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Abstract

The impact of combustion conditions on the formation of chromium oxide aerosol has

been studied in a hydrogen diffusion flame seeded with Cr(CO)6 vapor. Specifically, the

effects of the precursor concentration, the flame temperature and the flame residence time

on properties of the post-flame chromium oxide aerosol were investigated. Each of these

flame parameters was found to affect the particle size distribution and/or particle

morphology. These effects were partially associated with the fact that the chromium

speciation in the final flame products was sensitive to the precursor concentration and the

flame temperature. The flame residence time was found to affect the crystallinity of the

Cr(III) particles in the post-flame chromium oxide aerosol. Conversion of Cr(III)

particles to Cr(VI) in the high temperature zone of the flame was proposed to explain

changes in the particle size distribution, composition and morphology. The proposed

mechanism was able to explain the experimental findings satisfactorily.
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Introduction

The formation of ultra-fine metal oxide particles during combustion processes is of

interest for many reasons. Combustion processes, such as coal burning, are well known to

be sources of heavy toxic metals. These heavy metals can be emitted either in the gas

phase or as particulate matter. The particulate heavy metal emissions are usually in the

form of metal oxides, which have low vapor pressure and are emitted in the form of

particles ranging from a few nanometers to a few hundred nanometers in size. The health

effect of a heavy metal emission is strongly associated with its bioavailability, i.e. the

degree to which it can be absorbed by a cell and take part in its physiological activities.

Studies have suggested that ultra-fine particles (i.e., particles with an aerodynamic

diameter less than 0.1 mm) have a higher potential for causing negative health effects than

larger ones per unit mass (Hauser et al., 2001;Oberdorster et al., 1996;Schwartz and

Neas, 2000).

Although iron is ubiquitous in ambient aerosols, it has been found that chromium has a

significant presence in the ultra-fine particulate matter in an urban atmosphere (Hughes et

al., 1998). Evidence in the toxicological literature (Qi et al., 2000) has suggested that

bioavailable Cr(III) induces DNA damage. While the most common chromium oxides,

e.g. Cr2O3, have very low solubility in water, toxicological studies have shown evidence

of deep translocation of ultra-fine particles, as well as leaching of metal that contributes

to the toxicity of these particles (Veranth et al., 2000). The oxidation state of the

chromium is likely to play an important role in its interaction with biological systems.
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Metal oxide particles formed in combustion processes can be compact “spherical”

particles or agglomerates of smaller “primary” particles of more or less the same size.

Compact “spherical” particles have a smaller surface area per unit mass than

agglomerates of small particles that have the same aerodynamic diameter. Studies have

shown that specific surface area can be an important parameter in the toxicity of ultra-

fine particles(Oberdorster, 2001); surface area may determine the availability of the

metals for participation in cellular reactions. For metal oxide particles with the same

composition and of the same aerodynamic diameter, a variety of morphologies can exist.

Depending on the process that generates them, the metal oxide particles can be either

crystalline or amorphous. Even if they are crystalline, different crystal phases or

structures may occur and this can affect the chemical and physical behavior of the

particles. For example, the morphology of zinc oxide particles was found to have a

significant impact on their photocatalytic activity (Li and Haneda, 2003), while it has

been suggested that ultrafine particles may act as catalysts for specific reactions with

cells (Oberdorster, 2001). Adding to the complexity of the question, chromium oxides

can have very different physical properties such as melting point, solubility and vapor

pressure, depending on the valence state of chromium. For example, Cr2O3 crystal has a

high melting point, very low solubility in water, and extremely low vapor pressure (if

any) at room temperature – on the other hand, CrO3 has a melting point below 200 °C,

reacts with water, and evaporates (or dissociates) into the gas phase at moderate

temperatures (Weast, 1975).

A large number of experimental studies of the characteristics of metal oxide particles

have been carried out in flames (Ahn et al., 2001;Dobbins and Megaridis, 1987;Ehrman
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et al., 1998). Nevertheless, additional knowledge about metal oxide formation over a

wide range of combustion conditions is still needed – when combined with growing

knowledge about the toxicity of metal oxide particles and their properties, this

information can lead to improved assessments of the health effects of metal oxide

aerosols generated under certain conditions. This paper is an extension of the earlier work

of Kennedy et al. (Kennedy et al., 1999),  in which a laminar, hydrogen/air diffusion

flame was seeded with chromium, without varying the flow conditions. In this work,

particle size distribution, morphology and some crystallographic information were

gathered for chromium oxide aerosols generated from a hydrogen diffusion flame under

various combustion conditions. The diffusion flame has been used because it is typical of

the combustion process in many practical applications. The presence of large temperature

gradients and the ensuing non-equilibrium effects may make metal oxide aerosol

formation in a diffusion flame sensitive to combustion conditions. Most of the data that

are presented in this paper were obtained well-downstream of the flames under conditions

that typify the extent of mixing in the exhaust effluent of a combustion system.

Experimental

The experiment set-up is illustrated in Figure 1. A hydrogen diffusion flame was

stabilized on a nozzle that was located on the axis of a wind tunnel – the tunnel working

section was 300 mm by 300 mm. Filtered, particle-free air flowed through the wind

tunnel to form a uniform laminar flow in the working section. Air velocity in the wind

tunnel was kept constant for all the experiments. Chromium hexacarbonyl (Cr(CO)6), an

organometallic compound that has a high vapor pressure at room temperature and

decomposes at 110 ºC, was used as the chromium precursor in the experiment. Dilution
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of the fuel gas H2 with N2 was used to obtain various flame temperatures.  A portion of

the fuel H2 flowed through a cartridge that contained Cr(CO)6 and was saturated with the

vapor of Cr(CO)6, given the long residence time of the gas made possible by the design of

the Cr(CO)6 cartridge. The Cr-laden H2 was then mixed with the rest of the fuel gas H2 or

H2/N2 mixture and then delivered to the flame. A 4-channel MKS 647C mass flow

controller was used to control the gas flows. The concentration of Cr(CO)6 in the fuel

mixture was estimated from its vapor pressure at room temperature and the mixing ratio

of the Cr-saturated H2 with the rest of the flow. When studying the effects of parameters

other than the precursor concentration, the fuel (or fuel mixture) flow rate through the

Cr(CO)6 cartridge was kept constant, thus the precursor concentration was constant.

Ambient temperature was kept constant at 22±0.5 °C, minimizing fluctuations in the

precursor vapor pressure. Nozzles of various diameters were used to obtain a range of

fuel gas velocities and hence to vary the flame residence time. Nozzle inner diameters

were 7.5, 4.4, 1.5, 0.6 and 0.4 mm, respectively. Dilution of the H2 fuel gas by N2 was

used to lower the flame temperature.

A sampling probe was positioned 520 mm above the nozzle on-axis, where the

temperature and concentrations were so low that no significant chemical reaction and

aerosol development was expected to take place. Temperature and gas velocity were

measured in the cross section in which the sampling probe was located, with an Omega

Model 650 S type thermocouple and a Pitot tube, respectively. The gas velocity at the

sampling height was 1.8 ± 0.05 m s-1, distributed uniformly across the wind tunnel. The

fuel gas flow rate had no significant effect on the gas velocity at the sampling point. The

temperature at the sampling point was 190 °C or less for all flame conditions. Several
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analytical instruments could be connected to the sampling probe. A TSI Scanning

Mobility Particle Sizer (SMPS), consisting of a 3071A Differential Mobility Analyzer

(DMA) and a 3025A Condensation Particles Counter (CPC), was used for on-line particle

size analysis. Information about particle concentration and size distribution was routinely

obtained through the SMPS. Alternatively, the aerosol sample could run through a

homemade point-to-plate electrostatic precipitator (Hinds, 1999) to collect chromium

oxide particles for microscopy analysis. When the high-voltage power supply was turned

on for the electrostatic precipitator, particles were charged by a corona discharge and

collected by electrostatic precipitation onto a TEM grid mounted on the plate-shaped

electrode. Particle samples on TEM grids obtained in the precipitator were analyzed with

a Philips CM-12 transmission electron microscope. Aerosol sample flow rate through the

probe was set at 0.6 L min-1, when either the SMPS or the electrostatic precipitator was

used. Post-flame aerosol samples were also collected on Cole-Parmer TEFLON™ 47 mm

membrane filters with a nominal pore size of 200 nm. These filter samples were analyzed

for the Cr(VI)/Crtotal ratio with an X-Ray Absorption Near Edge Structure (XANES)

method (Shaffer et al., 2001).Thermophoretic sampling was also used to extract particle

samples from within the flame. The thermophoretic sampling device was similar to that

used by Dobbins (Dobbins and Megaridis, 1987).

Results

Flame Temperature and Residence Time

The temperature profile along the flame axis was measured with an S type thermocouple

and the results are given for certain flame conditions in following sections. The flame

temperature was varied by using N2 dilution, to study the effect of temperature on
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chromium oxide aerosol formation. This was slightly complicated by the fact that the

flame temperature also changed when nozzles of different sizes were used. Radiative heat

loss, and its dependence on residence time and flame volume, accounts for the

temperature change with nozzle size. However, analyses have shown that there was no

significant difference in the Cr(VI)/Crtotal ratio for particles from the 7.5 mm ID and from

the 0.4 mm ID nozzle, at the same fuel flow rate and precursor concentration. The

maximum flame temperature measured in various combustion conditions is given in

Table 1. A flame with 100% H2 may be referred to in following sections as a “high-

temperature” flame, in comparison to a “low-temperature” flame with H2 diluted with N2.

Flame residence time is defined as the time that the chromium precursor and subsequent

chromium species spend in the flame, until the chromium species pass through the

highest temperature in the flame. This definition is by no means rigorous if quantitative

analysis is intended, but is sufficient for the discussion that follows. In this paper, the

distance from the nozzle to the point with the highest temperature on the flame axis is

used as the flame length. For the flames used in this study, the flame length should be

directly proportional to the fuel gas flow rate but independent of the port size (Roper,

1977). Flame lengths determined experimentally in this manner agree very well with the

prediction by Roper’s equation, except for the smallest nozzle at high flow rates when the

jet became transitional or slightly turbulent. Gas velocity inside the flame is

approximated by the average gas speed at the nozzle, which is inversely proportional to

the cross section area of the nozzle. Thus the flame residence time can be estimated and

experimentally varied by using nozzles of different inner diameter while maintaining a

constant fuel flow rate. Flame residence times obtained in this way are plotted in Figure
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2. A finite difference program (Kennedy et al., 1990) was also used to model the flame

structure, confirming the estimation described above. For the smallest nozzle, the

residence time decreases when the flow transitions from the laminar regime to the

turbulent regime as the fuel gas flow rate increases. In later sections, a flame with the

largest nozzle is referred to as a “long-residence-time” flame, while one with the smallest

nozzle is denoted as a “short-residence-time” flame.

Chromium Speciation

Chromium is a transition metal that has two major oxidation states of environmental

relevance, namely Cr(III) and Cr(VI), along with other oxidation states of lesser

environmental importance such as Cr(II) and Cr(IV). Chromium speciation in the post-

flame aerosol has been found to depend on both the flame temperature and the precursor

concentration. Figure 3 shows the results of the XANES analyses  (Werner et al., 2003)

on filter samples collected under various flame temperatures (represented by different

H2/Ar ratio), and different precursor concentrations with the same flame temperature. The

impact of the precursor concentration is evident in the results obtained for the coolest,

most diluted flames. It is also clear that temperature plays an important role in

determining Cr speciation, in agreement with the results of other studies (Ebbinghaus,

1993;Kashireninov and Fontijn, 1998;Linak and Wendt, 1993, Wu, 1993 #172).

Effect of Precursor Concentration on Particle Size Distribution and Chromium

Speciation

Chromium oxide particle formation was strongly affected by the mole fraction of

Cr(CO)6 in the H2 fuel gas. The extremely small particles (and/or the chromium species in
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the vapor phase) that were initially formed were undetectable with the SMPS but could

be collected on TEFLON™ filters at very high efficiencies; the SMPS used in this study

was able to detect particles as small as 6 nm. As the precursor concentration increased,

the concentration of chromium species in the flame increased and the rates of both

nucleation and growth of chromium oxide particles were enhanced. When the Cr(CO)6

concentration in the fuel increased to about 15 ppm, the SMPS began to detect particles

from the flame. The particle number concentration in the post-flame aerosol increased

rapidly with increasing chromium precursor concentration, as did the mean diameter of

the particles. The behavior of the particle concentration and the mean diameter with

respect to the precursor concentration was similar for all flame residence times and flame

temperatures, as shown in Fig. 4.

At very low precursor concentrations, the particle size distribution (see Figure 5)

resembled the results of a simulation of the coagulation of an initially mono-dispersed

aerosol, before it attained a self-similar form (Vemury et al., 1994). At Cr(CO)6

concentrations higher than about 150 ppm, the size distribution seemed to have reached a

quasi self-preserving form, with its peak shifting towards the larger size as the precursor

concentration increased. At even higher Cr(CO)6 concentrations, the distribution revealed

a bi-modal form when the flame temperature was high and the flame residence time was

sufficiently long.

The sharp increase of particle size with increasing chromium precursor concentration

results from enhanced coagulation at the higher concentrations of primary particles. In

Fig. 5, a series of changes in the particle size distribution collected well beyond the flame

tip can be seen as the Cr(CO)6 concentration in the fuel increases. As the Cr(CO)6
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concentration increases to about 150 ppm, the number of very small particles reduces

drastically and ultimately there are no particles smaller than 10 nm. Chromium oxide

particles (even the high melting-point Cr2O3) that are a few nanometers in diameter may

well be in the liquid phase at flame temperatures above 2000 K, enabling them to

coalesce to form larger particles or be scavenged by larger particles upon collision. The

depression of the melting point by small dimensions in aerosol particles will be discussed

shortly. The thermophoretic drift velocity of particles that arises in the hydrogen

diffusion flame will also enhance the particle growth process (Yu, 1998) by concentrating

the particles in a narrow zone around the axis.

The concentration of chromium in the flame affects not only the coagulation rate of the

primary particles formed by homogeneous or heterogeneous nucleation, but also affects

the composition of the particles that are formed – Cr2O3 or CrO3. As the chromium

speciation analysis has revealed, when other conditions remained constant and only the

chromium precursor concentration increased, the fraction of Cr2O3 in the final product

also increased. The bimodal distribution at high chromium precursor concentrations can

be attributed to the formation of a large number of Cr2O3 single crystals. The crystalline

particles of Cr2O3 are shown in the micrograph on the left in Fig. 6. These particles all fall

in the size range of 50 ~ 300 nm, which corresponds to the second peak in the bimodal

size distribution that appears at higher chromium precursor concentrations.

Effect of Flame Residence Time on Particle Size and Morphology

With a fixed fuel flow rate, nozzles of different sizes were used to obtain different flame

residence times – longest residence time with the largest nozzle, shortest with the
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smallest nozzle. The estimation and calculation of the flame residence time under various

conditions was described earlier.  As expected, the flame residence time was found to

affect the mean diameter of the particles. The mean diameter of the particles increased

with increasing flame residence time, as shown in Figure 4. Vapor phase deposition and

coagulation are kinetically controlled processes that will lead to larger particles with

more time. In the cases with N2 dilution, results were only available for longer residence

times, because the flame became unstable when the nozzle was too small. Results from

an N2-diluted flame on an intermediate sized nozzle are plotted in Figure 4 for

comparison with the pure H2 flames. Temperature effects associated with the N2 dilution

are discussed in the following section.

The crystallinity of the particles was also affected by the flame residence time. The

estimated flame residence time varies from a fraction of a millisecond for the smallest

nozzles to tens of milliseconds for the largest nozzles. Transmission electron microscope

(TEM) micrographs of particles from different flame conditions are shown in Figure 6.

The samples were prepared by depositing the particles by electrostatic precipitation from

post-flame aerosols cooled to room temperature. In samples from longer residence times,

crystalline particles were found, as shown in the micrographs on the left and the right of

Figure 6. The electron diffraction patterns from these samples matched very well with the

standard diffraction data for Cr2O3. In contrast, in samples from very short flame

residence times and higher flame temperatures (smallest nozzle and pure H2 as fuel), all

particles appeared to be amorphous, with no distinctive electron diffraction being

observed in the TEM (middle micrograph in Figure 6). Particles in those samples were

generally round in shape and no agglomerates were observed. The flame residence time
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for the large nozzle was in the order of tens of milliseconds, which apparently was long

enough for the Cr2O3 nano-crystals to be fully grown. In contrast, the shortest flame

residence time was only a fraction of a millisecond, which was insufficient for significant

crystal growth in the nano-sized Cr2O3 particles.

It is clear that the crystalline particles from the longer-residence-time and higher-

temperature flames were mostly Cr2O3, as all the samples’ diffraction patterns matched a

Cr2O3 standard, and the major diffraction rings were all found in the samples’ diffraction

patterns. TEM analysis was not very helpful in identifying the amorphous particles found

from the shortest residence-time and higher temperature flames. Fortunately, the XANES

analysis confirmed that those samples contained about 50% Cr(III), with the rest being

Cr(VI).

Effect of Flame Temperature on Particle Morphology

The flame temperature not only affected the chromium speciation, but also played an

important role in the particle morphology. Dilution by N2 was used to adjust the flame

temperature; particles produced at different flame temperatures were compared. Higher

temperatures were available for any residence time, while lower flame temperatures

could only be achieved at longer residence times, because the flame with diluted fuel gas

became unstable with the smallest nozzles. At a H2/ N2 ratio of 2:1, the mean particle

diameter measured by the SMPS at various Cr(CO)6 concentrations was similar to that for

the undiluted flame. However, microscopy analysis revealed differences between the

particles emitted from flames at different temperatures.
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When the flame temperature was high, faceted particles were found in the samples, as

shown in the left micrograph in Figure 6. Many of these particles can be analyzed

individually in the TEM and they were found to be single crystals, as evidenced by their

spot diffraction patterns. In these high-temperature samples, some crystalline particles

seemed to have formed loose agglomerates, but no significant “neck” of sintering was

found (see micrograph on the left in Figure 6). Furthermore, these agglomerates are fairly

compact with a fractal dimension that appears to be close to 3. In the samples from lower

flame temperatures obtained by dilution of the fuel gas (the right hand image in Fig. 6),

particle aggregates were found. These samples showed strong diffraction in the TEM.

The diffraction patterns from these low-temperature samples matched well very with all

the major rings for the Cr2O3 standard. Particles found in the low-temperature samples

were all fractal-like aggregates, with primary particle diameter of about 10 ~ 15 nm, and

fractal dimensions obviously much lower than 3.

Thermophoretic samples from flame interior

In order to study the development of chromium oxide aerosol in the flame, samples were

taken thermophoretically from the centerline of a flame at different heights above the

nozzle. The 7.5 mm ID nozzle was used, with 1 L min-1 pure H2 as fuel. The precursor

concentration in the fuel was approximately 240 ppm, at an ambient temperature of 22

°C. Samples were taken starting at 5 mm, up to 105 mm above the nozzle, at 10 mm

increments in height. The samples were analyzed in a Philips CM-12 transmission

electron microscope. The results are illustrated in Figure 7. The micrographs are plotted
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against the measured temperature along the flame centerline. All the micrographs are

shown at the same magnification, for the convenience of direct comparison.

At 5 mm above the nozzle, particles with diameters less than 5 nm were formed.

Although extremely small, these particles already showed weak electron diffraction

patterns. The visible rings in the diffraction pattern match that of the Cr2O3 standard. At

15 mm above the nozzle, a large number of Cr2O3 particles appeared with a typical

diameter of 15 ~ 20 nm diameter. Their crystal structure can be identified with much

greater confidence from their electron diffraction patterns. At 25 mm above the nozzle,

the largest particles (sizes up to about 50 nm) were observed in a significant quantity,

with very strong electron diffraction that is characteristic of rhombohedral Cr2O3. This

sampling location coincides with the maximum flame temperature. At 35 mm above the

nozzle, the size of the Cr2O3 particles abruptly decreased to less than 15 nm. Farther away

from the nozzle, the Cr2O3 particles became scarce, with only some single, large ones

found in the microscope’s field of view. One should note that the drastic change in the

Cr2O3 particle population between 25 and 45 mm above the nozzle took place where high

temperatures were available and the flame atmosphere changed from reducing to

oxidizing. In samples obtained above 45 mm from the nozzle, only moderate growth was

seen for the Cr2O3 particles with increasing height of the sampling point. No significant

particle growth was observed over 75 mm above the nozzle. None of the thermophoretic

samples above 45 mm from the nozzle contained particle agglomerates as seen in the left-

hand micrograph of Fig. 6.

Concerns may arise in regard to the degree to which the particle samples obtained by

thermophoretic sampling represent the true aerosol population as a result of the
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complications introduced by the radial temperature and concentration gradients in the

flame. This issue is largely resolved by the fact that the aerosol within the flame is

concentrated along the centerline until it reaches the tip (highest-temperature point on the

centerline) of the flame as a result of the thermophoretic effect caused by the temperature

gradient towards the axis of the H2 diffusion flame (Yu, 1998). As a result of the

“thermophoretic confinement” of the particles, the particle growth and transformation

takes place mostly in a cylindrical control volume that has approximately the same

diameter as the nozzle inner diameter. The radial temperature gradient in this control

volume is not as large as in the outer layers of the flame, so that it is possible to use the

temperature on the flame centerline to represent the temperature experienced by the

aerosol.

Discussion

A model is proposed to describe the transformation processes of chromium as it passes

through a H2 diffusion flame. Figure 8 illustrates the model, by showing the chemical and

physical evolution of a targeted parcel of chromium as it goes through the flame. The

horizontal axis represents the time elapsed since the parcel of chromium precursor

entered the flame, and the vertical axis represents the temperature the chromium

experiences when it goes through different stages of the flame.

The chromium precursor used in this study, Cr(CO)6, decomposes very rapidly as it

enters the flame. Elemental chromium is formed upon the complete decomposition of the

precursor. In the early stages of the flame, the temperature is low and thermodynamically

favors the formation of Cr2O3, which is the dominant equilibrium product at lower

temperatures. Yu and Kennedy (Yu and Kennedy, 2000) used a chemical reaction
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mechanism to describe the transformation of chromium in an H2/air flame. The model

suggests that Cr2O3 may be formed through the following reactions with oxidative species

such as O and OH that diffuse in from the reaction zone towards the axis:

† 

Cr + O + M ¤ CrO + M

† 

Cr + O2 + M ¤ CrO2 + M

CrO + OH + M ¤ CrO2 + H + M

† 

CrO + CrO2 ¤ Cr2O3

The first Cr2O3 clusters will serve as “nuclei” for the growth of particles of Cr2O3 at

temperatures lower than the melting temperature of bulk Cr2O3, in a manner that is

governed by chemical reaction kinetics as described by Bolsaitis et al (Bolsaitis et al.,

1987) for the formation of ZnO particles in a gas-phase reactor. Metal oxide

nanoparticles grown this way can be either amorphous or crystalline (Kilian and Morse,

2001;Maruyama and Akagi, 1996;Tsuzuki and McCormick, 2000). Some complication

due to the size-dependence of the melting temperature will be discussed in later sections.

As the chromium species proceed into later stages of the flame, the temperature increases

and begins to inhibit further formation of Cr2O3. The conversion of Cr2O3 into other

chromium species takes place. Using the chemical equilibrium solver STANJAN

(Reynolds, 1986), the equilibrium ratios of Cr2O3/CrTotal and Cr(VI)/CrTotal were calculated

for the conditions along the flame centerline. The calculation included chromium species

Cr, CrO, CrOOH, CrO2, CrO2OH, and CrO2(OH)2 and CrO3. The temperature used in the

calculation was measured from a flame with the 7.5 mm ID nozzle, pure H2 as fuel



16

flowing at 1 L min-1. The result is plotted in Fig. 9 against height along the flame

centerline. It shows that the equilibrium Cr2O3/CrTotal ratio drops sharply when it

approaches the flame tip (stoichiometric point), at which point the equilibrium

Cr(VI)/CrTotal ratio starts to increase from zero. The maximum equilibrium Cr(VI)/CrTotal

ratio occurs in the region shortly after the flame tip, where the temperature and the

oxygen concentration are both high. Not shown in the chart are Cr(II) and Cr(IV) species

which are dominant in the region where concentrations of Cr2O3 and Cr(VI) are both low.

This may explain why in this region the average size of the Cr2O3 particles decreases so

rapidly, as seen in Fig. 7.

H2CrO4, CrO3, CrO2 and CrO have been found in a H2/O2 premixed flame (Farber and

Srivastava, 1973). The melting point of CrO3 is 196 °C. Physical properties of other

possible chromium species are not readily available, but it is reasonable to assume that all

the Cr(VI), Cr(IV) and Cr(II) species can exist in the gas phase at the temperatures at

which they are formed. Thus, in the high-temperature oxidation zone, the Cr2O3 particles

are apparently converted into a gas-phase mixture of CrO3, CrO2, CrO, etc. The

maximum partial pressure of these species is governed by thermodynamics, while the

extent to which the conversion process proceeds is determined by kinetics that are

currently unknown but that may involve surface reactions on the particles. Past the high-

temperature-oxygen-rich region, the thermodynamics again favors the formation of

Cr2O3, but the conversion from Cr(VI) to Cr2O3 will be constrained kinetically by lower

temperatures. Hence, a fraction of the chromium will be emitted as some form of Cr(VI)

in the post-flame aerosol. CrO3 will likely become H2CrO4 and form tiny droplets of

chromic acid due to the abundance of H2O in the post-flame gases. If it remains in the
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form of CrO3, it may condense into liquid at low temperature. During the condensation of

the Cr(VI) species, the remaining Cr2O3 particles will likely serve as condensation nuclei

to become either the core of a droplet or a relatively large solid particle with a wet Cr(VI)

skin.

The proposition that a liquid form of Cr(VI) condensed on the Cr2O3 particles is

supported by the TEM images taken at lower magnifications for samples taken from the

post-flame aerosol cooled down to room temperature. One of these images is shown in

Figure 10 along with its dark-field image. This sample was taken from a long residence

time, pure H2 flame with high precursor concentration. In these images (more obvious in

the dark-field image) the crystalline Cr2O3 particles seem to sit in “puddles” that were

probably formed as the liquid Cr(VI) layer on the particles wet the underlying

microscope grid. The uniform intensity and moderate contrast of the image of these

“puddles” is consistent with the notion that they were formed by amorphous material that

spread upon impact to create a thin layer on the TEM grid.

Chromium Speciation and Particle Size Distribution

If the precursor concentration is sufficiently low, Cr2O3 made in the low-temperature

zone will be completely converted to Cr(VI) during its residence in the high-temperature

zone. Hence the Cr(VI)/CrTotal ratio in the chromium species in the final products will

tend towards 100%. This agrees with the observed increase in the Cr(VI)/CrTotal ratio in

the post-flame aerosol when the precursor concentration is decreased. If the precursor

concentration is sufficiently high, the Cr2O3 particles will grow very large in the early

flame stages. Even after being partially consumed in making Cr(VI) vapor in the high
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temperature zone, the size of the remaining Cr2O3 particles can still be significantly larger

than the size of any Cr(VI) droplets, which is limited by the vapor pressure of the Cr(VI)

species in the flame. Then a second mode will emerge in the particle size distribution

measured in the post-flame aerosol. This explains why aerosol samples from the high-

temperature, long-residence-time and high-precursor-concentration flame showed

bimodal size distribution, and the crystalline Cr2O3 particles were found to fall in the

larger size mode. At lower precursor concentrations, the Cr2O3 particles are either entirely

converted to Cr(VI) vapor in the high-temperature stage, or the remainder of them are

small and serve as the condensation nuclei for the Cr(VI) vapor.

Particle Morphology and Crystallinity

It is known that nanoscale particles can have melting temperatures significantly lower

than that for the bulk material. Generally speaking the melting temperature of a spherical

particle (Tm) is related to its diameter (d) and the bulk melting temperature (T0) by the

following equation,

† 

Tm = T0(1- b /d) (1),

where b is a constant dependant on the crystal property of the material. For inorganic

materials, b is typically between 0.4 and 3.3 nm (Wautelet, 1991). The value of b given

by Wautelet for elemental Cr is 1.05, but it is not available for Cr2O3. Nevertheless, we

can use the maximum of b, which will result in the maximum size effect on the melting

temperature, to examine an extreme scenario. Using b of 3.3 nm and a melting

temperature of 2708 K for Cr2O3 bulk material, the melting temperature was calculated
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by Equation (1) for spherical Cr2O3 particles of different diameters and tabulated in Table

2.

To study the trade-off between the flame temperature and the melting temperature of the

Cr2O3 particles, melting temperature was estimated using Equation (1), for typical

particles that were sampled thermophoretically along the flame centerline within the 7.5

mm flame. The estimated melting temperature of the growing Cr2O3 particles and the

temperature along the flame centerline are plotted together as shown in Fig. 11.

As seen in Fig. 11, the small particles in the early stages of undiluted flames have melting

temperatures below the local flame temperature. In other words, they are likely to be

molten in these locations. TEM images of samples from these flame locations (the left

two micrographs in Fig. 7) show that particles are aggregated and “necking” is present

between them. They are not facetted, which suggests they are not well crystallized.

According to the diagram, there is a transition stage where the particles grow gradually so

that their melting temperature eventually exceeds the flame temperature. This will

apparently be the crystallization stage of these Cr2O3 particles. In this stage, most of the

Cr2O3 particles become crystals (the very small ones at the lower end of the size range

may stay in the liquid phase).

In the Cr2O3 re-growth stage following the Cr2O3-to-Cr(VI) conversion, formation of new

Cr2O3 nuclei is unlikely due to the presence of large Cr2O3 particles and depleted

chromium species in the atmosphere. The gas-phase deposition of chromium species will

take place preferentially on the surface of the remaining large Cr2O3 particles, resulting in

the slow growth that was apparent in samples obtained thermophoretically. Some of these
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large Cr2O3 particles are seen to have formed fairly compact clusters, in such a way that

no sintering is evident. One possible explanation for the morphology of these clusters of

Cr2O3 particles is that they are formed through a “reaction-limited” process, in which

collisions between these Cr2O3 particles will not always result in cluster growth. Clusters

formed in this manner have been known to have fractal dimensions approaching 3

(Friedlander, 2000). The Cr2O3 particles in these clusters are likely held together by the

surface tension of their Cr(VI) liquid skin. This bond is obviously weak and will not be

established in every collision between two particles (the Cr2O3 particles are crystalline

and have faceted surfaces, thus an vertex-face collision may be less likely to result in

adhesion than a face-face collision). These clusters are not likely to form until the

temperature has dropped to such a level that a wet skin of Cr(VI) is condensed on the

Cr2O3 particles. Given the low temperature and the relatively large diameter of the Cr2O3

single crystals, the cluster growth rate is low and a large number of the Cr2O3 particles

remain as single crystals.

For a flame with 67% H2 and 7.5 mm nozzle, the temperatures in the early stages of the

flame are about 200 K lower than those for the undiluted flame, as shown in Figure 11.

Apparently the Cr2O3 particles in the early stages of the flame are molten, since they are

able to “stick” together and form aggregates. The lower flame temperature requires that

nucleation occurs when the Cr2O3 particles are much smaller (10~15 nm in diameter),

compared to 50~80 nm for the high-temperature flame. The early nucleation also retards

the coalescence of the aggregated Cr2O3 particles. As a result, aggregates of very small

crystalline Cr2O3 particles are formed. A lower flame temperature also inhibits the



21

conversion of Cr2O3 to Cr(VI) . Thus aggregates of Cr2O3 particles are found in the post-

flame aerosol.

Temperature measured along the centerline of a flame with 100% H2 and 0.4 mm nozzle

is also plotted in Figure 11. A comparison of the measured temperatures and the

estimated melting temperatures indicates that even the largest Cr2O3 particles are likely to

be molten in this flame. Using the steady state classic theory of nucleation and crystal

growth in melts (Simmons et al., 1982), the nucleation rate can be written as

† 

I = Ae-W / kTe-E / kT (2),

where W represents a thermodynamic barrier to nucleation, E represents a kinetic barrier

or activation energy for diffusion in the melt, and the pre-exponential factor A is given by

  

† 
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(3),

in which nv is the number of molecules of oxide per unit volume of the melt, V is the

volume per molecule, k is Boltzman’s constant, h is Planck’s constant, T is the

temperature, and s is the surface free energy per unit area of melt-solid interface. The

crystal growth rate can be written as

† 
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where v is the frequency of atom jumps at the interface, a is the distance advanced by the

interface in a unit kinetic process (usually taken as a molecular diameter), DHfM is the



22

molar heat of fusion, DT is the undercooling and TE is the melting point. The rate v can be

related to the viscosity of the melt by

† 

v = b /h (5),

where h is the viscosity of the melt and b is given by

† 

b ª
10kT
3pa0

3 (6),

in which 

† 

a0
3  is the molecular diameter.

Using equations (2) and (3) and properties of Cr2O3 or similar metal oxides found in the

literature, Kennedy et al (Kennedy et al., 1999) estimated the nucleation rate of a Cr2O3

melt in a H2 diffusion flame to be 109 mm-3 s-1. Based on this estimate, about 6 nuclei may

form in a fraction of a millisecond (the residence time in flames with the smallest nozzle)

in a molten Cr2O3 particle with a diameter of 50 nm. Using the viscosity measured in a

molten Al2O3-Cr2O3-CaO-CaF2 slag (~0.3 Pa s) at about 2000 K (Behera and Mohanty,

2001), the rate of Cr2O3 crystallization in the flame is estimated to be 10-22 m3 s-1. At this

crystal growth rate, a single crystallite can grow to about 3 nm in 100 ms. On the other

hand, if the residence time is 1 millisecond, the crystallite will be able to grow to a

diameter of 70 nm. In other words, at the shortest flame residence time, significant

crystallization in the molten Cr2O3 particles is very unlikely. This observation serves to

explain why amorphous Cr(III) particles were formed in the flame when the residence

time was very short.
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In practical systems, the rate of mixing, controlled by turbulence, affects temperatures

(mostly via radiation) and residence times. Our study has shown that the speciation and

the morphology are affected by these factors significantly. The transport and fate of the

chromium emission from high temperature sources will depend on size, composition and

morphology. The health impact of inhalation of these particles in either occupational

settings, or in the ambient environment, will depend on deposition patterns in lungs, and

the behavior of the particles in lung fluid and cells. Size certainly affects deposition,

while composition and morphology may have an impact on bioavailability, endocytosis

of particles, and inter-cellular reactions. These issues are currently being assessed via a

gene microarray approach.

Conclusion

A series of experiments were conducted on the formation of chromium oxide aerosol in a

H2 diffusion flame seeded with Cr(CO)6 vapor. The chromium precursor concentration

was found to affect the particle formation significantly, by altering the mean particle size

and the shape of the particle size distribution. The mean particle diameter increased with

increasing Cr(CO)6 concentration in the fuel. At sufficiently high precursor

concentrations, a bimodal particle size distribution was observed in the post-flame

aerosols when 100% H2 was used as the fuel and the flame residence time was relatively

long. The chromium speciation in the post-flame aerosol was also affected by the

precursor concentration, with the Cr(VI)/CrTotal ratio decreasing with increasing precursor

concentration. This suggests that trace amounts of chromium in an incinerator may lead

to a greater relative proportion of Cr(VI) in the emissions. The flame residence time

affected the particle crystallinity. At longer flame residence times, crystalline Cr2O3
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particles were formed; at very short flame residence times only amorphous particles were

formed, although analysis indicated a significant fraction of Cr(III) in the post-flame

aerosol. The flame temperature was found to affect the morphology of the particles.

Uncoagulated single crystals of Cr2O3 were formed in flames with pure H2 as the fuel,

while agglomerates of small particles were found when the flame was diluted at a H2/N2

ratio of 2:1. Based on the results of thermophoretic sampling within the flame at different

stages, a model was proposed to describe the evolution of chromium oxide aerosol in a

H2 diffusion flame. Cr2O3 particle formation and growth is believed to take place in the

early stages of the flame, followed by a possible Cr(III)ÆCr(VI) conversion at the

highest flame temperature, which, in turn, is followed by the re-growth of Cr2O3 particles

at lower post-flame temperatures. The model was able to explain the observed effect of

combustion conditions on the properties of the post-flame chromium oxide aerosol,

especially the mechanism that leads to a bimodal particle size distribution and the impact

of precursor concentration on chromium speciation. The size-dependent melting

temperature of nanoparticles was employed along with the proposed model to explain the

effect of flame temperature on the particle morphology. Observations of crystal formation

were consistent with estimated nucleation and crystal growth flames under flame

conditions. The impact of flame conditions on particle composition and morphology is

expected to affect the toxicology associated with inhalation of this aerosol.
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Table 1 Maximum Measured Flame Temperatures for Various Combustion

Conditions

Nozzle with 7.5 mm ID Nozzle with 0.4 mm ID

H2 concentration Max. Flame Temp.
(K)* H2 concentration Max. Flame Temp.

(K)*
100% 2480 100% 2620
67% 2130 67% 2240

* Corrected for radiation.

Table 2 Estimated Melting Temperatures of Spherical Cr2O3 Particles of Different

Diameters, calculated by Equation (1) with b = 3.3 nm and T0 = 2708 K.

d (nm) 5 15 40 100
Tm (K) 920 2110 2485 2620
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Figure Captions

Figure 1 Schematic of experimental apparatus

Figure 2 Estimated flame residence times

Figure 3 The impact of dilution of fuel (and hence flame temperature) and precursor

concentration on chromium speciation

Figure 4 Particle concentration and mean diameter as a function of precursor

concentration for various nozzle diameters (flame residence times)

Figure 5 Precursor concentration effect on particle size distributions

Top: Diluted flame, H2/N2 ratio 2:1; Bottom: Pure H2 flame.

Figure 6 Micrographs of particles with different morphology

Left: crystalline particles from the 7.5 mm ID nozzle, pure H2 1 L min-1 (long-residence

time, high-temperature flame); Center: amorphous particles from the 0.4 mm ID nozzle,

pure H2  1 L min-1; Right: Aggregated particles from the 7.5 mm ID nozzle, with a 2:1

H2/N2 ratio.

Figure 7 TEM images of particles sampled from different heights above the nozzle,

plotted against the measured temperature along flame centerline (same scale for all photo

insets).
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Figure 8 Proposed Scheme for Chromium Evolution in a H2 Diffusion Flame

Figure 9 Equilibrium concentrations of Cr2O3 and Cr(VI) species within flame; calculated

with temperatures measured along the centerline of a flame with 1 L min-1100% H2 and

7.5 mm ID nozzle, using estimated local oxygen concentrations; local oxygen

concentration increases with height above the nozzle; point of highest temperature

corresponds to stoichiometric oxygen/hydrogen ratio.

Figure 10 Crystalline Cr2O3 particles appear in “puddles” presumably formed by the

liquid skin of these particles; 7.5 mm ID nozzle and100% H2 (long-residence time and

high-temperature flame), collected 520 mm above the nozzle; Left: Bright-field image;

Right: Dark-field image of the same sample.

Figure 11 Comparison of size-dependent melting temperature of Cr2O3 particles and

temperatures along flame centerline
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Figure 1 Schematic of Flame Aerosol Experiment
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Figure 2 Estimated flame residence times
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Figure 3 The impact of dilution of fuel (and hence flame temperature) and precursor
concentration on chromium speciation
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Figure 4 Particle concentration and mean diameter as a function of precursor
concentration for various nozzle diameters (flame residence times)
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Figure 5 Precursor concentration effect on particle size distributions

Top: Diluted flame, H2/N2 ratio 2:1; Bottom: Pure H2 flame.
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Figure 6 Micrographs of particles with different morphology

Left: crystalline particles from the 7.5 mm ID nozzle, pure H2 1 L min-1 (long-residence

time, high-temperature flame); Center: amorphous particles from the 0.4 mm ID nozzle,

pure H2  1 L min-1; Right: Aggregated particles from the 7.5 mm ID nozzle, with a 2:1

H2/N2 ratio. All images are shown on the same scale.
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Figure 7 TEM images of particles sampled from different heights above the nozzle,
plotted against the measured temperature along flame centerline (same scale for all photo

insets).
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Figure 8 Proposed Scheme for Chromium Evolution in a H2 Diffusion Flame
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Figure 9 Equilibrium concentrations of Cr2O3 and Cr(VI) species within flame; calculated

with temperatures measured along the centerline of a flame with 1 L min-1100% H2 and

7.5 mm ID nozzle, using estimated local oxygen concentrations; local oxygen

concentration increases with height above the nozzle; point of highest temperature

corresponds to stoichiometric oxygen/hydrogen ratio.



39

Figure 10 Crystalline Cr2O3 particles appear in “puddles” presumably formed by the

liquid skin of these particles; 7.5 mm ID nozzle and100% H2 (long-residence time and

high-temperature flame), collected 520 mm above the nozzle; Left: Bright-field image;

Right: Dark-field image of the same sample.
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Figure 11 Trade-off between size-dependent melting temperature of Cr2O3 particles and
temperatures along flame centerline; the melting temperature was estimated for the Cr2O3
particles thermophoretically sampled at different locations along the centerline of a flame
from the 7.5 mm ID nozzle, at a fuel flow rate of 1 L min-1 100% H2; size of the largest

particles was used in the estimation of melting temperature for samples from all sampling
points.




