs with-
with sorbent for the No. 6 fuel oil, respectively. The elemental PSDs out and with sorbent addition (assuming that sorbent re-
. ' o7 . moved 35% of the metal vapor).

are similar to the volume PSDs shown in Fig. 3, and the interac-
tions of the metals and sorbent can be calculated in the same man-
ner as above. As shown in Table 3, relative reductions (as meagerence in vapor mass being adsorbed by the sorbent). With sor-
ured by XRF counts) of the submicron mode due to sorbent addibent addition, these nuclei were allowed to coagulate in the pres-
tion range from 35 and 39% for V and Zn to 56% for Ni and Fe. ence of the 1.dm diameter sorbent particles and this served to ex-
These values are comparable to the reduction (34%) calculated frommine possible interactions between solid-phase metal nuclei and
volume PSD measurements (Fig. 2). These data show that the ultraerbent particles. In both cases, the aerosol systems were allowed to
fine particles consisted of metals, not just sulfuric acid mist, althoughevolve for 4.1 s, simulating the approximate residence time between
the latter cannot be excluded. The data also show that the reductidhe post-flame region and the particle sampling location. The two
of ultrafines was due to a scavenging of metals (and not necessaPSDs presented in Fig. 5 can be compared directly with those in
ily of sulfuric acid) by the sorbent. Fig. 3. It is interesting to note that the experimental and predicted
4. Model Predictions of Ultrafine Particle Growth baseline (without sorbent) ultrafine modes have similar mean di-

Experimental results were compared to model predictions by usameters of 0.075 and 008, respectively. This supports the hy-
ing a multicomponent aerosol simulation (MAEROS) code [Gel- pothesis that all the oil ash vaporized, subsequently to form nano-
bard and Seinfeld, 1980]. The purpose of these calculations was tmeter scale nuclei and these coagulated in the time available to the
provide insight into mechanisms controlling the observed ash aeroebserved ultrafine particle size. Likewise, the ultrafine modes with
sol PSDs both without and with sorbent present. Details regardingorbent added resulted in slightly smaller mean diameters of 0.065
the application of MAEROS to combustion environments can beand 0.07um for the experiments and predictions, respectively. This
found elsewhere [Linak and Wendt, 1993]. Coagulation was theagreement is consistent with the assumption that particle coagulation
only mechanism considered. is likely the dominant mechanism controlling ultrafine particle growth

In the absence of sorbent, the calculated mass concentration since coagulation was the only mechanism modeled by MAEROS.
PM (estimated from the ash content in oil and flue gas volume) wag\dditionally, the MAEROS predictions suggest very little interac-
83 mg/ni. This value compares favorably to the PM concentrationtion between solid-phase nuclei and the sorbent.
measured at 85 mginfusing EPA Method 5) without sorbent ad- Measurements of the large sorbent particle size mode suggest
dition (based on an average of three replicate samples). From thhat a substantial amount of the injected sorbent was lost, presumably
measurements noted above, the effect of sorbent addition was talluie to settling in the horizontal chamber of the combustor. Losses
en to be that of decreasing the amount of metal vapor subject tof 70-80% can be calculated based on known sorbent injection rates
nucleation from 83 mg/fo 54 mg/m, and of introducing an addi- and integration of the volume PSDs (Fig. 3). The MAEROS runs
tional 680 mg/mof particle mass (kaolinite : vanadium ratio of 15: did not account for this settling behavior, but assumed that 100%
1) with an average diameter of . MAEROS predictions were  of the sorbent was available for interaction with the ultrafine nuclei.
used to address the following issues: 1) to what extent are the meaSven with this significant difference between model and experi-
ured ash aerosol PSDs consistent with ash vaporization, nucleanent, the model still accurately predicts the measured growth of
tion, and coagulation alone; 2) to what extent does the shift in thahe ultrafine mode. Additional runs of MAEROS using different
mean ultrafine particle diameter reflect the decrease in ash nucleasorbent particle concentrations also failed to significantly change
ing from the vapor phase; and 3) to what extent is there any inteithe growth rate of the ultrafine mode (the additional data are not
action through coagulation between the ultrafine metal ash aerosgresented here). These results suggest that the extent of metal va-
and the larger sorbent articles? porization and contact between metal vapor and sorbent may be

Results of calculations for the cases without and with sorbentimiting metal capture, and that there is little interaction between
simulations are presented on Fig. 5. In each case, either 83 or 3lid-phase metal nuclei and sorbent particles. This indicates that,
mg/n? (without and with sorbent, respectively) of metal vapor was for sorbent injection to effectively reduce the number of ultrafine
assumed to nucleate to form 0.002 to Ol®dparticles (the dif-  particles generated by fuel oil combustion, the sorbent must be in-
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