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Optico-Thermal Analysis of the Carbonaceous Fraction of Aerosol Particles. e’

R.L. Dod, H. Rosen, and T. Novakov

Analysis of the carbonaceous fraction of atmospheric particulate material
is complicated by the diversity of forms in which it exists. Total carbon can
be determined readily by combusfion, but chemical information is generally
obtained only by tedious separation and analyéis by such techniques as solvent
extraction, GC, or GC-MS. '

Malissa has reported a method of analysis1

for the carbonaceous component of oy
atmospheric aerosol particulate material by evolved gas analysis during a
temperature-programmed combustion in oxygen. We have extended this analysis by
constructing an apparatus which simultaneously measures the optical transmission
of the particulate matter collected on a filter. Since the optical absorptivity
of this material has been shown to be due to a graphitic component,2 this combi-
nation of analytical techniques may provide a direct determination of the light-
absorbing fraction of the sample. This technique is also applicable to analysis
of other carbonaceous materials, such as coals and oil shales, in which ﬁhere
appears to be a correlation between optical absorptivity and the fraction of
these fuels that is aromatic in chemical nature (Fig; 1).

The apparatus constructed for these analyses is shown schematically in Fig.
2. The combustion tube is supplied with ~ 1 &/min of oxygen which has been
scrubbed of carbon-containing species. A flow of 177 ml/min is maintained | p
through the combustion tube and the COp analyzer by a pump operating through a
critical orifice. The excess oxygen passes out of the.system through a hole
in the upstream end of the combustion tube, After passing and/or reacting with
the sample, the gas stream is passed through a furnace section filled with CuO
maintained at 900°C to assure conversion of all carbon species to CO;. The CO;p-
laden oxygen is then passed through a MSA LIRA 202S infrared COp analyzer with a
range of 0-50 ppm CO2 in oxygen. The sample, on a prefired quartz fiber filter,
is positioned perpendicular to the furnace axis, allowing incident light from
a 0.5-mW He-Ne laser to be intercepted. The forward scattered light is collected
by a quartz light pipe and conducted to a photomultiplier detector system. The
combustion furnace temperature is increased in a linear ramp from near room
temperature to 600-800°C at a rate of 10 C°/min. The signals from both the €O,

analyzer and the photomultiplier are fed to a stripchart recorder to produce a

composite thermogram.
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Analysis of weighed samples of carbon and pure organic compounds, as well as
portions of filter samples analyzed by another combustion technique,3 shows the
method to be quantitative for carbon within about 10%. Reproducibility is some-
what bettér, with duplicate samples from a single filter agreeing within 3-5%
and being identical in qualitative nature.

Thérmograms of ambient and source samples generally show three characteristic
features: (1) a low-temperature CO, peak corresponding to volatilization and
incomplete combustion of material which is not optically absorbing, (2) a CO,
peak at 300-350°C corresponding to combustion (and pyrolysis) of material which
also is not optically absorbing, and (3) a high-temperature CO2 peak which '
includes the optically absorbing component of the sample. The three peaks are
not usually welllseparated but show varying degrees of overlap, which might be
expected of a complex mixture of organic and elemental carbon species.

Source samples éhow a wider diversity in their thermograms, probably as a
result of uniform combustion conditions with different fﬁels. Some samples show
the carbonaceous particulate material to be composed almost entirely of light-
absorbing material, probably graphitic in character (Figs. 3b, 4a); others show
a dominant Volatile,fraction (Fig. 4b); and some are closer to an ambient aerosol
in nature (Fig. 3a). In addition, a single source may show a different charac-
ter at different times. It would be reasonable for ambient particulate carbon
to be a composite of the various types of source constituents.

Ambient samples collected in widely separated locations show a substantial
degree of similarity with variations in the relative amounts of the threelchar—
acteristic carbon types (Fig. 5). We observed some variation in combustion tem-
perature for the high-temperature (absorbing) component, as well as variation in
the structure of the CO, peak from the low-temperature (volatile) fraction.
Experiments with graphite ground to varying particle sizes show that the tem-
perature at which the absorbing component burns can be a function of particle
size, with smaller particles burning at a lower temperature. Othef effects,
such as surface functional groups and varying porosity, undoubtedly affect the
combustion temperature also. |

The 300-350°C peak in the thermogram is subject to much less variation in
shape and position, although combustion of this material may be accompanied in
some samples by a substantial amount of pyroiysis,'which can be seen from the
increase in the opticalvabsorption of the saﬁple (e.g., Fig. 5c). We have labeled

this fraction the polymeric fraction since this behavior could be observed with
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a polymer such as polystyrene, although we have not characterized the material
in any other way.

The low-temperature material is variable in amount and in structure in the
CO, thermogram; In this region one would expect to find small organic molecular
materials volatilizing and burning. This material is removed by solvent extrac-
tion with benzene and methanol-chloroform. "

The predominant compounds identified in secondary organic aerosol are the
Cqa-Cg organic di-acids.4:5 These materials have relatively low melting points
and generally decompose at temperatures below ~ 300°C. The thermograms of these
acids all show sharp decomposition or volatilization at temperatures below 250°C
(e.g., Fig. 6). Similar sharp low-temperature combustion was seen for a variety
of aliphatic énd'aromatic compounds ranging to.Clg (methyl stearate). Based on
these observations, the low-temperature CO2 peak probably represents a complex
mixture of both primary and secondary organic compounds. If these compounds are
found to volatilize and/or combust only in this temperature region, it should
be possible to place a general upper limit on their relative amount in ambient
carbonaceous aerosol. In general, no more than 20—30% of total carbon . falls in
the low-temperature €O, peak. Since this would include both primary and secondary
organics, the relative mass of photochemically produced secondary aerosol is
clearly much less than has been assumed.

Further development of this technique is currently under way with attempts
to identify at least portions of the volatile and polymeric fractions. We also
hope to quantitate the absorbing material, a measurement of substantial importance
because the graphitic material in soot has been shown to be catalytically active
in SO» oxidation® and has a potential for catalytic activity in dther atmospheric

"reactions.
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Solvent-Extraction-Aided Morphology Study (SEAMS)

W.H. Benner and T. Novakov

Electron microscopy (EM) is one of the many techniques used. to characterize
ambient particulate matter. Russelll used EM in combination with X-ray spectros-
copy and reported that ambient particles were often predominantly carbonaceous
and that if nonmineral sulfur were present in the sample, the sulfur would be
associated with the carbonaceous particles.. Chung et al.? sequentially ekposed
soot particles to SO, and Hy0, to vacuum, and to NHz in a small chamber in an
electron microscope. They observed that the particles became coated with.ai
vacuum-stable reaction product and concluded that soot particles can serve as
sites for S0, oxidation. This conclusion supports the SO, oxidation mechanism
of Chang et al.? Husar4 noted that liquid ambient aerosols can contain electron-
dense nuclei. We have extended the use of EM to Study the changes in morphology
of ambient particulate matter that can be induced by solvent extraction and heat
treatment. The preliminary observations indicate the presence of a liquid-like
material in submicron aerosol particles. This material can be removed by
suitable solvent extraction or by heat treatment procedures to expose a core of

agglomerates morphologically similar to carbon black.

| Experimental

Ambient and source-enriched air samples were collected on a multiple-jet’
four-stage impactor.5 Samples.from the first stage (Dp = 0.14-0.4 um) and
second stage (Dp = 0.4-1.6 um) were examined by scanning eléctron microscbpy
(SEM) before and after treatment. Particulate samples from an urban atmospheré,
an underground parking garége, a freeway tunnel, and a natural gas boiler
(300,000 Btu/hf) were impacted onto copper or aluminum foils.

Spots of impacted particles were cut from the metal foil impaction surfaées,
and several spots were extracted separately in.methanol or benzene. A few -
samples were subjected to heat treatment. Extraction was performed by suspending
the particle-laden piece of foil in 100 ml of warm solvent for 2 hr. The heat-
treated samples were heated from room temperature to 350°C in an oven temperature
progfammed to heat at 10 C°/min. Several impaction spots were also analyzed.
by a thermal analysis technique which recorded the amount of COz'evoived versus. -

temperature as the sample was heated in pure oxygen.6
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Results

Figures 1-5 show SEM pictures of four types of impacted particles. The v
impaction spots were typically black and consisted of particles formed from
agglomerates of smaller particles. Some samples also contained a liquid-like
material. This material had apparently been more fluid earlier, as evidenced
by cracks in the bulk of the deposit, thought to have formed as a result of
drying or expdsure to vacuum (Fig. 1). For the samples examined, only second-
stage ambient samples were totally inundated by this material. Ambient particles
collected on the first stage possessed a coating of the material but were never
completely immersed in the liquid-like deposit (Fig. 2). Particles other than v
ambiént contained Various amounts of this liquid-like deposit and the following
samples (all second stage) are ranked according to the amount of liquid-like

material (Figs. 1-5):
ambient > boiler > parking garage > freeway tunnel

Solvent extraction of the impactor spots removed a major portion of the
liquid-like material énd exposed individual particles morphologically similar -
"to carbon black (Figs. 1, 3-5). Visual comparisonbof methanol- and benzene-
extracted samples showed that methanol removed more of the material than benzene
did (Fig. 3). Thermal treatment of an impaction spot indicated that heat could
cause morphological changes similar to the changes that occurred when a sample
was extracted in methanol (Fig. 3). In addition to causing morphological changes,
heating to 350°C removed 70% of the carbon from ambient second-stage particles. .
Undoubtédly heating also caused some of the sublayer particles to oxidize, so it
is not pdssible to know from this analysis what fraction of the pyrolyzed carbon v
came from the liquid-like deposit. It is known from other studies in our
laboratory that only a small fraction of graphitic carbon (source of the black

color)7 is removed when soot particles are heated to 350°C.

Discussion

~ The compositidn of the liquid-like material associated with many of the
samples is unknown. Solubility ofvthe material in methanol and benzene suggested
the material was partly hydrocarbonaceous. X-ray fluorescence (XRF) analysis of
boiler'pafticles indicated that the composition of the material was dominated by
elements of Z < 14, which suggests C, H, N, and O as possible components.
However; composition of the ambient material was more soluble in methanol and

benzene than the boiler sample was. The evolution of carbon from a heated ambient
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NATURAL GAS FIRED BOILER PARTICLES
ON 1st STAGE OF AN IMPACTOR
(Dp=0.4 - 0.4m)

NATURAL GAS FIRED BOILER PARTICLES
ON 2nd STAGE OF AN IMPACTOR

(Dp=04-1.6m)

Y

(b) Methanol extract

e

(a) Untreated

XBB 7812-15912
Figure 1. Comparison between untreated and methanol-extracted

natural gas fired boiler particles. The white bar represents
10 pm.



AMBIENT PARTICLES ON 1st AND 2nd STAGE OF AN IMPACTOR

N <R

(a) Untreated, 2nd stage (b) Untreated, Ist stage
(Dp= 04 -1.6m) (Dp=0.4-0.4p.m)

XBB 7812-15914

Figure 2. Particles collected from the ambient air in Berkeley,

California, on a moderately hazy day. The white bar represents 10 um.

Al
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AMBIENT PARTICLES ON 2nd STAGE OF AN IMPACTOR
(Dp= 04-1.6m)

(a) Untreated (k') Metonol extracted

(c) Baked to 350° f | (d) Benzene ero’red

XBB 7812-15910

Figure 3. Morphological changes that occur when particles are
exposed to various treatments. The particles were collected from
the ambient air in Berkeley, California, on a moderately hazy day.
The white bar represents 10 um.



FREEWAY TUNNEL PARTICLES ON 2nd STAGE OF AN IMPACTOR
(Dp= 04 -1.6/2m)

91

(a) Untreated (b) Methnol extrocted

XBB 7812-15913

Figure 4. Comparison between untreated and methanol-extracted freeway
tunnel particles. The white bar represents 10 um.
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PARKING GARAGE PARTICLES ON 1st STAGE OF AN IMPACTOR
(Dp=014-0.4um)

(a) Untreed (b) Methanol! extracted

PARKING GARAGE PARTICLES ON 2nd STAGE OF AN IMPACTOR
(Dp= 04 -1.6.m)

(a) Untreated (b) Methanol extracte

XBB 7812-15911

Figure 5. Comparison between untreated and methanol-extracted
parking garage particles. The white bar represents 10 um.
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sample, the morphological changes, and the knowledge that the evolved carbon
probably did not come from the graphitic carbon suggest that this liquid-like
material in the ambient sample was, in part, carbonaceous. Since the ambient
sample was not analyzed by XRF, the presence of sulfur or nitrogen in the ambient
sample cannot be ruled out. Ammonium sulfate, ammonium bisulfate, and ammonium
nitrate melt or decompose below 280°C; and pyrolysis of these compounds could
possibly have been related to morphological changes in the ambient sample.
Ambient particles collected on filters sometimes look like liquid droplets,
but a thick layer of a liquid-like deposit has not been observed in filter
samples to our knowledge. One possible mechanism for the formation of this
deposit involves the presence of liquid water, which is known to condense onto
airborne particles, even at relative humidities less than 100%. When these wet
particles are closely packed together, as in the impaction spot, the water could
have coalesced into a layer of material covering the nuclei of the original
particles. Evaporation of this layer, which presumably would contain nonvolatile
dissolved substances, would then leave a vacuum-stable deposit. These observa-
tions could also have been due to a sampling artifact since water could have
condensed onto the particles when the particle-laden air expanded adiabatically

as it exited the impactor jet.

Conclusions

Solvent extraction and heating of impacted samples of ambient and source
particulate matter were found to cause dramatic morphological changes in the
sample. Variable amounts of liquid-like material were found to be associated
with ambient and source samples. The composition and origin of the material is
not known, and characterization of this material will be pursued in future

experimentation.
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Contributions to. the Problem of Quantitative Infrared SpeCtroscopic
“Analysis of Sulfates and Nitrates in Airborne Particles:
‘ ‘A Modifiéd Sampling System '

R. Kellner and T. Novakov

Sulfates and nitrates are major components of the respirablefraction of
airborne particles.1 Previoﬁs studies by ESCA? on impactor and filter samples
and by wet- chemical t_eéhni_ques3 indigaté that airborne particleé do not often
contain (NH4)ZSO4 and NH4NO3 in their well-defined stoichiometry. .It is there-
fore important to quantitatively determine the various molecular forms of the
sulfate and nitrate species. We believe that infrared (IR) spectroscopy is -
extremely well suited for this characterization because of its high structural
selectivity,_high sensitivity, and potential applicability to quantitative
analysis.4 : '

Several attempts to use IR spectroscopy for a qualitative speciation have

5-9

been published earlier” ”; but, except for the work of Cunningham et al. with

a Lundgren impactor,9 no reliable quantitative IR-spectroscopic speciation

for 1- to 10-ug samples (compatible with a size-selective sampling method) has
yet been reported. The major problems preventing quantitative speciation are
unreliable standard méterials; the IR opacity of the materials used for the
collection of airborne particles, which makes a transfer step of the particles
necessary; and difficulties of sample preparation, such as particle-size and
matrix effects. Our work shows that these problems can be overcome and that a
quantitative IR-spectroscopic anélysis of infrared active molecules or ions,
especially sulfates, in microgram amounts of airborne particles is possible
under the following conditions:

1. Composition of the sampling system — ring jet impactbr (design by
A, Bernerlo) with particle-size segregation: stage 1, 0.14-0.4 um; stage 2,
0.4-1.6 um; stage 3, 1:.6-6.4 um; stage 4, 6.4-25 um aerodynamic diameter. '

2. Direct deposition of the aerosols on the pelleting material (no
scraping). _

3. Application of a vibrating mill to ensure hombgenization of the samples
and to eliminate particle;size effects. l | |

4. Use of wet chemical techniques to standardize the IR method.

*On leave from the Institute of Analytical Chemistry and Microchemistry,
Technical University, Vienna, Austria.
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Sampling System

The sampling system is a crucial point in this method of analysis. Berner's
impactor was first used in chemical aerosol characterization by H. Malissall»12
because of the many advantages it offers in sharp.particle size separation, low
wall losses (< 5%), and compatibility with several methods used in integrated
dust analysis. In this method, the airborne particles are deposited on thin Cu
or Al foils to allow.a gravimetric mass determination. This sampling technique
is not a priori IR compatible because the sample must be scraped from the foil
and transferred to the pelleting material, which means a loss of sample material.
In several cases samples even stuck to Mylar and could not be removed quantita-
tively. Therefore, the sampling system had to be modified to make it IR compatible
while maintaining the advantages of tHe original design.

As shown in Fig. 1, two 3-mm KBr pellets in 13-mm sample holders were mounted
on stages 1, 2, and 3 so that the pellet surface is located in the plane of the
Cu surface. This technique allows direct depositions on fhe KBr pellet, as well
as simultaneous collection on the Cu substrate for gravimetric and further
chemical analysis.13’14 Other foil matefials, such as Al or Mylar, have also
been used. Since we were interested in the respirable part of the aerosols,

stage 4 particles were not collected in this modified way.

Sample Preparation

The two loaded KBr pellets on each stage were first weighed (Wl), then trans-
ferred to the capsule of a vibrating mill and ground for 3 minutes. In an
earlier study,15 it was found that this grinding step is sufficient to prevent
particle—size and matrix effects on IR absorbance measurements as described in
the literature. Duyckaerts16 describes a dramatic effect of particle size on
IR absorbance in the > 1-um particle diameter range. Grinding was also performed
on stage 1 samples to disperse probable agglomerates of single particles or
amorphous masses in ambient and source samples,17 and to provide a necessary
dilution step to overcome the matrix effect by the soot content of the particleé.15
The homogenized samples were pressed into pellet form and weighed again (Wz). The
ratio Wy/W; and the weight per spot (determined by the tdtal'weight and the
number of spofs on the Cu foil) permitted the calculation of the sample weight

in the KBr pellet.

Standardization

(NH; ) ,S04 is generally considered to be the most abundant form of S(VI)
4)2°%4

compound in respirable airborne particles, although sampling artifacts



Figure 1.
and 3.

Berner's ring jet

CBB 791-1072

impactor equipped with Cu foils and KBr pellets on stages 1, 2,
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(neutralization) may enhance the (NH4) 2S04 concentration even during sampling

by impaction (Fig. 2).. A working curve (Fig. 3) for the IR-spectroscopic deter-
mination of (NH4),SO4 was established by weighing different amounts of that
substance, preparing KBr pellets according to the procedure described above, and
measuring the respective absorbance values by FTIR spectroscopy (Nicolet 7199
FTIR-TGS detector; velocity of moving mirror, 0.227 cm/sec; resolution, 2 cm'l;
NDP, 8192; NTP, 16384; Happ-Genzel apodization; no smoothing). The actual

4

cally. An IR-spectroscopic nitrate determination of samples collected in
15
d

amount of SO in the aliquots of the samples analyzed was determined gravimetri-
Vienna on Cu foils has been develope and should be easily adaptable to

modified sampling.

Results

Figure 4 shows the IR spectra of samples with an obvious contént of
(NH4)2504; and Table 1 shows the results of the quantitative evaluation of the
(NH4)ZSO4 content of various samples, assuming that the sharp line located at
1110 cm™! is due exclusively to this species. In general, the IR spectra of:f

the aerosols collected in this work show more complexity in the sulfate region

‘than do the IR spectra of (NH4)ZSO4. This is considered to be evidence of

different degrees of acidity.9 Based on the modified sampling technique

described here, which allows a quantitative transfer of aerosol samples down
to 1 g from the collection surface to the final sample pellet, further model
analyses will be carried out to elucidate the contribution to the atmospheric

particulate burden of sulfate species other than (NH4) S0,

Table 1. (NH4),SO4 determination on various aerosol samples.

Particulate ,
Sample : Loading - _Weight Weight
Site Date  Stage  (ug/m®)  ug/m3 (NHg),S04 %(NHg)250,

Lawrence Berkeley  9/25/78 1 22.5 2.6 11.7
Laboratory 2 24.8 1.6 _ 6.3
. 3 v 20.3 0.9 4.4

Fremont 11/02/78 1 19.2 2.1 10.7
2 39.9 2.5 6.3

_ 3 9.9 (peak overlapping)
Los Angeles 11/10/78 1 8.7 1.3 14.4
2 12.5 4.0 32.1

3 14.6 2.2 14.7

Tunnel 10/03/78 1 68 6.2 9.1
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Figure 2. IR spectrum of 4.75-ug (NH4),S04 in KBr.
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Flgure 4. IR spectra of ambient samples collected on stages 1, 2, and 3 of

Berner's impactor.

a. 9/25/78, 10:15am-4: 15pm air volume 26.6 m3, heavily loaded air (100 ug

part./m3 on stages 1-4).

b. 11/2/78, 10:20am-2:25pm; air volume 18 m3 (97 ug part./m3 on stages 1-4).
c. 11/10/78, 2pm-5pm; air volume 13.2 m2,

part /m3 on stages 1-4).
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Determination of Nitrogen in Atmospheric Aerosols by Proton Activation Analysis*

M. Clemenson, T. Novakov, and S.S. Markowitz

The X-ray fluorescence method, an important tool in the determination of
heavy-element concentrations, is of little use for low-Z elements because of
large X-ray absorptive effects and low fluorescence yields. Neutron activation
analysis is also limited by low reaction cross sections and the unsuitability -
of the induced radioactivity'forvcounting. Combustion analysis is a usefﬁl
tool for the analysis of most of the important low-Z elements; however, it is 1o
not a very sensitive technique. It is also destructive of the sample and thus
does not allow other analyses to be performed on the same sample. These diffi-
culties have led us to dévelop a new method of determination of one of the low-

Z elements, nitrogen; utilizing protons of sufficient energy to induce the
14N(p,a)llc nuclear reaction! The radioactivé decay of the 20.4-min llg is fol-
lowed via its 0.511-MeV annihilation radiation. The method offers a simple
approach to the problem of nitrogen analysis in atmospheric aerosols and is appli-
cable to the routine énalysis of these particles for nitrogen.

Irradiations were performed at the Lawrence Berkeley Laboratory 88-inch
cyclotron. The initial energy of the proton beam was 16.0 MeV. Aluminum foils
were placed in front of the sample foils to degrade the beam from the initial
energy to the desired energy for each irradiation. The range-energy tables of
Williamson, Boujot, and Picard were used to calculate the_required aluminum

thickness.1

The length of bombardment was 1 minute and the average beam intensity
was 1 pwA. The targets were irradiated at different energies by the stacked-foil
technique. The total charge received from the Faraday cup was measured by an

integrating electrometer.

Counting

The irradiated sampies were analyzed by detecting the 0.511-MeV positron
annihilation radiation of llC using a high resolution Ge(Li) detector coupled to
a computer-controlled 4096-channe1(ana1yzer with a magnetic tape unit. The
Ge(L1) detector used for this workvwas manufactured by Ortec, Inc., and has an
active volume of 60 cm3. The decay of the 0.511-MeV y-ray photopeak of an acti-
vated melaminé target is shown in Fig. 1. ‘The decay is a single component with
a 20.4-min half-life corresponding to the decay of 11c in the target. The decay

curves were analyzed using the CLSQ computer code.? Y
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Figure 1. Decay curve of the 20-min ¢ annihilation radiation for a
melamine target. :
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Aerosol Sample Analyses

Silver-membrane filters were used for the collection of the ambient aerosol. «

The aerosol loading was approximately 500 ug/cm2

for a typical filter sample.

Two filter samples were irradiated in‘a single stack at proton energies of 7.5

and 6;0 MeV. Foliowing the "relative" method of activation analysis, we irra-
diated a melamine target, which was used as the nitrogen standard, in the same
stack with the aerosol samples. The nitrogen standard was irradiated at a proton
energy of 9.2 MeV. The decay of the 0.511-MeV annihilation peak was then followed
for 3 or 4 hours. A typical decay curve for the integrated 0.511-MeV photopeak

is shown in Fig. 2. There are four components present in the decay curve: (1)
13C(p,n)13N

nuclear reactions, (2) a 20.4-min component from the 14N(p,a)llc reaction, (3)

a 10.0-min component due to 13y produced from the 16O(p,a)lsN and v
- 18 18 18 .

a 109.8-min component due to " F produced by the ~~O(p,n) F reaction, and (4)

a 6.5-hr component due to activation of the silver filter itself to produce

107¢4 by the 107Ag(p,n)107Cd nuclear reaction. By far the dominant component

11C, which results from activation

in this decay curve is the 20.4-min component,
of the nitrogen in the aerosol. The amount of nitrogen present was calculated
by comparing the Ay value for the 11C component in the aerosol to the A; value
for the llc component in the nitrogen standard. Several blank filters were also
analyzed for nitrogen and found to contain apprdximately 0.5 ug/cmz; this is
normally a very small known correction to the total nitrogen found.

Samples containing varying amounts of nitrogen were nondestructively analyzed
using the proton activation method. The same samples were then analyzed for
nitrbgen using a destructive combustion method; the results of these analyses
are summarized in Table 1. The samples can be divided into two groups. One y
group of samples was prepared in the laboratory by depositing either ammonium
sulfate (NHyq),SO4, or ammonium oxalate, (NH4)C704, on a silver membrane filter.
These samples correspond to the first nine listed in Table 1. The second group
of eight samples is composed of ambient aerosols collected in the San Francisco
Bay Area under widely varying atmospheric conditions.

The comparison of the nitrogen found by proton activation analysis and that
found by the independent combustion method shows an average percent difference
of 14% for the 17 samples analyzed. This difference is essentially the same
whether one compares only the laborétory—prepared samples or the ambient samples.
It should also be noted that the agreement between the two methods holds over a

range which spans two orders of magnitude in nitrogen cencentration.



Figure 2. Decay of the 511-keV annihilation radlatlon intensity with time following proton
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Table 1. Comparison of methods for nitrogen
determination in atmospheric aerosols.2

N found, ug/cm?

Sample Proton activation Combustion

AS-1 129 144

AS-2 110 130

AS-3 326 368

AS-4 68 52

AO0-1 162 - 147

AO-2 210 207 .
AO-3 261 279 -

AO-4 134 143

AO-5 136 133 v
AA-1 4.0 ' 3.5

AA-2 8.0 6.5

AA-3 15 13

AA-4 76 99

AA-5 16 18

AA-6 59 59

AA-7 36 37

AA-B8 46 54

2AS are the laboratory-prepared ammonium
sulfate samples; AO, the laboratory-
prepared ammonium oxalate samples; and
AA, the ambient aerosol samples.
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A Size-Segregating Aerosol Sampler

A.D.A. Hansen, R.C. Schmidt, and T. Novakov

Introduction_

A routine'daily ambient aerosol sampling program was established in mid-1977
with stations at Lawrence Berkeley Laboratory, Ffemont_(some 40 miles south of
Berkeley),'and Anaheim (in the Los Angeles area). To further investigate the
nature and chemical composition of the aerosol, it was deéided to deploy size-
segregating samplers at sites widely separated in terms of both location and
environment. As part of this program, 12 aerosol samplers were designed and
constructed at LBL to the followihg requirements: |

1. - To collect two parallel samples on prefired quartz fiber and Millipore
filters.

2. To require a minimum number of operations when changing filters.

3. To have the option of complete aerosol collection or size-ségregated
collection (exclusion of particles of diameter 2 1.5 um).

4. To give an airflow rate of 1 to 2.5.m3/cm2-day through each filter,
necessary to obtain suitable deposition for 24-hour samples of ambient air
with carbon loadings in the range 5-30 ug/cmz.

5. To be small, self contained, and lightweight.

The option of size segregation is achieved in this sampler by the use of
a Nuclepore prefilter membrane to exclude large particles. The filtration

1’2: at moderate face

propertieé of Nuclepore have been extensively studied
velocities, the mechanisms of impaction and interception remove from the air-
stream most particles larger than a certaih cut point, whose size depends on
the prefilter pore size and the airstream's face velocity. The LBL sampler
uses a Nuclepore prefilter of 8-um pore size and face velocities in the range
of 2 cm/sec to 5 cm/secb(see Table 1), resulting in the effective retention

on the prefilter of particles of diameter greater than 1.5 um (see Fig. 1).
Optimum prefilter performance is achieved at these face velocities, many

times smaller than the face velocities desired for adequate deposition on the
sample-collecting filters. A size—énalyzing sampler has been constructed by
Cahill et al.3 on the principles of sequential filtration, but uses a prefilter
of the same size as the sample-collecting filter. By employing a prefilter of

much larger diameter than the sample-collecting filters, we satisfy the face
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Figure 1. Filtration efficiency of 8-um pore size Nuclepore prefilter
as a function of particle size. Measurements were performed at
prefilter face velocity of 4.0 cm/sec on monodisperse DOP particles .
produced by a vibrating-orifice aerosol generator.
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.velocity réquirementsbas well as greatly increasing the lifetime of the prefilter
against clogging.4 In addition to incorporating these significant design improve-
ments, the sampling head is constructed in such a way that with only one.moving
part, it locates the sample-collecting filters on their backing frits and clamps
them by the pump suction acting on a pressure plate. While the pumpvis operating
and the head top is in place, the filters cannot be accidentally dislodged or
contaminated by touching. The filters may be eithér loose or mounted in 2''x2"
slide frames, which allows for insertion and removal Without tweezers or clean-
handlihg procedures. All these features are attractive for unattended use with

filter changing performed by unskilled personnel.

Table 1. Relationship of face velocity to flowrates.

2.0 2.5 m3/cm2-day
23.2 29.0 cm/sec
4.1 5.2 cm/sec

Filter flowrate 1.0
Filter face velocity. 11.6 - 1
Prefilter face velocity 2.1

N~ =
— N

A photograph and diagrams of the sampler are shown in Figs. 2, 3, and 4.
In the full-collection mode, the top prefilter membrane is omitted. The weather-
shield, insect screens, and prefilter support frit prevent entry of rain,
insects, etc.; but all suspenaed particulates are collected by the filters.
For size-segregated collection, the prefilter is placed on top of the sample
head, resulting in an effective cut—off for particles of diameter greater than
1.5 um (see Fig. lj. This ensures collection of the méjority of. anthropogenic
particulates, with the exclusion of windblown dust, pollen, etc. Under normal
operating conditions in relatively dust-free locations, each prefilter can

be used for one week without appreciable clogging.

Method of Operation (Fig. 3 and Table 2)

Air enters the sampler through the Nucleﬁore prefilter B, supported by its
frit M. Face flow velocities through the prefilter range from approximately
2.1'cm/sec to 5.2 cm/sec for the flowrates used.(see Table 1). Particleé of
diameter larger than about i.S_um are effectively retained by the prefilter (see
Fig. 1). At fhe low flow rates involved, the pressure drop across the prefilter
is normally extremely small, so the air in the upper chamber O is at essentially
atmospheric pressure. ' ) o

This prefiltered air then passes through the quartz and Millipore filters

mounted on their frits P. The range of flowrates employed results in face
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Figure 2. Exploded diagram of the sampler.
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Figure 3. Sectional drawing of one side of the sampler head (not to
scale).
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Figure 4. Size-segregating aerosol sampler.
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velocities varying from 11.6 cm/sec to 28.9 cm/sec through these filters.

Pump suction, applied via the rotameter and needle valve by connection X to the
filter chamber T, results in a reduction of pressure downstream of the filter.
Because of the reduced pressure within the flowmeteérs, flow calibration curves

are supplied with each unit and must be used instead of the rotameter readings.

Table 2. Parts lists for Figures 2 and 3.

Figure 2: : - Figure 3:
A - prefilter clamp ring : L - prefilter clamp ring
B - Nuclepore prefilter M - prefilter support frit
C - upper chamber N - upper chamber body
D -—"adapter ring (2) O - upper chamber space
E - frit tube (2) P - filter support frit
F - outer o-ring (2) Q - filter clamp. o-ring
G - frit tube lower o-ring (2) R - adapter ring
H - frit tube hole in baseplate (2) S - vacuum space
- I - rotameter and needle valve T - frit tube
- for quartz filter station U - frit tube lower o-ring
J - rotameter and needle valve V - outer o-ring
for Millipore filter station W - baseplate
K - main power switch X - filter suction connection via

rotameter and needle valve
Y - clamping vacuum connection

Full pump vacuum is applied through port Y to space S, which is sealed by
o-rings V, Q, and U. Since the pressure in the upper chamber O is essentially
atmospheric, this causes the.upper chamber body N to be firmly clamped to the
baseplate W. v |

The filters are clamped and sealed on the frits P and .adapter rings R by
means of the o-ring Q. Sufficient compressibility is available from this o-ring
and the lower o-ring U to accommodate filters of slightly varying thicknesses.

The pump used is an oil-less rotary carbon vane type, -driven by an AC
induction motor. Exhaust air from the pump itself is filtered before discharge

into the atmosphere, so no recirculation contamination is anticipated. A fan

draws air through the box louvres to cool the motor.

A tubular bulb mounted above the air intake warms the incoming air and the
prefilter sufficiently to prevent dew condensation on the Nuclepore at night.

Excessive condensation can effectively plug the Nuclepore, .resulting in a

destructively large vacuum in the upper chamber O. The upper chamber vacuum is

monitored by a vacuum sensing switch in the main chassis, so that a pressure drop
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of more than about 2 PSI in the upper chamber causes the motor to be turned off
and to stay off until the main power switch is reset.

To date, eight units have been sent out. The returned samples appear to be
of good quality, and routine analysis shows no evidence of contamination or

sampler artifacts.
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Optical Characterization of Ambient and Source Particulates

A.D.A. Hansen, H. Rosen, R.L. Dod, W.H. Benner, and T. Novakov

Introduction

Characterization of the ambient carbonaceous aerosol in terms of its primary
-and secondary components is essential if meaningful control strategies are to be

devised. Primary carbonaceous particulate material is defined as that emitted
directly from anthropogenic sources, usually combustion. It contains extractable
organic mé%ter and nonextractable material, including ”grapﬁitic" soot. Secondary
carbonaceous particulate material is material originally emitted in a gaseous
state that has been transformed into a particulate state by atmospheric processes.
Examples of these processes are (1) the accretion by adsorption of vapors onto
the surface of primary particles, énd (2).gaé—td—partic1e conversion reactions
whose occurrence in the atmosphere has been postulated under highly photochemi- -
cally active conditions. If primary particulate material is dominant in the
ambient aerosol, then particulate air pollution abatement strategies should
include particulate emission control. If secondary particulate material dominates,
emphasis should be on the control of the gaseous precursors involved in these
seéondary reactions. Due to the complex nature of the ambient aerosol, it has
been a difficult analytical problem to clearly distinguish the contributions
from these two sources of pérticulate carbon.

The most striking feature of filter deposits collected in urban environments
is their dark coloration, which we believe is due to the strongly absorbing
primary ''graphitic' soot component. We assume that secondary reactions cannot
produce this material. The "graphitic' component of filter-collected particulates
may be conveniently measured because of its large optical absorption and used as
a tracer for primary carbonaceous particles. In this paper we report on the
optical characterization of é statistically large number of ambient and source
samples taken under a wide range of conditions.

Our central result is that primary material appears to compose a major frac-
tion of the ambient carbonaceous aerosol studied in two California air basins__
under widely varying conditions. Furthermore, we have seen no evidence for the
significant production of secondary carbonaceous particulate matter in correlation
with the ozone concentration, a conventional indicator of photochemical activity.
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Experimental Details

Sample Collection

Ambient aerosol samples have been collected daily since 1 June 1977 at
Lawrence Berkeley Laboratory, Berkeley, California; since 15 July 1977 at the
Bay Area Air Quality Management District monitoring station, Fremont, California;
and since 19 August 1977 at the Southern California Air Quality Management
District monitoring station, Anaheim, California. Samples were also taken from
23 March 1978 to 9 April 1978 at Argonne, Illinois. All these samples were taken
in parallel on 47-mm diameter Millipore filter membranes (1.2-um nominal pore siie,
type RATF) and prefired quartz fiber filters (Pallflex type 2500 QAO). The moni-
tored flow rates varied between 1.0 and‘2.6 ms/cmz-day (i.e., 0.24 to'0.62‘CFM
for the total exposed filter area of 9.6 cmz), corresponding to face velocities
of 11.6 to 30.1 cm/eec. The samples were not size segregated, but the filter
holders faced vertically downward to avoid settling depositioniof dust, etc.
Three-day samples collected over each weekend are not included in the data pre-
sented. The samples spanned almost the entire range of weather and pollution
conditions; to date, in excess of 900 filter pairs have been analyzed.

A number of representative sources have also been sampled. About 100 analyses
have been made of the following particulate emissions: (1) exhaust collected in a .
freeway tunnel under conditions of moving traffic with few diesel trucks; (2) -
automobile exhaust collected in an underground parking garage under start-stop
driving conditions with no diesel trucks; (3) exhaust from a small 2-stroke engine;
(4) exhaust from a small 4-stroke diesel engine; and (5) stack samples from a

natural-gas-fired domestic water heater.

Optical Attenuation Measurement
Both source and ambient aerosol samples have a large and uniform optical

absorption throughout the visible spectral region; the dark coloration of the

exposed filters is due to the ''graphitic' soot component.l’2 The attenuation

measurements are made by a laser transmission method on samples collected on

Millipore filter membranes. The quantity recorded is defined as

ATN = -100 1n (I/I (1)

0)

where IO is the intensity of light transmitted through a blank Millipore filter,

and I is that through the loaded filter.



44 LBL-8696

Carbon Analysis

'The carbon loading on the quartz fiber filters is determined by a total com-
bustion/CO; evaluation method.> The filters are prefired overnight at 800°C to
remove all combustible carbon before sample collection. Periodic analysis of
blanks typically yields about 0.5 ug C/cm compared with loadings after exposure
in the range 20-100 ug C/cm .

Optical Attenuation Characterization

Theoiy ,

As shown in Refs. 1 and 2, the dark coloration of ambient and source samples
can be ascribed to the ''graphitic" component of the carbonaceous particulates.
We assume that a quantitative relationship between the optical attenuation and

the '"graphitic" carbon component can be written as
[GRAPH] = (1/K) x ATN. . : L (2)

In addition to "graphitic" soot, primary particulate material also contains
organic material, which is not strongly optically attenuating. The total amount

of carbon is
[C] = [GRAPH] + [ORG] . - - 3)

A fundamental characterization of a particulate sample is given by its attenuation

per unit mass, i.e., its specific attenuation, o, since this is a measure of the

fraction of ”graphitic” carbon to total carbon:
o = ATN/C = K x [GRAPH]/[C] _ S

Measurements of the specific attenuation of numbers of source samples give in-
sights into the relative graphitic-to-total-carbon fraction of primary emissions
and the source variabilities.

The ambient aerosol contains primary carbonaceous particulates (from a large
number of individual sources)and secondary material.(as defined in the introduction).
The total optical attenuation and total particulate carbon mass are then given by

a summation over all components, i.e.,

ATN Z ATN, | (5)
Z c;

and the specific attenuation of the ambient sample is
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Figure 1. Optical attenuation versus carbon loading for samples
of diesel exhaust particulates from an engine running at constant
speed under constant load. Least-squares fit line shown.
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Figure 2. Optical attenuation versus carbon loading for samples
-of vehicle exhaust particulates obtained in the vent bore of a
freeway tunnel. Least-squares fit line 'shown.
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In other words, the specific attenuation of an ambient sample is an average of
the specific éttenuations of all its components, weighted according to the mass
of carbon they each contribute.

Secondary material will not contain a 'graphitic" component and therefore
should not appreciably increase the total optical attenuation; its value of o is
very small. However, it does increase the total mass of carbon, and will there-
fore reduce the graphitic-to-total-carbon fraction and dilute the specific atten-
uation of the ambient sample. This is seen in Equ. (6) as‘the addition of secon-
dary contributors, is, whefe s is zero but CiS is non-zero. The presence of’
large amounts of secondary carbonaceous particulate material in the ambient aerosol
will have the effect of reducing the specific attenuation 6f ambient samples |

relative to that of source samples.

Results

Results on source samples. We first present quantifative support for the

assumption of Equ. (2} that the optical attenuation of a particulate sample col-
lected on a filter (i.e., the degree of its dark coloration) is proportional to
the:total carbon loading. This occurs if the 'graphitic'" soot component, respon-
sible for the coloration, constitutes a constant fraction of the total amount of
particulate carbon. Figure 1 shows results from one series of samples taken from
a small diesel engine under identical load and speed conditions. The correlation
between optical attenuation and total carbon loading is extremely good (r = 0.99)
even up to heavy loadings, giving a constant specific attenuation of o = 5.6.

In contrast, Fig. 2 shows thé results for a number of freeway tunnel samples
spanning a wide range of traffic conditions. Although a similar correlation
obviously exiéts, it is clear that the specific attenuation of these samples shows
a greater variability (ranging from ¢ = 3.75 to o = 12.5). We postulate that this
is due to a varying fraction of ”gfaphitic” soot to total particulate carbon in
the mix of exhaust, depending on the mix of vehicles and driving conditions.
Similar results have been obtained for the other sources: in all cases, samples

of different loadings taken under identical source conditions show good correla-

tion, while samples of mixed composition show more variability.
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Results on ambient samples. In view of the variability of specific attenua-

tion shown by source samples, the uniformity of results obtained from ambient
samples is remarkable. Figure 3 shows optical attenuation vs. carbon loading
for the samples collected at Berkeley, Fremont, Anaheim, and Argonne. All the
graphé have the same scale of axes, enabling direct comparison and determination
of the following very important results.

1. There is a strong correlation (r > 0.85) between optical attenuation and
total suspended particulate carbon mass at every site.

2. The mean specific attenuation, i.e., the coefficient of this proportion-

ality, is virtually identical at each site.

Discussion
Source and Ambient Samples' Specific_Atteﬁuation Results

The diesel source resultslshow that the method of optical éttenuation can
indeed be used as an accurate qdantitativé measuré of total pariiculate carbon
mass for samples from individual sources under constant operating cdnditions,

i.e., a presumed constant fraction of "graphitic" soot to'totéllpafticulate carbon.
The freeway tunnel results show that the net value of Or for an aerosol derived
from many sources can vary according-to the mix of contributions (Ci) and char-
acteriStiCS'(oi) of each source. The ambient air contains material from a very
large number of primary and secondary sources covering.the entire spectrum of
"graphitic" content (i.e., of‘c); if the patterns of daily input remain approxi--
mately constant, the net composition of our 24-hour samples may also remain con-
stant. This, we-believe; is the basic explanation for the results obtained from
the ambient sampling program. Result (1) shows that for a particular site it is
possible to estimate the amount of total suspended particulate carbon with a root
mean square error of 25% by means of the very simple measurement of optical attenu-
ation. Furthermore, this is true independent of seéason, meteorology, or conven-
tional air pollution indicators. This remarkable result implies that the fraction
of “gfaphitic” soot to total particulate carbon is approximately constant under
all circumstances studied.

The specific attenuation distribution of samples collected during summer pollu.
tion episodes in Anaheim is virtually identical to that of samples collected in
Berkeley on extremely clear winter days, or in Argonne in winter, although the
3
).

loading of these samples varied widely (from 2.9 ug C/m3 to 52.4 pug C/m - Because

the specific attenuation o reflects only the aerosol's fractional "graphitic"
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Figure 3. Optical attenuation versus particulate carbon loading for
ambient samples collected at Berkeley, Fremont, Anaheim, and
Argonne. Least-squares fit line shown. Note same scale of axes
on graphs.
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composition, this result implies that the fraction of "gréphitic” soot to total
carbon in all these locations is approximately equal and constant.

The range of values of specific attenuation measured on ambient samples is
overlapped by the range measured on source samples. This implies that the "gra-
phitic" fraction of the ambient aerosol is similar to that of a representative

mixture of primary emissions.

Secondary Particulate Carbon

The category of secondary carbon includes particulates formed from precursor
gases iﬁvgas—to—particle conversidn reactions in the atmosphere. Most of the
proposed reactions responsible for the formation of secondary organic particles
involve ozone as a reactant. If ozone-related atmospheric reactions were a sub-
stantial contributor of secondary particulate carbonaceous material in the ambient
aerosol, we would expect larger contributions of 'this material on days characteri-
zed by higher ozone concentrations. This secondary material cannot contain a
"graphitic'" component and so would have a low specific attenuation, thereby
diluting the total ambient aerosol's attenuation. The specific attenuation of
the ambient aerosol on days characterized by high ozone levels would be expected
to be lower than on days with low ozone levels. _

Figure 4 shows the distribution of specific éttenuatioh of ambient samples
from all sites taken together, subdivided according to peak hour ozone concentra-
tion. Clearly, there is little indication that high-ozone days are characterized
by aerosols of strongly diluted attenuation. Furthermore, the maximum correlation
coefficients of peak hour ozone concentration and specific atfenuation at any
individual site or all samples taken together are only r = 0.24 and r = 0.11
respectively. This places a rather low limit on the maximum importance of secon-
dary carbonaceous particulates formed in ozone-related atmospheric reactions.

Figure 5 shows the average diurnal cycles of specific attenuation for samples
collected at the same time of year in Berkeley (relatively clean conditions,
average particulate carbon loading, 5.7 ug/ms)_and Riverside, California (severe
air pollution conditions, 33.2 ug/m3 average particulate carbon loading). These
_ cycles, averaged over many days, are essentially identical in form and magnitude
in spite of very different atmospheric chemical conditions at the two sites,
including an average peak l-hr ozone concentration of 240 ppb in Riverside vs.
< 30 ppb in Berkeley. Certainly there is no evidence for the dilution of the

specific attenuation of the Riverside aerosol relative to the Berkeley aerosol
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Figure 4. Distribution of values of specific attenuation of ambient
particulate samples, subdivided according to peak hour ozone
concentration. ’
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. Figure 5. Average diurnal cycles of specific attenuation and ozone
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that would be expected if high ozone levels were associated with significant

production of secondary particulate carhon.

Conclusions

We have demonstrated that the optical attenuation technique is a valid semi-
quantitative method for detection of the ''graphitic" soot component of ambient
aerosols, and that this component is an approximately constant fraction of the
total suspended carbonaceous particuiate loading under the atmospheric conditions
so far encountered at widely differing sites. We find that this "graphitic"
fraction of the ambient aerosol is comparable to that of representative source
emissions. We also find a lack of evidence for the substantial production of
carbonaceous particulates from gaseous precursors in atmospheres characterized
by high ozone levéls. Unless we can find secondary reaction mechanisms (1) that
are not accompanied by ozone formation, (2) that are independent of location,
season, or meteorology, and (3) whose contribution to the total ambient aerosol
mass is linked to the primary particulate loading (in order to maintain a constant
composition fraction), the results obtained from our ambient sampling programs so
far indicate that primary particulates constitute a major fraction of the ambient

carbonaceous aerosol in the two California air basins we have studied.
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Optical Attenuation: A Measurement of the Absorbing Properties
of Aerosol Particles

YH. Rosen and T. Novakov

The optical attenuation technique (described in detail elsewhere in this
report) appears to be a direct measure of the absorbing component of aerosol
particles and is apparently insensitive to its scattering properties. This has
been demonstrated by noting that most of the mass of the aerosol responsible
for scattering can be removed by solvent extraction or heat treatment procedures
without appreciably affecting the optical attenuation measurement}' It has also
been shown that addition of fhe order of one monolayer of nonabsorbing particles
to the filter substrate does not give an appreciable optical attenuation. From
a theoretical point of view, these results are not obvious, since it is unclear
why the backscattered radiation from nonabsorbing particles should not make a
significant contribution to the optical attenuation measurement. This is espe-
cially true where the absorbing component represents only a small fraction
of the aerosol mass. In this paper we will present a simple theoretical model
which accounts for all these obsefvations and points out the critical role of the
filter substrate as an almost perfect diffuse reflector in the technique. Similar
considerations may also apply to the opal glass-method used by Weiss et al.?

For this model calculation, we will assume that the particles and the filter
media can be treated independently and consider the geometry shown in Fig. 1. A
similar treatment, where the light beam is first incident on the particles, gives
identical results. After the light beam passes through the filter medium, it is

incident on the particles with an intensity, I The particles forward scatter

a fraction of the incident light, backward scagter'a fraction, and absorb a
fraction. These components in the low loading limit are respectively given by
ngoplg, ngoplp, and npoplg, where ng is the number of scattering aerosol particles
per unit area, np is the number of absorbing aerosols per unit area, of is the
forward scattering cross section, op is the backward scattering cross section, and
op is the absorption cross section.

Since the optical attenuation technique only measures the forward scattering
light, it would seem as if the backscattered light would be lost to the system
and would contribute to the attenuation. However, the filter, in our method, is

almost a perfect reflector. Under these circumstances, the backscattered light
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will be reflected in the forward direction and will again be incident on the

particles. This process will continue until almost all the backscattered radia-
tion is collected by the optics and therefore does not contribute to the optical
attenuation. This result can be put in mathematical form, where I is the light

detected by the collection optics and R, is the reflectivity of the substrate,.

F
I= Io(l-nsob-nAoA) + IO(l--nscB--nAoA)nsoBRF - (1)
2 2.2 n_n,n
+ Io(l--nsoB--nAgA)nS o RF + ... 10(1--nsoB -nAcA)nSUB RF
_ (1 —nSoB-nAoA)
0 (- nsoBRF)
Consider several limits. Where RF = 0, which normally would be considered an

ideal substrate, Equ. (1) reduces to

I= IO(l-nsoB-nAcA)

Under these conditions the backscattered radiation will contribute significantly
to the optical attenuation and make the technique unsuitable for exclusively-
measuring the absorbing properties of the aerosol. In our method, however,

Rp =1 and Equ. (1) becomes

n,o
. ATA

L= IO(1 "1-no )
: s B

Or the optical attenuation in the low loading limit is

From this expression it is clear that a nonabsorbing aerosol will make no contri-
bution to the optical attenuation; this is consistent with our experimental
results. The magnitude of the optical attenuation is somewhat dependent on the
scattering properties of the aerosol; however, in the low loading limit, this
effect is small. For example, if the substrate has 50% coverage, and if the
scattering cross section of the particles, S is twice the particle area, then
no_ = 1. If ¢  is about 20% of o (the maximum value measured by Charlson and

B
his coworkersS), then

1 - n.op = .8
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so thaf-even for this rather high loading, the error in the absofption measure-
ment due to scattering of the aerosol is only about 20%. This treatment is only
approximate since it assumes that the scattering properties of the particles are
not affected by the filter substrate and neglects the penetration of the particles
into the substrate. Future analysis will try to evaluate the significance of

these effects.
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Identification of the Optically Absorbing Component in Urban Aerosols*

H. Rosen, A.D:A. Hansen, L. Gundel, and T. Novakov

Aerosol particles may play a significant role in mddifying the local and
global climate; therefore it is'important to study the optical properties of
these suspended particulates. The overall effect of aerosol particles in heating
or cooling the‘earth's surface depends critically on the relative magnitude of
their scattering and ébéorption coefficients.lf2 In the past the effects of
aerosols were thought to be due almost entirely to their scattering properties,
but more recently it has'been realized that the absorptivity of these particles
is large. Therefore much more attention has beén given to the imaginary index
of refraction in heat balance caléulations as well as in visibility dégradation;s’4
To model the effects of fossil fuel combustion on climate'and-visibility, it
is important to establiéh_the'naturé of these absorbing species.,_We will describe
the application of Raman spectroscopy and an optical attenuation technique to
show that the high optical absorptivity of urban particulates and particles
produced directly from various combustion soufces is due to '"'graphitic'" carbon,
one component of combustion-produced soot, which also contains a complex mixture
of organics. A _ _ ‘

Raman Spectroscopy'is a highly selective method of analysis, which was not
applied until recently to the characterization of air pollution particulates.5—7
The technique can often be used to make unambiguous identifications since dif-
ferent chemical species have characteristic vibrational modes and therefore
characteristic Raman spectra. The Raman spectroscopy apparatus uses a Coherent
Radiation argon ion laser producing 1 W of power at 514 nm. The laser beam is
focused by a 75-mm focal 1ength cylindrical lens to a spot .06 mm x 22 mm on the
sample surface via a small mirror, and the backscattered radiation is collected
and imaged by an f/1 lens onto the slit of a 1-m Jarrell Ashe double monochromator
equipped with two 1180-grooves/mm gratings blazed at 5000 A. The output of the
spectrometer is detected by an FW130 photomultiplief cooled to -20°C and used
in a photon-countihg mode. The pulses, after appropriate shaping, are counted
and displayed on a multichannel analyzer. A computer-controlled grating drive
made by RKB, Inc., allows a given spectral region to be scanned many times and
added.to the memory of the multichannel analyzer, greatly improving the ‘

signal-to-noise ratio. In order to minimize heating effects, the highly absorbing
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samples used in these ekperiments are rotated at 1800 rpm by a motor, which
increases the area illuminated by the laser beam by a large factor with almost
no loss in signal level. The focal spot of the laser is located approximately
5 mm below the axis of rotation so that the effective illuminated area is an
annulus of radius 5 mm and width 2 mm, resulting in the low power density of
| W/cmz.

The Raman spectra between 900 and 1950 em~1 of ambient; automobile exhaust,
~and diesel exhaust particulates are compared with the spectra of activated carbon
and polycrystalline graphite in Fig. 1. It is evident that the spectra of ‘
activated carbon, diesel exhaust, automobile exhaust, and the ambient sample
are very similar, with the positions of the two Raman modes coincident to
within #10 cm~l, the estimated experimental error. The ambient sample was
collected as part of the RAPS program in St: Louis, Missouri; however, the
same Raman modes are also evident in every urban sample studied, including
samples collected in Buffalo, New York, and Berkeley, Fremont, and Anaheim,
California. Koenig et al.8 have studied the Raman spectrum of activated carbon
and have identified the modeé near 1600 cm™! and 1350 cm-1 as being due to
phonons propagating within "graphitic'" planes. The close correspondence of
the spectra in Fig. 1 indicates the presence of physical structures similar to
activated carbon in both source and ambient samples. These graphitic species
are formed directly in combustion, and throughout the text we shall use the
term "'graphitic' soot to.describe them. '

Urban and combustion source particulates collected on various filter
media have a grey or black appearance. The "graphitic" species identified by
‘Raman spectroscopy are the most likely cause of this celoration. To test this
hypothesis, we have developed an optical attenuation technique to quantitatively
measure various properties of the absorbing species. The optical attenuation
apparatus compared the transmission of a 633-nm He-Ne laser beam through a
loaded filter relative to that of a blank filter (Fig. 2). The loaded filters
are placed in the beam with the loaded side towards the laser; after multiplé
scattering through the filter substrate, the light is collected by an f/1 lens
and focuéed on a photomultiplier tube. The data presented in this paper were

obtained from particles collected on Millipore or quartz fiber substrates, but
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the optical attenuation measurement can be made with a wide variety of filter
media. This technique is based on a principle similar to that of the opal glass
method used by Weiss et al.? and measures the absorbing rather than the scattering
properties of the aerosol (see fheoretical discussion in '"Optical Attenuation: A
Measurement of the Absorbing Properties of Aerosol Particles,'" this report).

Using this apparatus we have studied the temperature stability and solubility
of the absorbing species in ambient and source particulate samples. Our results
show that these species have high temperature stability with only minimal oxida-
tion up to 400°C? and are essentially insoluble in a wide variety of solvents
(see Fig. 3).4’9 We have also shown, using a spectrophotometer, that to within
20% over the visible spectral region, the optical attenuation has a 1/X wavelength
dependence characteristic of a constant imaginary index of refraction.?s?

All these results strongly suggest that the absorbing species in urban and
source particulate samples is ''graphitic' soot. A direct substantiation of this
hypothesis is provided by comparing fhe integrated iﬁtensity of the 1600 cm_l
Raman mode with the optical attenuation of the same filter sample. These measure-
ments have been done on acétylene soot samples, which were essentially pufe carbon
with only trace amounts of metallic impurities; highway tunnel samples; and
ambient samples collected in Berkeley and Fremont in the San Francisco air basin
and Anaheim in the Los Angeles air basin. - The resultsAshown'in'Fig. 4 indicate
‘that within experimental error there is a direct correspondence between the
optical attenuation and the Raman intensity or 'graphitic" soot content for all
samples studied, despite widely different chemical compositions (e.g., for a .
given optical attenuation, the Pb and Fe concentrations vary by more than a factof
or 100). The only reasonable explanation is that the optical attenuation is due
to the "graphitic'" soot content of the collected particulates.

In summary, we have shown that the species responsible for the high optical
absorptivity of pérticulate samples has high temperature stability in air, is
insoluble in a variety of solvents, and absorbs uniformly throughout the visible
region. We have also demonstrated that the amount of the absorbing species is
directly proportional to the ''graphitic" soot content as defined by Raman spec-
troscopy. All these results taken together indicate that the high optical absorp-
tivity of ambient samples collected in urban environments and various source
particulate samples is due to the "graphitic' component of the aerosol. The
effects of these species on physical and chemical processeslo’11 in the atmosphere

require further investigation.
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Characterization of Source and Ambient Particulate Samples by Solvent Extraction

L.A. Gundel, G.E. Mason, and T. Novakov

Since polar organic extracts of ambient particulates have been shown to be
direct-acting mu‘cagens,l'6 it is important to understand the chemical and physical
processes which lead to the association of oxidized organic compounds with ambient
particulates. Considerable effort has been directed toward demonstrating that
photochemical reactions can account for the formation of aerosol-phase polar organ-

7 and that polar compounds in ambient

8,9

ics from gas-phase reactive hydrocarbons,
particulates result from such photochemical processes. . It has been postulatedS’9
that concentrations of polar compounds as carbon correlate with indicators of
photochemical activity such as ozone concentration, whereas concentrations of
nonpolar compounds as carbon and elemental carbon do not correlate with ozone
concentration. If substantial concentrations of polar compounds are associated
with ambient particulates collected during nonphotochemical atmospheric conditions,
alternative mechanisms for generation of polér aerosol particulates must exist.

In this project we are attempting to answer the following questions:

1. How does particulate matter collected under nonphotochemical conditions
(Berkeley, winter) compare with particulate matter collected in the Los Angeles
Basin during photochemical episodes when characterized by solvent extraction?

Of particular interest here is the ratio of polar to nonpolar carbon (''secondary"
to ”primary”)fdr each condition. _ '

2. How do ambient particulates compare With particulate material collected
from various combustion sources, when characterized by the same solvent extraction
technique?

3. What processes may contribute to .the transformation of combustion-generated
particulates to account for the difference in polarity between carbonaceous
compounds associated with combustion sources and ambient particulates?

4. Does solvent extraction with carbon determination of the extracts allow
recovery of all the carbon removed during extraction? This may affect conclusions

based on previous work, 2~ 11

Analytical Strategy and Experimental Details

The solvent extraction method was chosen to allow direct comparison with

results available from studies of particulates collected in the Los Angeles

Basin.g-11 The analytical strategy previously applied to samples obtained in
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the Los Angeles Basin® 11

is based on several assumptions. First, benzene exfraé-
tion followed by extraction with the methanol-chloroform mixture removes all
'organic material from the filter, leaving "elemental' carbon. The next assumption
is that cyclohexane removes only 'primary'" or source-related organics from the
particulate sample. This assumption is based on early work9 which showed no cor-
relation between cyclohexane-extractable carbon and ozone level for samples col-
lected during a photochemical episode; whereas the difference between total
extracted carbon and cyclohexane-extracted carbon showed a positive correlation
with ozone level. The difference has been attributed to polar compounds origina-
ting in photochemical reactions, which are "secondary'" transformations of less
polar primary gaseous compounds. In a Los Angeles episode (July, 1975), "primary,"
"secondary,'" and "elemental' carbon fractions all correlated positively with ozone
level.10,11  Another assumption of the "primary”/”secondary"/”elemental” carbon
breakdown is that all carbon removed by solvent extraction is recovered in the
extract. Our results prove that this is not so.

Samples were collected on prefired (800°C) quartz filters using a high volume
sampler at 40 SCFM. Sampling time for ambient samples was typically 24 hr. For
sources the sampling time varied with the output of the source; for example,
Caldecott Tunnel samples gave loadings of 40 ug C cm‘2 in about 20 min. Filter
samples were stored at -5°C in aluminum foil and plastic bags. The Soxhlet extrac-
tion procedure was identical in most respects to that used by B.R. Appel ef 31.10,11
Using spectroquality solvents, one quarter of each filter was extracted in »
cyclohexane, while a different quarter was extracted in benzene for 6 hr followed
by a methanol-chloroform (1:2 vv) mixture the next day. The three extracts were
concentrated to 10 ml and 1 ml of each was allowed to evaporate to dryness before
carbon determination by combustion. Carbon was also measured for portions of the
filter at all stages of extraction. This is an addition to the analytical stra-
tegy,10 which permits comparison of the carbon content of each extract with the

carbon lost by the filter during extraction.

Comparison of Berkeley and New York City Particulates with Los Angeles Particulates

The application of this solvent extraction method to ambient particulates col-

<

lected in Berkeley and New York City allows a comparison with ambient particulates
collected during a photochemical smog episode in the Los Angeles basinlo’ll aﬁd
with combustioh sources. We have adopted the formalism used by those workers to
differentiate between source-related carbon ("primary') and particulate carbon

formed by photochemical processes (''secondary'). In this formalism
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total soluble C = benzene-soluble C + methanol-chloroform-soluble C =
total organic C

“primary'" C = cyclohexane-soluble C = nonpolar C

""'secondary' C = total soluble C - "primary'" C = polar C

"elemental' C total C - total soluble C = graphitic C

Figure 1 presents the results obtained by carbon measurements of the evapora-
ed extracts and the extracted ambient filters. Similar data
are also presented for typical particulate sources, representing vehicle traffic
in a highway tunnel, traffic in é parking garage, diesel passenger buses, and a
natural gas boiler. _ | .

Several observations can be made from the data shown in Fig. 1. The major
finding is that particulate matter in Berkeley, collected during low ozone con-
ditions, appears to contain appreciable amounts of ”sécondary” or polar carbon.
The "primary,”A”secondary,”‘and "elemental' breakdown is very similar to that

lofll Roughly half the total carbon in Berkeley particu-

reported for Los Angeles.
late samples is recovered in successive solvent extraction with benzene and the
methanol-chloroform mixture, with about one-seventh of the total carbon recover-
able in cycloﬁexane. The ratio of "secondary'" to 'primary" to "elemental"

(S:P:E) for.the Los'Angeles samples is 40:17:43; that ratio is 38:13:49 for
Berkeley particulates, averaged for winter and summer. There is no significant
difference between winter and summer Berkeley samples (see Fig. 2). HoWever,
there appears to be slightly less ''primary' carbon, and slightly less recoverable
soluble carbon in Berkeley samples, compared with the Los Angeles samples.
Winter particﬁlates inNew York show a pattern similar to that in Berkeley and
‘Los Angeles, although theyappeér to contain less soluble carbon and more elemental

carbon than either Los Angeles or Berkeley particulates.

Comparison of Source with Ambient Particulates

Use of the formalism which has been applied to photochemical episodesg’10

shows that vehicle combustion sources produce particulates which contain more
"primary'" than ''secondary'" material (Fig. 1). The "primary" component is sig-
nificantly larger for vehicle sources than Berkeley ambient samples (17-32%
compared with 13%). The sources we measured contain 11-19% "secondary' C compared
with average Berkeley ambient samples, where ”secondary”FC is 38%. Highway

tunnel traffic and traffic in a parking garage-produée similar particulates when
characterized by solvent extraction, with S:P:E ratios of 16:32:52 and 18:23:58

respectively. Diesel buses produce a smaller fraction of recoverable soluble
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CARBON MEASURED BY COMBUSTION OF EVAPORATED EXTRACTS
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Figure 1. Characterization of particulate matter by selective solvent
extraction and carbon determination. Results expressed as percentage of
total-original carbon. As applied to any filter sample, the formalism
is SEC = "secondary'" = polar carbon; PRI = '"primary" = nonpolar carbon;
ELEM = '"elementary" = insoluble carbon.
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Figure 2. Variation of "primary" (nonpolar) and '"'secondary"
. (polar) carbon during one year (1977-1978) for ambient

particulates collected in Berkeley, California.

a) Carbon

measured by combustion of evaporated extracts; b) carbon
measured by combustion of extracted filters.



i
K
v
%3

~
N

~ LBL-8696

organic material than the tunnel or garage, as do samples collected from a natural

gas boiler exhaust.11

Although our results may be affected by the difficulties
associated with source sampling, they indicate that ambient samples contain more
""secondary" or polar carbon than source samples, and that vehicle traffic and
ambient particulates may contain a similar fraction of total soluble carbon. We
have demonstrated that ambient particulate carbon collected under nonphotochemical
conditions is similar to the particulate carbon collected during a photochemical

episode, but both differ from sources when characterized by solvent extraction.

Comparison of Carbon in Extracts to Carbon Lost by Filters During Extraction

The results presented so far have been based on measurement of the carbon con-
tent of the evaporated extracts. The amount of carbon recovered in the extracts
can be compared with the amount lost by the filter samples during extraction,
since the carbon content of the filters can be measured directly by combustion.
This provides another method with which to characterize ambient and source parti-
culates. The lower part of Fig. 1 contains these results. Again, a clear differ-
ence can be seen between ambient and source'samples. Compared with ambient parti-
culates, sources show much larger fractions of carbon lost by treatment of the
filter with cycloheXane (""primary" carbon), whereas ambient particulates show
more loss of polar carbon ("secondary' carbon). Significantly less carbon remains
on the filter after extraction ('elementary' carbon) than predicted by combustion
of the evaporated extracts, for both source and ambient particulates. Amounts of
carbon remaining after extraction with benzene and methanol-chloroform ('"elemen-
tary'" carbon), appear to be similar for ambient particulates and particulates
collected from a highway tunnel and parking garage.

""Secondary"' :"'primary":'""elemental' ratios are different when determined by
these two methods. For example, Berkeley particulates give 38:13:49 by combustion
of evaporated extracts and 35:25:40 by combustion of extracted filters. The major
difference is that less carbon is recovered in the cyclohexane extract than is
lost by the filter during the extraction. Table 1 shows the ratio of carbon
measured by evaporation of extracts to carbon lost by the extracted filters for
Berkeley ambient samples and for several sources. For cyclohexane and benzene,
evaporation of extracts recovers 60-70% of the carbon lost by the extracted filter.
Methanol-chloroform extraction yields more carbon than has been lost by the '
filter, and this is not due to blank problems. The nonpolar extracts appear to
lose volatile carbon, as is expected for adsorbed low boiling hydrocarbons.

Since losses in the actual evaporation of the 1-ml aliquot have been shown to be
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minimal,10 volatilization is probably occurring during the extraction, since the
boiling points of both cyclohexane and benzene are higher than those of many ali- -
phatic hydrocarbons likely to be present as adsorbed species. The most extreme
case of this loss of volatile material occurs with diesel particulates, where
only 18% of the carbon lost by the filter during cyclohexane extraction is present
in the evaporated extract. The gain of carbon in the extract during methanol -
chloroform extraction may be due to reaction of methanol with reactive polar com-
pounds such as carboxylic acids and alcohols, so that esters and ethers are

formed which contain one more carbon atom per molecule than the parent compounds.
The gain in carbon during methanol-chloroform extraction may not completely
offset the loss during benzene extraction, so that the total recoverable extracted
carbon is underestimated. '"Elemental' carbon, the difference between original

and extracted carbon, is therefore overestimated by this method; for ambient
Berkeley samples, this overestimate is close to one-third of the carbon remaining

on the filter.

Table 1. Ratio of carbon content of evaporated extracts to carbon content of
extracted filters. Effect on secondary to primary (S/P) ratios.

Number
_ S/P S/p of
Cx Bz MC Elem extract filter samples
Ambient Particulate
Los Angeles a - ' — — , 2.3 —_ 12
Berkeley 0.52+£.16 0.69+.15  1.10+.39 1.28%.24 3.0 1.6 16
New York 0.42+.14 0.65%£.02 1.09+.23 1.16*.06 2.8 0.87 2
Combustion Sources
Caldecott =
Tunnel 0.63+.14 0.74+,14 1.56x.46 1.25+.24 0.52 0.17 6
Parking garage 0.56+.14 0.67+.03 1.50%.20 1.24%.02 0.83.  0.27 3
0.67 0.07 2

Diesel bus 0.18+.11 0.24+.07 2.68+%.47 322

aNot available.

Direct measurement of carbon removed by ¢ombustion of extracted filters appears
to be more accurate than measurement of carbon in evaporated extracts. The latter
measurement suffers frdm'loss of volatile material and reaction of the sample with
solvent, but these processes do not affect the carbon remaining on the filter.
Another possible problem with the extracts is contamination, causing addition of
carbon frbm solvents, glassware, and transfer operations, although these errors

have been included in the blank corrections.
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Solubility of HeaVy Elements and the Queéstion of Particle Loss During Extraction

A possible problem with direct measurement of carbon on the filters is physical
loss of particles during solvent extraction, as small fiber particles can sometimes

10,11

be observed in the methanol-chloroform extracts. We have attempted to assess

this problem by following the concentrations of éelected heavy elements by XRF
analysis of several sections of a tunnel filter after each step of the extraction.
For this sample the average carbon fraction lost was 0.53; lead, 0.44; Br, 0.97.
However, only small fractions of Cr (0.06), Cu (0.00), and Fe (0.11) were removed.
C, Pb, and Br appear to be reméved by solubilization, but the low losses of Cr,

Cu, and Fe indicate that particle loss during extraction is small, certainly < 10%.
These findings on the high solubility of lead and bromine are consistent with the

results of other workers on the occurrence of lead in polar extracts of ambient
5

< 1)

particulates. We find that losses of Pb and Br in benzene alone are = 5% in

this experiment; losses of the other metals are even smaller. Our results are

12 or PbBrCl‘NH4C112 in methanol -accom-

consistent with the dissolution of PbBrC(Cl
panied by no more than 10% physical particle loss during extraction. Thus,
solubility characterization of particulates by measurement of carbon loss from

extracted filters is possible.

Adsorption of Volatile Organic Species onto Quértz Filters During Hi-Vol Sampling

With this understanding of the limits of the extraction and carbon measurement
techniques, it is possible to use them to address a sampling problem. The high
efficiency of quartz fibér filters for particle collection has long been estab-
lished. Another concern is the extent to which organic vapors may be adsorbed
onto the filter itself or onto atmospheric soot during collection, so that soluble
carbon measurements do not reflect ambient particulate composition but may include
samplihg artifacts. To explore thé filter gas pickup problem, we collected
ambient particulates for 24 hours in Berkeley using two filters in series, with
all other hi-vol operations as normal. The downstream filter showed carbon loading
equivalent to 11% of the upstream, particle-loaded filter. The top filter showed
a typical ambient S:P:E distribution, but benzene.removed all the carbon from the
lower filter, and roughly 70% was recovered in the extract. Cyclohexane removed
v 70% of the carboﬁ with only 3% recovery in the extract. This result implies
that hydfocarbons are being trapped on the clean filter to a small extent. The
source could be ambient air or outgassing from the particulate material on the

upper filter. The volatilization of the lower filter cyclohexane extract is very
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similar to the behavior of ambient cyclohexane extracts, suggesting that part

of the cyclohexane-soluble carbon may be due to a sampling artifact.

Conversion of "Primary" to "Secondary" Carbon Under Nonphotochemical Conditions

The results presented so far have shown that ambient particulates contain more
polar ('"secondary'") and less nonpolar ("primary') carbon than source particulates.
The ratio of '"secondary'" (S) to '"primary'" (P) carbon for ambient and source parti-
culates is given in Table 1. For carbon measured in evaporated extracts, ambient
samples give S/P close to 3.0, while vehicle combustion sources have S/P < 0.85.
For carbon measured by combustion of extracted filters, S/P ratios .follow the same
pattern. Coupled with these source-ambient differences is the fact that S/P
ratios for ambient particulates do not depend on the ozone concentration, implying
that the highly polar character of organic compounds associated with particulates
is not related to the presence of a photochemically reactive atmosphere. These
observations lead us to suggest several possible explanations:

1. Oxidation of reactive hydrocarbons and other organic compounds in homo-
geneous or heterogeneous reactions, such as oxidation of adsorbed compounds
while they are associated with soot, in mechanisms which appear to be unrelated
to the photochemical activity of the atmosphere as indicated by the ozone concen-
tration.

2. Replacement of nonpolar compounds adsorbed on soot by polar compounds
which are less volatile during dilution of combustion effluent into the atmosphere
or during the residence time of combustion-generated particles in the ambient air.

3. Additibn of polar aerosol compounds into the atmosphere from naturdl
sources, such as marine air or fog,13 in high enough concentration to dilute
anthropogenic source particulates. »

4. Direct emission of polar compounds such as plasticizers into the atmos-
phere,14 followed by adsorption onto soot.

5. Replacement of nonpolar compoundé adsorbed on soot or on the filter
fibers by polar compounds (sampling artif_act).15
6. Reaction of atmospheric oxidant gases with compounds adéorbed on soot

or filter fibers during sampling (sampling artifact).16

We have initiated experiments to transform combustion particulates into their
more polar ambient counterpart so that we can deduce some of the contributing
processes. Preliminary results indicate that hi-vol sampling does not lead to
substantial replacement of nonpolar by polar compopnds, nor do ambient gases

oxidize a large fraction of adsorbed nonpolar compounds during sampling. So far
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we have no data concerning the possibility of dilution effects or soot-catalyzed

oxidation of reactive hydrocarbons.

Summary and Conclusions

Particulates collected under nonphotochemical conditions (Berkeley and New
York City) appear very similar to particulates collected during a photochemical
episode in the Los Angeles Basin when characterized by solvent extraction. There
appears to be no substantial seasonal variation in S:P:E ratios for Berkeley
samples. '"Secondary'" to "primary' (polar to nonpolar) ratios based on extracts
are close to 3 for all ambient particulates but less than 1 for source particulates.

We suggest that the significant differenées between ambient and source samples
may be due to chemical and physical transformation processes which do not require
a photochemically active atmosphere.

We have also found that a substantial amount (30-40%) of nonpolar carbonaceous
material associated with source and ambient particulates is lost by evaporation
“ during extraction with cyclohexane and benzene, implying that earlier measuré-
mentsg_11 of total mass or carbon content of these extracts do not reflect the

total amount of material extracted.
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Characterization of Particulate Amines

L.A. Gundel, S.-G. Chang, M. Clemenson, S.S. Markowitz, and T. Novakov

Introduction

In addition to nitrate and ammonium species,1 a large fraction of the nitrogen
associated with ambient particulate matter occurs in two or more chemically re-
duced forms.? These reduced spécies, N , have been tentatively identified? as
amine, amide, and possibly nitrile species by means of X-ray photoelectron spec-
troscopy (ESCA or XPS). For simplicity and in the absence of a more rigorous term,
wé shall refer to these reduced species as particulatevaminesAor Ny. Ny species
occur in combustion-generated and ambient particulates, and species with similar
ESCA spectra and thermal behavior in vacuum can be produced by reaction of soot
or graphite with NHS.3

Both ESCA and traditional analytical methods have helped characterize particu-
late nitrogen, but their results for NH}, Ny, and NO% do not agree.4 Whereas
ESCA samples are subject to volatility losses in high vacuum, especially forvNog,
wet methods may modify .the chemical composition‘of the samples by reactions such
as hydrolysis, so that the technique affects the results. To reconcile the
existing information and to further characterize particulate amines, we have used

5,6

a new nondestructive nitrogen determination, proton activation analysis (PAA),

in conjunction with ESCA for ambient particulate samples, before and after

4

solvent extraction. ESCA has also been used for the characterization of evapor-

ated solvent extracts.:

Chemical Characterization of Particulate Nitrogen

ESCA has proved to be a very useful tool in identifying the variety of
nitrogen species associated with ambient particulates, and its use has been
extensively reviewed.7—9 The folloWing observations about ambient particulate
nitrogen are based on ESCA measurements on silver filter samples from several
locatidns (Los Angeles, St. Lbuis, and Berkeley); the experimental evidence has

4,7-9 and will not be repeated here.

been presented eéflier
1. Besides the expected salts — ammonium sulfate [(NH4)ZSO4] and ammonium
nitrate (NH,NOz) — which are relatively stable in vacuum, a more volatile ammonium
species, probably ammonium chloride (NH4C1) ot adsorbed NHS, is often associated
with ambient particulate matter. ‘
2. Particulate amines (NX) typically account for up to half of the total

nitrogen as determined by ESCA.
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3. Nitrate nitrogen is typically much less abundant than ammonium nitrogen.
The nitrate species are more volatile in vacuum than NH4N03, indicating that
adsorbed nitric acid may be present. Wet methods tend to find much more (3-5x)
nitrate than ESCA.4 Besides the volatility of HNOB, artifact nitrate on glass
fiber filterslocan account for some of this difference.

4. ESCA determination of total reduced nitrogen (NHZ“+ NX) agrees with
determination of NHZ by wet methods.4 Since N, is often more abundant than NHZ
in ambient samples, there is a serious discrepancy which is consistent with the
conversién of Ny to NHZ dufing the analytical procedure1 to determine NHZ.

5. Based on studies of winter aerosol samples from Berkeley, California,
ESCA inventories hitrogen aé 25% nitrate, 25% ammonium, and 50% N,. Indirect
evidencel3 supports the existence of Nyx by showing that nitrate and ammonium‘cannot
account for all nitrogen associated with ambient particulates. The average.deficiency
is 25%. Other evidence for Ny comes from the detection of amidesl4 in ambient

particulates by high resolution mass spectrometry.

Solubility Behavior of Particuléte Nitrogen

A series of ambient particulate samples collected on silver filters during
autumn and winter in Berkeley, California, have been washed with water and
organic solvents. ~ PAA and ESCA analyses have been performed after each step.
Static extraction with distilled deionized water at room temperature for 2
hours removed a. large fraction of the original nitrogen, as shown in Table 1.
Further sequential- Soxhlet extraction with benzene followed by methanol and
chloroform (1:2 vv) removed only a small fraction of the remainder. Nitrogen
remaining on the filter accounts for between 2 and 25% of the initial nitrogen.
Water-washing of all winter 1977-78 samples (Table 2) changes the nitrogen-to-
carbon ratio from 0.32+0.26 to 0.040%0.020. For comparison we find that untreated
.vehicle exhaust collected in a highway tunnel has a nitrogen-to-carbon ratio
lower than untreated ambient particulates (0.046+0.010). The ESCA results in
Fig. 1 show the effect of water washing on one of the samples (Dec; 1977). The
other samples exhibit similar behavior except théy contain iess nitrate. The
nitrate peak occurs at binding energy close to 407 eV, NHZ close to 402 eV, and
Ny close to 400 eV. The reduced nitrogen peaks have been resolved into contribu-
tions from NHZ and N by'comparison with standards. The untreated particulate
material contains roughly equivalent amounts of ammonium, particulate amine, and
nitrate species, with total nitrogen equal to 5.0 ug m3, After water washing,
the remaining nitrogen is Ny. It can be seen from Table 1 that 4.8 ng m~3 of the

initial nitrogen has been removed by water extraction.
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XBL 783-405A
Figure 1. ESCA spectra in the nitrogen region for ambient parti-
culate material collected in December, 1977, in Berkgley,
California, Binding energy for nitrogen species: NOz, 407 eV;
NHg, 402 eV; Ny, 400 eV. Top: untreated particulate material.
Middle: Hp0-washed ambient particulate on Ag. Bottom: dried
H20 extract.
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Table 1. Solubility behavior of ambient particulate nitrogen. PAA results (ug/ms).

Haze Moderate
episode  Overcast ' haze Sunny
Date 5 Nov 76 9-12 Dec 77 30 Jan-1 Feb 78 19-23 Jan 78
Duration, hr 6 72 48 96
Total weight loading2@ 229b 71 49 22
Total N 8.9¢ 5.0 2.2 0.67
N after H20 washd,e 4.6 ©0.23 0.08t . 0.17
(0.52)  (0.05) (0.04) (0.25)
N after Hy0, Bz, MC wash® 0.89 0.22 0.05 0.17
(0.10) (0.04) (0.02) (0.25)
Total cP . 40.9 8.28 9.31 5.93
C after Hp0 wash®>1 na 4.26 3.97f 3.69
(0.51) (0.43) (0.62)
C after Hy0, Bz, MC wash na 0.83 na na
(0.10)

Net mass loading, except as noted.
TSP

Drop of 14% compared with measurement made 6 months earlier.

[w

Static extraction — 2 hours with deionized Hy0 at 20°C except as indicated.

Numbers in parentheses give the fraction of initial total nitrogen.

H o o 0

Static extraction — 2 hours with deionized HZO at 80°C.

ng'='benzene, MC = methanol +vchloroform (1:2 v:v),

hTotal C by combustion (LBL)}. Prefired quartz hi-vol filters were used for
collection.

INumbers in parentheses give the fraction of initial carbon.

The chemical speciation of the evaporated extract may be expected to reflect
_the initial speciation; however, as seen from Fig. 1, the extract contains much
less Ny than NHZ and shows a higher NO%—to-NHZ ratio. These findings suggest
two interpretations. First, assuming that all nitrogen removed in water washing
appears in the dried extract, Ny present in the untreated extract has been con-
verted to NHZ during the extraction procedure or during evaporation. Hydrolysis
of amides would convert N, to NH4, and we shall discuss this further. The second
observation, that more nitrate appears in the extract than in the untreated sample,
implies that nitrate present in the untreated sample is quite volatile, and that
a substantial fraction of the original nitrate is lost in the ESCA spectrometer.
From the dependence of the nitrate peak intensity on X-ray and vacuum exposure
time (Fig. 2), we can estimate the original NO% intensity. It is important to
note that the nitrate associated with the ambient sample is more volatile in

vacuum than expected for a salt such as NH4N03. The water extraction has changed
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X-ray exposure time during ESCA., Top curve: dried extract. Lower
curve: untreated ambient particulate sample (December, 1977; Berkeley,
California},
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the chemical composition of the sample, so that conclusions based on methods
employing extraction may characterize the original particulate material

inaccurately.

Table 2, Effect of water washing on December 1977 ambient particulates.a’b

Extract- Hp0-washed

Ambient H20 extract® ambient ambient

NH; as N | 1.4 2.3 +0.9 0.0d
fraction 0.28 0.47 : 0.0
Ny as N A 0.7 -1.0 0.2
fraction T 0.34 0.14 1.0
NO as N 1.9¢ 1.8 -0.1 0.0
fraction 0.38 0.39 0.0
Total nitrogen (ug m'3) 5.0 4.8 -0.2 0.2

a9-12 December 1977 Berkeley . particulate on Ag filters (Table 1). Total
nitrogen in ug m >.
bSpec1at10n is based on integrated areas under curves shown in Fig. 1.
Total nitrogen is from PAA except for Hy0 extract. H,0 extract total
nitrogen is the difference between ambient total N before. and after
H20 washing.
Cvalues for N are based on the assumption that all N removed by H0
appears in the evaporated extract.
dESCA results in Fig. 1 may show a small amount of NH4
©The volatility correction is calculated from results presented in Fig. 2.

N, species can be hydrolyzed during Hy0 extraction and thus converted to
NHZ. The expected reaction, illustrated for particulate amides, is

Rtz + Hz0" ~ R-g-OH + NH, .

ESCA distinguishes amide (N,) from NHy; and, indeed, the ratio of Ny to NH; is
smaller ‘in the extract than in the ambient sample, as mentioned previously.

Amine salts would appear in the extract as N, In Table 2 we present nitrogen
speciation for the Berkeley sample from December, 1977, whose ESCA spectra were
shown in Fig. 1. Total nitrogen loadings derive from PAA and speciation from
ESCA, with volatility corrections for NO% in the untreated sample based on vacuum
behavior of nitrate in ESCA. We have assumed that all nitrogen removed from the
sample during water extraction is retained in the evaporated extract so that the
concentrations of dissolved species can be expressed in upg m~3. The fact that
NO, 8
provides a self-consistency check. We note that more NH, appears in the extract

concentrations for the untreated sample and the extract agree within 0.1 ug m-3

than was present on the untreated sample; less Ny appears in the extract than was
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present on the untreated sample. The Ny deficiency in the extract (1.0 ug m_s)
matches the sﬁrplus in NHZ (0.9 ug m'3). These results provide evidence which
is consistent with amide hydrolysis.

Removal of Ny by dissolution in water without hydrolysis can occur whén Ny
species are soluble stoichiometric compounds such as amines. Our results indicate
that abbut half the original Ny is removed by hydrolysis and the other half by
dissolution, as expected for a mixture of amine, amide, and nitrile functional
groups. Some of the species may be present as stoichiometric compounds and

others may occur as surface species.

Summary
Our principal results can be summarized as follows:

1. A large fraction of Ny (85%) originally present in ambient particulate
+ -

matter can be removed by water extraction (whereas NH4,and NO3 are completely

removed).
+

4 .
increases by approximately the same amount as the Nx concentration decreases.

2. Compared with the untredted sample, NH, concentration in the extract
We attribute this behavior to the hydrolysis of amide groups.

Extraction of particulate material with water may chemically change the
nitrogen species so that the chemical composition of the extract is not represen-
tative of the original samplé. Therefore, analyfical methods based on extraction
may give erroneous results. The conversion of particulate amides to NHZ during

. . + . . .
extraction may yield NH, concentrations which are too high.
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SO, Oxidation by Water Droplets Containing Combustion Nuclei

W.H. Benner, H. Rosen, and T. Novakov

Particulate sulfate composes a significant fraction of the total suspended
particulate matter in urban air and is thought to play an important role in visi-
bility reduction as well as being a health hazard. The relative importance of
currently known reaction mechanisms for SO, oxidation in the ambient atmosphere
has not been decided. Recently, increased attention has been directed to reaction
pathways involving liquid water. One reaction pathway which shows promiée is the
soot-catalyzed aqueous oxidation of SO;.

Evidence in our laboratory has shown that the oxidation of sulfurous acid
(which can be produced by hydrolysis of SO3) to SOZ by an aqueous suspension of
soot is fairly rapid.l Extrapolation of the sulfurous acid oxidation results to
the athosphere indicates that this reaction pathway may be an important source of
SOZ. In this paper, we report preliminary results of a laboratory study in _
which water droplets having soot nuclei were exposed to SOZIin a fog chamber. This
chamber study is thought to simulate a common tropospheric process — the condensa-
tion of water vapor onto nuclei to form fogs, plumes, and clouds in the pfesence
of SO». Preliminary results of our‘experiments indicate that fog droplets contain-

ing soot nuclei are a very effective system for the oxidation of SO, to SOj.

Experimental

A diagram of the experimental system is shown in Fig. 1. A flowstream of
combustion particles (soot particles) was humidified and subsequently cooled so
that water vapor condensed onto the particles. The resultant fog droplets were
drawn into a fog chamber and exposed to SOZ'

Soot particles from several types of sources were drawn through the system:

1. A propane diffusion flame (v 125 ml/min propane) was produced by plugging
the air holes in a Bernz-o-matic torch nozzle. Soot particles from this flame
were forced into a 5-m> polyethylene bag that had previously been inflated with
filtered room air. The particles were permitted to coagulate in the bag for
several houfs, after which.the bag was connected to the fog generator. For the
remaining sources, the soot particles were collected from an 8 cm diam x 40 cm |

high stainless steel chiﬁney into which the flames were introduced (Fig. 1).
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2. A propane diffusion flame was produced as in (1) above.

3. A natural gas diffusion flame was produced by covering the air holes in
a Fisher Bunsen burner and was introduced into the chimney.

4. A natural gas premixed (fuel and air mixed before burning) flame from a
Bunsen burner was introduced info the chimney.

Soot particles were optionally drawn through the fog generator or introduced
directly into the fog chamber. Fog was produced by introducing water vapor from
a flask of boiling water into a flowstream of particle-laden gases and subsequently
cooling the humidified gases in a glass wafer—cooled distillation condenser (Fig.
1). When combustion particles were withdrawn directly from the chimney, an addi-
tional metal-finned water-cooled condenser for cooling the combustion gases was
placed in the flowstream between the chimney and the humidifier. The resultant
fog droplets were ~ 10 um in diameter, as measured by sedimentation rates in thé
chamber. A mixture of 100 ppm SOz in N, could be introduced into the stream of
fog droplets by a rotameter and valve. The resultant mixture of gases and par-
ticles was drawn into the top of a 60 cm deep x 91 cm wide x 122 cm high.fog
chamber. The chamber was constructed from 1.9-cm thick plywood with one of the
91 cm x 122 cm sides constructed from 1.9-cm thick plexiglass. The inside
surface of the fog chamber was covered with a moisture-resistant paint.

Air samples were removed from the chamber through several closely spaced
sampling ports located near the floor of the chamber. Two in-line 2.5-cm diam
stainless steel filters were connected to one of the sampling ports by means of
a 1.9-cm diamefer brass pipe Y. The Y and filters were heated by an electrical
heating tape. Calibrated critical orifices were used to control the rate af
which chamber air was drawn through the filters. Normally, identical orifiées
were used with the two filters, and particleé from the chamber were collected
simultaneously on a prefired quartz fiber filter and a 1.2-um pore Millipore
- filter. The temperature of the air which passed through the filters was monitored
by a thermocouple located downstream from the critical orifices and the temperature
was maintained at 50°C to prevent iiquid water from being collected on the fiiters.
This precaution avoided the possibility of chemical reactions involving liquid
water taking place on the filter media.

An SO5-specific monitor (Thermal Electron Co.) was connected to the heated
manifold via a Teflon sampling tube. A dew-boint sensor (thermoelectrically
cooled mirror, General Eastern Corp.) was attached to a second sampling port.

Chamber temperature was measured by a thermocouple. Formation of particulate SOZ
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in the chamber was monitored by filter analysis and/or flame photometry. A
sulfur-specific flame photometric detector (FPD) (Model 285, Meloy Inst.) was
attached to a third sampling port on the fog chamber. The instrument was modified
slightly so that an air sample paésed through only 10 cm of 0.32-cm diam tubing
.before it entéred the FPD. A diffusion scrubber was optionally inserted in the
inlet line of the FPD. The use of an S0,/H,S diffusion scrubber (lead peroxide
as the adsorbate) has been described in the literature as a selective way to
remove sulfur gases from an air stream containing S$0,, HZS,'and particles;2 The
particles pass through the scrubber; if they contain sulfur, they are detected
by the FPD. The Meloy instrument suffers from CO, interference, i.e., if CO;
and SO, are present in an air sample, the CO, decreases the response to SO2. This
problem is particularly severe when the analyzer is used to measure sulfur in
combustion gases which are characteristically enriched in COz. A new type of
diffusion scrubber was designed to overcome the CO, interference problem. A
0.64 cm diam x 19 cm long tube was constructed from 100-mesh stainless steel
screening., This mesh tube was positioned axially inside a 1.7 cm x 19 cm long
glass tube and sealed to the glass tube with appropriate tube fittings. The
space between the mesh tube and the glass tube was filled with 8-20 mesh Ascarite
(Matheéon—Coleman and Bell Co.). The Ascarite diffusion scrubber was capable of
decreasing the CO2 concentration in room air froﬁ 330 ppm to < 0.5 ppm and
lowered the CO; concentration in the chamber gases to 22 ppm from a presumably
high value. The Ascarite scrubber was capable of removing 99%+ of SO, from an
air stream containing 5 ppm S0,. .This scrubber was also found to remove from: the
chamber sulfur-containing gases which were not removed by lead peroxide scrubbers.
By placing a 2.5-cm diam quartz fiber filter and the Ascarite scrubber in the
sampling line of the FPD, gaseous and particulate sulfur were removed from the
sample stream. The difference in FPD response with and without the filter in line
is assumed to be due to particulate sulfur. A pressure drop associated with the
filter was not responsible for this difference in FPD response because the same
difference was observed when a larger filter was used. The lower limit of detec-
tion for particulate sulfur was 0.2 ppb as S0, or 0.8 ug.SOZ/mS. It has also
been reported in the literature that the sensitivity of the FPD to particulate
‘sulfur is dependent on the sul fur species and the temperature of the FPD burner.2
- For example, at temperafures in excess of about 100°C, H»S04 is vaporized, and
as much as 90% of this vapor is lost by reaction with metal parts in the FPD and

escapes detection. Ammonium sulfate is not as easily vaporized, and the FPD shows
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a greater response to ammonium sulfate than to equal concentrations of H250,.
The sulfate concentrations as indicated by the FPD may be as low as 10% of the
actual concentration because of the'vapbrization problem since the sulfate species
is possibly H»SO4. This response factor must be kept in mind when extrapolating
the results of this work to the ambient atmosphere. Attempts are being made to
overcome the vaporization problem and to determine the sulfate species produced.
The extent to which the fog droplets filled the chamber was determined by
shining a 1-mW He-Ne laser beam through the plexiglass window to a mirror on the
opposite chamber wall. By siting along the reflected beam, crude measurements
of light scattered in the forward direction by the particles and droplets were
made. The beam was also . used to probe the.éxtent to which the fog filled other
parts of the chamber.
Particulate samples collected on prefired quartz fiber filters (baked at 800°C

for 12 hr) were analyzed for total combustion carbon. The CO, evolved from the

combusted sample was detected by gas chromatography. The total carbon per m> was

then calculated from the CO, value and the volume of air drawn through the filter.
Particulate samples collected on Millipore filters were analyzed by X-ray fluo-
rescence (XRF) in a few cases for elements having Z > 14, but were normally anal-
yzed only for sulfur.  Electron spectroscopy (ESCA) was used to show that the
sulfur was primarily sulfate. The light-absorbing properties of the filtered
particles was determined by directing a 1-mW He-Ne laser beam through a loaded
Millipore filter. By comparing the light transmitted by clean and loaded filters,
a percent transmission value was calculated. From the percent transmission the

optical attenuation, -100 1n I/I,, was calculated.>

To determiné if combustion nuclei were. encapsulated with liquid water, a small
impactor, designed from a 2.5-cm diam plastic in-line filter holder, was used to
collect fog droplets. A 22-gauge hypodermic needie was inserted through the
center of the inlet to the filter holder and sealed in place with epoxy cement.
The needle extended to within several mm of the grill, which normally supports
the filter in such a filter holder. A small circle of gummed label was stuck
onto the center of the grill and served as the impaction surface. By trial and
error, the velocity of air through the needle was adjusted so that fresh combus-
tion particles were not collected by this impactor and the fog droplets were
impacted. Examination of the impaction spots indicated that many droplets

contained black nuclei.
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Results and Discussion

Propane Soot Particles
‘ An initial series of chamber runs was conducted in which combustion particles
were drawn from the 5-m3 bag into the fog generator and chamber. Filter samples
of the particies were collected during these runs, but the FPD was not used.
Figures 2 and 3 show the results of this series of runs. The presence of added
SO0, and fog increased the [SQZ] in the chamber. An average of 5.6 ug SOZ/m3 was
observed in 18 soot-fog—SO2 runs in which the [SO,] was bétween 70 and 120 ppb.
In 8 background runs, i.e., soot and fog or soot alone, an average of 1.8 ug
SOZ/m3 was detected. Since the reaction time for the fog droplets was determined
by the 15-min setting time, these results indicate a rather fast oxidation of S02
in the droplets. . ,
Figure 2 shows that poor correlation (r2 = 0.25) was obtained for the regres-

sion of total particulate carbon versus particulate SOZ. Soot particles, by’
definition, are composed of several components such as graphitic crystallites
(source of black color) and various hydrocarbons. The amounts of either of theée
components varies with the type of soot, and it is therefore not surprising that
the production of SOZ was not well correlated with total particulate carbon.

A comparison of ug SOZ versus the optical attenuation of the particles is pre-
sented in Fig. 3. Evidence from our laboratory has shown that the optical attenua-
tion of filter deposits is proportional to the graphitic content of the particles.4
Figure 3 thus shows that a relationship exists between the graphitic content of
the particles and SOZ formation which agrees with the S0, oxidation mechanism
reported by Chang et al.; _ ) N o

An additional run was conducted in which propane diffusion flame particles
were introduced into the fog chamber via the chimney. The results of this run

are shown in Fig. 4 and are discussed later in this paper.

Natural Gas Soot Particles . ‘

In this series of experimental runs, the concentratibn of particulatevSOZ
was monitored by the FPD. Filter samﬁles of the particles were not collected. _
Figures 4 and 5 show the results of these runs. At t = 0 (Fig. 4), an equilibrium
concentration of combustion nuclei existéd in the chamber, and at this time the
influent stream of particles was diverted through the fog generator. SO, was
also introduced into the fog stream at this time. Initially, the fog droplets
evaporated rapidly in the chamber. As the RH in the chamber increased, the life-
time of the droplets also increased so that the chamber was filled with fog in

about 1-2 hr. At such a time, the chamber RH was ~ 100% and the droplets did not
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Figure 2. A plot of sulfate formed versus carbon loading for fog
droplets containing propane soot nuclei. The correlation coefficient
for the two parameters was r2 = 0.25.
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Figure 4. A plot of sulfate production versus mixing time in a chamber
for fog droplets containing various types of nuclei. At t = 0, fog
droplets and SO, were introduced into a chamber which had RH « 50% and
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evaporate before they settled to the bottom of the chamber. Reaction time in the
droplets was limited to evaporation time during the initial 1-2 hr period or to
settling time of the droplets (v 15 min) after chamber RH was ~ 100%. It is
obvious from the curves in Fig. 4 that SOZ was produced even when the'droplet
reaction time was shorter than 15 min.

In Fig. 5 the steady-state [SOZ] for the runs in Fig. 4 are plotted versus
the steady-state [SO,]. The linear regression line drawn through the diffusion
flame data points indicates a nearly linear dependence of [SOZ] on [SOé]. Previous
investigations in our laboratory have indicated that the oxidation mechanism for
80; in aqueous suspensions of soot is zero order with respect to SOZ.1 The
results reported here do not disprove the zero order mechanism since reaction
rates were not measured. If one assumes a zero order reaction mechanism, the data

reported here suggest that the oxidation of 802 in the droplet proceeds at a

. 3 v
may be fast enough so that all of the SO, in the droplet is oxidized in less than

faster rate than the oxidation of SO, in aqueous suspensions of soot. The rate
15 min (settling time of droplets). In the zero order mechanism, the same amount
of SOZ is produced after a fixed reaction time, for example, 15 min, regardless of
the initial [SOE]. If, however, the reaction rate in fog droplets is rapid enough
to oxidize all the SOE that was present initially, it would mistakenly appear that
the amount of SO, produced was related to the initial [SOE]. Investigation of
the rate of reaction and the reaction mechanism for the oxidation of SO, in a soot-
fog—SO2 system is part of future plans. |

In addition to the runs conducted with fog droplets containing natural gas
diffusion flame particles, single runs were conducted with natural gas premixed-
flame particles or propane diffusion flame particles. The results of these two
runs are presented in Figs. 4 and 5. The premixed natural gas combustion parti-
cles produced a smaller equilibrium [SOZ] than was expected for diffusion flame
particles in a similar [SO,]. This was presumably due to the fact that premixed
flames are less sooty than diffusion flamés.5 The composition of the nucleus of
a fog droplet appears to influence the oxidation of SO, in the experiments described
here. The experimental run in Fig. 4, which was conducted with propane diffusion
flame particles, supports the data in Figs. 2 and 3 and shows that soot particles,
whén encapsulated with liquid water, can oxidize SOZ‘ The experimental run with
propane particles is thought to have the highest ug C/m3 of all the runs in Fig.
4, judged by the density of the fog in the chamber. Thus the fact that the propane

particle curve (3.7 ppm SO,) rises above the natural gas diffusion particle curve
(4.1 ppm SO2) does not necessarily indicate that propane soot particles oxidize

S07 more effectively than natural gas soot particles.
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Evidence in our laboratory indicates that a‘large fraction of the particles
in urban atmospheies.are soot particles. These particles can act as sites for the
condensation of water, and the lifetime of these droplets appears to be long
enough to oxidize S0, to SOZ, even when the SO, concentration is low, i.e., several
tens of parts—per-biilion. VComparison of the relatively long reaction time pér-
missible in natural fogs to the 15-min reaction time in the fog chamber strongly
suggests that oxidation of SO; by soot particles encapsulated with liquid water
is an important tropdspheric reaction. |

The following conclusions were drawn from the data reported in this paperﬁ_

1. Soot can act as a nucleus for the condensation of water.

2. S0y is oxidized‘in the soot-fog-50, system to form SOZ.

3. The presence of liquid water and soot in the system is very importantl

4. The production of SOZ is poorly correlated with total particulate carbon, -
but more strongly correlated with the graphitic content of the particles.

5. Dense fogs could be produced with natural gas premixed'and diffusion
flame particles, but the fog containing the diffusion flame (sooty) particles
appeared to oxidize SO, more efficiently. |

6. The reaction appears to be rapid enough so that SO, oxidation in liquid

droplets appears to be important in the ambient air.
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Kinétics and Mechanism of the Reactions of NOx with SO2 in Aqueous Solutions

S.B. Oblath, S.S. Markowitz, T. Novakov, and S.-G. Chang

The oxides of nitrogen (NOx) and sulfur dioxide (S02) are common and abundant
air pbllutants The gas- phase interaction of NOy and SO; has been widely
studied!” 4, but so far the reaction between NOx and 802 after dissolution in
water droplets has been overlooked by atmospherlc chemists. It is important to
1nvest1gate the reaction in an aqueous med ium because such c1rcumstances occur
frequently in fogs, clouds, rain, plunmes, and the human resplratory system. In
addition, deliquescent and/or hygroscopic salts such as NH4HSO4, (NH4) 2S04, and
NaCl in atmospheric particulates can pick up liquid water at a low relative
humidity.> “ | A‘

We have reviewed thé litérétufe6;9,and found that many concurrent and consecu-
tive chemical feactions can ocgur as a result of the interaction between NOx and
SO2 in liquid water. The kinetics and mechanisms of these reaétions'have not
been well characterized. Nevertheless, it has béen demonstrated that the'products
of the reaction depend on the concentrations of reacténts, temperature, and
acidity of the solution. For example, sulfuric acid is peruéed and NOy is
regenerated in the well-known lead chamber process where the reaction is carried
out at very low pH and high concentrations of reactants. On the other hand,
species such as N20,.hydroxy1amine éulfdnates, amine sulfonates, and sulfuric
acid aré producéd,if the reaction. takes place in a slightly acidic or neutral
solution.

The purpose of this‘study is to determine the products, kinetics, and
- mechanisms of.feactions occurring in thevNOX—SOZ—HZO(Q) system under realistic
atmospheric conditions and to assess the impact of these reactions on air quality.
Preliminary results have indicated that the interaction of NOx and S0, in an
aqueous'medium could‘be a véry'important source of sulfate and N,O formation in
the atmosphere. _

Nitrous (III) and nitric (V) a01ds are produced in the aqueous phase after
nitrogen oxides are absorbed into liquid water, and sulfurous (IV) acid is formed if
S0, dissolves in water. The present study measured the reaction rate of nitrites
with bisulfites in the pH region between 3 and 7 at 20°C. A mixture of sodium
metabisulfite with sodium sulfite was used as the buffer solution for pH of 7,

while potassium biphthalate and sodium hydroxide were used for pH of 5.5 and 4.5.
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To study the dependence of the reaction rate on the nitrite and bisulfite concen-
trations, the initial concentrations of either nitrite or bisulfite were varied,
while all other parameters, such as pH and temperature, were held constant. These
kinetic experiments were carried out in an excess of bisulfite with respect to
nitrite to keep the S(+4) concentrations nearly constant at the inifial value
throughout the course of the reaction. The concentration of nitrite was monitored
spectrophotometrically during the course of the reaction using either a Beckman
DU (358 nm) or a Bausch and Lomb Spectronic 20 (356 nm). Because the rate of
disappearance of nitrite changes many orders of magnitude over the range of pH
studied, the initial concentrations of the reactants are adjusted for the selected
pH region. The typical initial conditions for pH = 7 were: nitrite, 0,01-0.02 M;
bisulfite, 0.10-0.30 M; and sulfite, 0.10-0.25 M. The initial conditions for pH
of 5.5 or 4.5 were: nitrite, 0.001-0.003 M; and bisulfite, 0.02-0.05 M.

.~ The results of the experiments for pH of 7, 5.5, and 4.5 are shown in Figs.

1-6. The linear relationship between the logarithm of the nitrite concentration

and the reaction time (Figs. 1, 3, and 5) indicates that the reaction rate is

first order with respect to the nitrite concentration in all three pH regions.

Thé bisulfite dependence on the reaction rate is illustrated by the logafithmic
plot of (d In [NO2])/dt vs. [HSOz] (Figs. 2, 4, and 6). The slope of the line

repreéents the reaction order of bisulfite, which is 2, 1.1, and 1 for pH of 7,
5.5, and 4.5 respectively. '

We have also carried out a series of experiments to study the overall stoi-
chiometry of the reaction at 20°C.. In these experiments, similar initial concen-
trations of bisulfite and nitrite were employed. The sulfite concentration was
determined by addition of excess iodine to quench the reaction and by back-titration
with thiosulfate. The nitrites were determined by visible spectrophotometry at
356 nm. The results are 2;5, 2.1, and 1.5 bisulfite per nitrite molecule reacted
at pH of 7, 4.5, and 3 respectively. ,

Further studies to determine the dependence of the reacéion rate on species
such as sulfate and sulfite are being investigated. The reaction rate was found
to be independent of the sulfate concentfation at a pH of 7. An increase in
sulfite concentration appears to slow down the rate of disappearance of nitrite.®
This may be due to a change in pH on addition of the sulfite.

These experimental results support the belief that there are several concurrent
processes involved. The following diagram illustrates those reaction processes

which have been indicated in the literature.6_9v
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Figure 1. Nitrite concentration as a function of reaction time for
various initial concentrations of nitrite for pH = 7. The initial
‘bisulfite concentration is 0.20 M.
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Figure 3. Nitrite concencentration as a function of reaction time for
various initial concentrations of nitrite for pH = 5.5. The initial
bisulfite concentrations are 0.030 M. ' '
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Figure 5. Nitrite concentration as a function of reaction time for
various initial concentrations of nitrite for pH = 4.5. The initial
bisulfite concentrations are 0.022 M. \
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Figure 6. A plot of the d ln[NOE]/dt versus bisulfite concentration
for pH = 4.5.
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HSO03 HSO3 HSO0z
HNO, -— HOzSNO = «=> (HO3S)2NOH —> (HO3S) 3N
Nitrous acid Nitrosulfonic acid Hydroxylamine Amine trisulfonic
. dlsulfonlc ac1d ac1d
_ : HNO2
NO + HSO,. H2N209 - (HO3S)NH0H + HSO - NH(HSO3), + SO
Hyponitrous Hydroxylamine Amine
acid monosulfonate disulfonate
lH* : HNO7 H* H*
. Y
N0 NHp0H + HSO, (NHp) (HSO3) + HSO4
Hydroxylamine Sulfamic acid
HNO 5 H+/// HNO,
Y

NO I, + HSO, N, T+ HSO

Nitrous acid and bisulfite react to form nitrosulfoenic acid, which then
continues along one or more of three reaction paths:

1. Further sulfonation to produce hydroxylamine disulfonate and amine tri-
sulfonate. These can hydrolyze to form sulfuric acid and reduced nitrogen species.

2. Hydrolysis to form sulfuric acid and hyponitrous acid. The latter decom-
poses to produce nitrous oxide.

3. Reaction with nitrous acid fovyield sulfuric acid and nitric oxide.

The extent to which these three different processes will contribute to the system
depends on the pH, temperature, and concentration of nitrite and bisulfite species.
It is believed that process 1 favors a neutral or miidly acidic solution; pro-
cesses 2 and 3 are expected to become increasingly important as the pH of the
solution decreases. '

Our experimental results appear to indicate that process 1 is the major
procesé even at a pH as low as 4.5. The contributions from processes 2 and 3
are observed at a pH of 3 under the conditions of this investigation.

Further experiments are currently being cafried-out to determine the effect
of the sulfite concentration and the pH on the reaction rate. The results of
these experiments will enable us to elucidate a mechanism which is consistent

with all the experimental data.
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Kinetics and Mechanism for the Catalytic Oxidation of S0Op

on Carbon in Aqueous Susperisions

R. Brodzinsky, S.-G. Chang, S.S. Markowitz, and T. Novakov

Introduction

Soot particles, in addition to being a major constituent of the ambient parti-

1-4 arve a catalyfically and surface chemically active material. For

culate burden,
example, Novakov et al.lﬁs have shown by photoelectron spectroscopy that SO, oxi-
dation to sulfate can be catalyzed by combustion-generated soot particles. They
reached the following conclusions: | ‘

1. Soot-catalyzed oxidation of SO,.is more efficient at a higher humidity.

2. The oxygen in air plays an important role in SO, oxidation.

3.. Soot-catalyzed oxidation exhibits a saturationveffect.

4. The saturation level of sulfate prodﬁced is probably related to such pro-
perties of soot particles as size, active surface area, and adsorbed surface
oxygen.

5. The sulfate produced on soot particles is water soluble and contributes to
the acidification of the solution.

6. S0, can be oxidized on other types of graphitic carbonaceous particles,
such as ground graphite particles and activated carbon.

Although these authors'have shown that the soot-catalyzed oxidation of SO; is
more efficient in prehumidified air rather than dry air, the specific role of water
was not made clear in their experiments. The effects of liQuid water are impor-
tant because it may condense on the soot particles in plumes, and soot particles
may encounter liquid water in their passage through fogs and clouds. Also, hygro-
scopic and deliquescent materials associated with soot particles may hold signifi-
cant amounts of liquid water, even at a comparatively low relative humidity.6

We have recently extended research on the role of soot particles as catalysts
for S0, oxidation by studying the effect of liquid water on the soot-catalyzed
reaction.’ In this paper, we present a reaction rate law and propose a reaction

mechanism for thecatalytic oxidation of S0, on soot particles in an aqueous sus-

pension.
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Experimental Methods and Results

The reaction was studied in systems containing various concentrations of sul-
furous acid and suspendéd carbonaceous parficles. The carbon concentrations used
in the suspensions ranged from 0.005% to 0.32% by weight, and the sulfurous acid
concentration ranged from 1.5 x 1074 M to 1.00 x‘10"3’M. vThe concentration of
sulfurous acid was monitored, using iodometric titrations during the course of the
reaction. The concentration of sulfuric acid was follbwed by the turbidimetric
method in selected runs. Soots produced by the combustion of acetyléne, natural
gas, and a diesel engine were collected by impinging the effluent into water.

They were found to be efficient catalysts.,

Figure 1 shows the typical reaction curves of the oxidation of H7S05 bywdis—
solved oxygen in aqueous suspensions of soot particles collected from acetylene
and natural gas flames. The reaction occurs in two steps.. The rate of the initial
disappearance of HyS0; is so fast that it could not be fdllowed by the analytical
~ technique used. The second process is charécterized by a much slower linear
reduction of H3S0z. The results obtained with these combustion-produced soots
were essentially reproduced (Fig. 2) by suspensions of similar concentrations of
a;tivatéd carbon8 (Nuchar-C190, a trademark of West Virginia Pulp and Paper Co.;
elemental composition shown in Table 1). Figure 2 also shows that there is a mass
balance between the sulfurous acid consumed and the sulfuric acid produced.  Since
it is difficult to reproducibly prepare soot suspensions, suspensions of Nuchar

were used as a model system.

Table 1. Elemental composition of Nuchar
C-190 (% by weight).

C 74.7 ., K 0.091 Ni 0.001
0 23.6 Al > 0,055 (1 < 0.001
H 0.9 = Ti 0.016 As 0.0004
N 0.1  Mn 0.013 Br 0.0004
Ca 0.221 Cr 0.002 Rb 0.0004
S > 0.166 Cu 0.002 ZIr 0.0004
Si > 0.111 Zn 0.002 Pb 0.0004
0.117 Sr 0.002 Ga 0.0001

Fe

BET surface area = 550 m2/g.
C,H,N: combustion; O: difference; other ele-
ments: X-ray fluorescence.

To investigate the reaction rate and mechanism, a series of experiments was

done with Nuchar as a model catélyst. We previously reported7 the effects of the



112

LBL-8696

< | .l T
Error '{‘
80F —
sol Natural gas soot 0.005%
= )
<
o
™ 40 =
O
wn
o
I _
Acetylene soot 0.15 %
20 -
0 i 1 | 1
0] 10 20 30 40 50
Time (min)
XBL77|02065A
Figure 1. H,S0z concentration as a function

natural gas soot suspensions.

of time for

acetylene and



113 “ LBL-8696

. T ‘ ] v | . 1
8 |- " 0.16% Nuchar —18
I Error | 1
— | s
£ 6 SULFITE R
c o
=3 S
N [ S—)
ES -
j SULFATE
2 2
I’ 1
Os— | 1 | | 0
0 0 20 30 20 50
Time (min)
XBL 782-219

Figure 2. H»SOz and HpS0, concentrations as a function of time for
activated carbon suspensions.
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concentrations of carbon and sulfurous acid on the rate of oxidation of sulfurous
acid. The amount of sulfurous acid oxidized, at a constant temperature, by>the
rapid first step process was found to be linearly proportional to the concentra-
tion of the carbon pafticles. A linear relationship was found between the half-
life of the second process and both the reciprocal of the carbon concentration and
the initial sulfurous acid concentration. This suggests a first order reaction
with respect to the carbon catalyst concentration and zéroth order with respect
to the sulfurous acid concentration under the conditions of the experiment
(Nuchar, between 0.005% and 0.32% by weight; sulfurous acid, between 1.5 x 1074
and 1073 M; pH, between 1.5 and 7.5). Figure 3 shows the reaction curve at dif-
fering dissolved oxygen concentrations. The rate of reaction with respect to

the concentration of dissolved oxygen was found to be a fractional order (0.69)
(Fig. 4).

To assess the dependence of the SO, oxidation reaction on pH, a known volume
of HyS04 or NH40H was mixed into the sulfurous acid solution before adding Nuchar.
This approach was used for low pH. High pH's were achieved using an NHjOH-
N32803 solution. The pH of the solution decreased during the course of the
reaction. The change in pH varied from 0.05 to 1.0 pH unit, depending on the
initial pH of the solution: the larger the initial pH, the larger the change.

The results, represented in Fig. 5, demonstrate that the reaction rate essentially
does mnot depend on the pH of the aqueous suspension under the conditions of this
investigation. This independence is very striking, as it differs from other
heterogeneous reactions involving liquid water, which are dependent on the pH

of the liquid water. The pH of these experiments — 1.45 to 7.5 — covers the
range of atmospheric pH.

The reaction is accelerated by temperature, as may be seen from the results
shown in Fig. 6. The activation energy is 11.7 kcal/mole between 5.5°C and 50°C
(Fig. 7). | |

In summary, the reaction occurs in two steps — an initial rapid oxidation fol-
lowed by a much slower one. The rate of the first process is too fast to follow.'
The reaction of the second process has the following characteristics:

1. The reaction rate is first order, zeroth order, and 0.69th order with
respect to the concentration of carbon, sulfurous acid, and dissolved oxygen
respectively.

2. The reaction rate is pH independent (between pH of 1.45 and 7.5).

3. The activation energy of the reaction is 11.7 kcal/mole.
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4. There is a mass balance between the consumption of sulfurous acid and

the production of sulfuric acid.

Discussion

Based on the experimental results, we propose the following reaction mechanism:

k

N 1 |
Ce * 03 () F* G0y W
k, .
Cy'0,(8) + Su 12 €,10,(2) 50 | (2)
X5 |
nyOZ(QJ-Su + Su k_3 CX'OZ(R)'ZSU _ o (3)
K | : | :
Cy0,(2)25u 4 C_ + 25u0 e | @)

where Cy = soot, 0,(2) = dissolved oxygén molecule, Su = sulfite species,.and
Su0 = sulfate species. ' o

Equation (1) indicates that dissolved oxygeﬁ is adsorbed 6n the soot particle
surface to form an activated complex. This adsorbed oxygen complex then oxidizes
the sulfurous acid to form sulfuric acid according to Equs. (2)-(4);- If we '
assume that the reaction follows the condition of Langmuir adsorption equili-
brium,l0 the rate of acid formation is: )

d [Su0]
dt

2k, [C_ -0, (%) - 28u]

Kl [02(2')] ' Kz [Su] K3 [Su]

2k, [C.]

T+ K 10,007 + K, TH,0T + Kg_[Sul [T + K, [Sulf I + K;[5u]

where Kl’ Kz,'and KS are the equilibrium constants of reactions (1), (2), and (3)

respectively. Kw'and Kg, are the equilibrium constants of thé adsorption of water

and sulfite species on carben particles respectively. If k2[Su]‘>>k_2 and

k3[Su] >>k the rate law simplifies to

-3

' K, [0,(2)]
afsu0] _ —
T ] T T 6T ]
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If the power rate ‘form of the Freundlich isotherm10 is used instead of the ' i
Langmuir form, the rate law becomes
d[Su0] _- n
—3 - k[CxJ[Oz(z)] E
which corresponds to the experimental results where n = 0.69. The activation
energy (Ea) was determined to be 11.7 kcal/mole. The rate law as a function of
temperature is. '
d[SuO] _ n Ea
—gc - ACII0, (0] exp- (7

where A = 1.17 x 10° mo1e®+3 20-7

natural gas and acetylene soot.

/g-sec, which is the average value determined for

We have ruled out the possibility that the oxidation of sulfurous acid is due
to a reaction involving impurities such as iron in carbon particles. This was done
by leaching a carbon sample with concentrated sulfuric acid for about a week before
it was used for the study. This sample contained less than one-third of the ori-
ginal iron content; however, it still exhibited the same reaction rate as all =
samples without this treatment. N

The possibility that the outgassing of SO, from the solution might contribute
to the disappearance of sulfurous acid is ruled out because (1) there is a mass
balance between the amount of sulfurous acid consumed and the amount of sulfuric
acid produced, and (2) no significant consumption of sulfurous acid was observed
over a 30-min interval for a solution without the addition of carbon particles.

We have examined the role of dissolved oxygen on the behavior of the reaction.
It is conceivable that the initial rapid consumption of sulfurous acid could be
due to the depletion in the amount of dissolved oxygen in the solution. The
second, slower rate of consumption would then be limited by the rate of diffusion
of the oxygen into the solution. This hypothesis was ruled out by noting that the
behavior and the rate.of the reaction were not affected by bubbling air into the
‘solution or by increasing the stirring speed. The reaction rate speeds up, how-
ever, if one increases the concentration of dissolved oxygen (Fig. 3). We there-
fore conclude that the reaction rate is not limited by the mixing rate of gaseous
oxygen molecules into the solution, but rather by the rate of formation of the
activated oxygen complex.

We have also carried out a preliminary inVestigation on the possibility of
chemical species in the atmosphere which might inhibit the soot-catalyzed process,'

since it is known that some organic substances retard the SO, aqueous oxidation
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catalyzed bf transition metal ions.11 To explore these effects in a realistic
atmosphere, liquid water was collected by condensing water vapor from the Berkeley
atmosphere. This collection, used for the kinetic study, was found to have no
effect on the oxidation rate of sulfurous acid. In a separate experiment, a gummy
deposit taken from the wall of a highway tunnel was used for the study. The
reaction rate of this sample is 50% faster than the same amount of Nuchar C-190.
Therefore, no indication of inhibition from atmospheric contaminants has been
observed so far.

The rate constants of several different types of carbon particles were studied
and found to depend on the nature of the carbon particles. In principle, the
reaction rate should be proportional to the concentration of active sites on the
carbon particles, rather than to the concentration of carbon particles. The
number of active sites per unit mass of carbon particles should vary from

‘one type to the nextl?

and is not necessarily proportional to the surface area.
Using the electron paramagnetic resonance method, Sidelewski12 has shown that free
electrons on carbon particles can serve as active centers for the adsorption of.
oxygen molecules and for the oxidation of 802. The concentration of free elec-
trons is related to the origin and thermal history of the carbon particles. The
rate constant reported in this study represents the average value between the
values of natural gas and of acetylene soot particles produced under rich flame
conditions. Benner et a1.13 have recently found in a fog chamber study that the
reaction rate of soot particles generated from a natural gas diffusion flame can
be considerably faster than the reaction rate reported here for aqueous soot
suspensions. _ ‘ N

Our observation that the reéction behaves independently of the concentration

of sulfite species and the pH of the solution is expected as long as the following

conditions are satisfied:

kz[oxidizable sulfite.species] >>k_2 and
k3[oxidizab1e sulfite species] >>k_3 ,

where the oxidizable species can be [SOZ'HZO], [HSO%], or [SOZ]. However the
possibility that two or three sulfite species are oxidized cannot be ruled out.

We have also investigated the kinetics at a much smaller sulfite concentration
and at a much higher pH of the solution. Preliminary results indicate that the
oxidation rate is considerably slower at pH > 7.6. This behavior could indicate

that a reaction mechanism, different from the proposed one, is operating. However,



o
T
{
L4
-
o
Hges
e
n,
<
o
i
B,
ke

123 LBL-8696

the proposed mechanism reproduces the results obtained under our experimental

conditions. Further work is necessary to completely understand the actual reaction

mechanism.
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A Carbon and Lead Emission Inventory for the Greater San Francisco Bay Area

~A.D.A. Hansen, W.H. Bemner, and T. Novakov

Introduction

The incomplete combustion of almost any fuel can result in the formation of
trace particulates in the exhaust stream. Particulate carbon and lead are two
of the most important anthropogenic contributions to the ambient aerosol and
often reach large concentrations in urban situations under stagnant
atmospheric conditions. As discussed elsewhere in this report,1 there has been
controversy over the relative importance of particulates directly emitted from
sources versus those formed from gaseous precursors in atmospheric reactions.
Calculations originally presented by Friedlander? called for a dominant contri-
bution of secondary carbonaceous material in the ambient urban aerosol of the
Los Angeles air basin. In essence, this method considered that the major primary
source of particulate carbon and lead was automotive emissions characterized by
a [C/Pb] mass ratio of the order of 1. To account for an observed [C/Pb] mass
ratio of the order of 6, a mass balance calculation was performed that required
carbonaceous particulates of secondary origin to be present in quantities con-
siderably exceeding the primary contribution. In this paper we present emission
factor estimates and a similar calculation to predict the inputs of particulate
carbon and lead to the greater San Francisco Bay Area air basin. The results
of this prediction are then compared with the results of the analysis of many
ambient samples, and show that in principle it is possible to account for fhe

observed ambient [C/Pb] ratio solely by proper consideration of source inputs.

Sources

The sources we consider here (with their contribution to the total energy
consumption of the area3) are as follows: 1) domeétic and commercial combustion
of natural gas and refinery gas (61%); 2) vehicular use of gasoline (28%); 3)
vehicular use of diesel fuel (4%); 4) aircraft use of jet fuel (2%); and 5)
combustion of heavy fuel oil (5%). We further break down vehicular gasoline
use into categories of high-speed (freeway) driving and start-stop driving.

Natural gas emission factor. Although it had long been believed that

natural gas is a ''clean" fuel, we have found considerable emission of particulate
carbon from poorly regulated combustors. Stack sampling was done on three

combustors representative of the various types used in this area in order to
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estimate an overall emission factor. The particulates were collected on pre-
fired absolﬁte quartz fiber filters from 1) a 50,000-1b steam generafor on the
campus of University of California, Berkeley; 2) a 36,000-Btﬁ/hr domestic-type
hot water heater (30 gal); and 3) a 300,000-Btu/hr boiler at LBL used for heafing
a laboratory building. During sampling of the steam generator, enough heat was
transferred from the stack gases to the filter holder to prevent water conden-
sation on the filter. For the boiler and water heater, the filter holder was
heated to ~ 225°F with a length of electrical heating tape. The volumetric
flowrate of stack gas from the steam generator was calculated from operating
parameters supplied by the plant superintendent. The stack gas flowrate from
the boiler and water heater were determined from pitoﬁ tube measurements. The
filter samples were analyzed for carbon by a total combustion/CO2 evaluation
technique.4 The results shown in Table 1 show wide variation in emission rates
and indicate that the generation of particles is not a constant process. As
the flame in a burner ignites, a short-term production of particles occurs,
probably due to improperly mixed gases in the burner. The initial puff of
particles may account for a sizable fraction of the entire amount of particulate
carbon released durihg the burning cycle of a domestic unit. Even apart from
this, the steady-state emission factor of the small units is much greater than
that of the large steam generator. Commercial installations are usually well
monitored, continuously burning, and maintained frequently in order tobobtainv
the best economic return. In contrast, domestic units are neither'as well
designed nor carefully maintained and burn in cycles. From the data we propose
emission factors within the following limits: commercial use of natural gas,
0.003-0.007 ug C/Btu; domestic use of natural gas, 0.2-2.5 ug C/Btu,

Vehicular gasoline emission factor. We use Refs. 5-7 and some of our own

measurements to csfimate'the range of automotive emission factors for particu-
late carbon and lead. 1In all cases, the figures quoted are corrected for the

3:1 preponderance of leaded gasoliﬁe used vs. unleaded fuel.

' Emission rates for highway driving in the ranges of 0.03-0.08 g C/mile and
0.01-0.05 g Pb/mile can be found in the literature. These rates are consistent
with a [C/Pb] ratio of 2.2 + 0.35 observed by us on a set of particulate samples
taken in the exhaust vent of a local freeway tunnel; so we propose emission rates

per gallon of '"composite' gasoline of 0.6-1.6 g C/gallon and 0.2-1.0 g Pb/gallon.
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Table 1. Particulate carbon reléased during combustion of natural gas.

Source ' pg C/Btu  Comments
50,000# steam/hr 0.005 Exhaust gas flowrate calculated from CHy feed
generator, campus rate, stoichiometry, and 2% excess 02, @ 310°F
(pitot tube not available at this time for Q
measurements).
Domestic water 2.81 Sample collection began ~ 5 sec after ignition.
heater, LBL 1.85 Sample collection began 3.5 min after igniti
Bldg. 44 . ample c ction began 3.5 min after ignition.
Heating boiler, 1.29 Sample collection began 1-2 min after ignition.
LBL Bldg. 73A . . e
1.00 Sample collection included initial puff of
particles at ignition but stack was warmer than
usual. '
0.27 Boiler had been running ~ 30 sec before sampling
started.
0.15 Sample included initial puff of particles, but

entire sample period = 4 min.

0.46 Average of 4 determinations in which the first
' 30 sec of the firing cycle was sampled.

0.20 Sample collection began 30 sec after ignition
and extended for a total of 3.0 min.

Driving under urban conditions involves acceleration, deceleration, and
the use of the choke on a cold engine. These have a strong influence on the
emission of particulates, especially carbon. Emission rates of 0.1-0.4 g C/mile
and 0.03-0.08 g Pb/mile have been reported. These are consistent with a [C/Pb]
ratio of 7.8 + 2.5 observed by us on a set of particulate samples taken in an
underground parking garage. We assume a reduced fuel economy for this type of
drivihg and propose emission rates per gallon of '"composite' gasoline of 1-4 g
C/gallon and 0.3-0.8 g Pb/gallon. '

Diesel emission factor. The dominant use of diesel fuel is by heavy

trucks, whose emissions are almost entirely carbonaceous. Emission rates of
0.5-4 g C/mile can be found in theAliterature, which correlate with the findings
in Ref. 8 that diesel trucks emit approximately 25 times as much particulate
carbon per mile as automobiles. We therefore propose emission rates in the
range of 2.5-20 g C/gallon.

Jet fuel emission factor. Estimates of the emission rate of carbonaceous

particles from jet engine exhaust range from 1 to 5 g C/kg fuel consumed?,*

*An emission factor may be obtained from Ref. 3 by dividing total particulate
input estimates by fuel use data.
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under full-power (tékeoff) conditions. For the present calculatiqnﬁwevshall usé;q

emission rates in the range of 3-15 g C/gallon jet fuel.

Heavy fuel oil emission factor. Power plants account for the major use of

heavy fuel o0il in the Bay Area. An emission factor for carbonaceous particulates
in the range of 0.05-1 g C/gallon fuel oil is comparable with the emission
factors for other liquid fuels' use and is consistent with the total particulate

emission estimates of Ref., 3.

Emission Factor Table

-The above emission factor estimates may be conveniently summarized:

Grams produced per unit of fuel

Fuel . Usé Lead ' Carbon ~Unit
Natural gas Commercial 0 0.003-0.007 106 Btu
Natural gas Domestic 0 0.2-2.5 106 Btu
Gasoline Highway 0.2-1.0 0.6-1.6 gallon
Gasoline City 0.3-0.8 1-4 gallon
Diesel 0 2.5-20 gallon.
Jet fuel 3-15 gallon

S-1 gallon

Heavy oil 0.0

Emission Inventory

Fuel use data from Ref. 3 show the following approximate annual consumption
in 1975: natural gas (commercial), 3.9 x 1014 Btu; natural gas (domestic), 1.8:‘
x 1014 Btu; gaseline (total), 2.1 x 109 gallons; diesel fuel, 2.4 x 108 gallohs;
heavy fuel oil, 3.6 x 108 gallons; and jet fuel, 1.5 x 108 gallons. 'This last
figure is an estimate of the fraction of the jet fuel sold in the area that is
consumed within its air volume. We shall assume a gasoline consumption break-
down of 60:40, weighted towardv"urban” driving conditions, and then multiply
the emission factor estimates by the fuel use data to arrive at the following
breakdown for yearly particulate inputs to the Bay Area air basin:

Particulate input (109 g/year)

Fuel v Use Lead Carbon
Natural gas Commercial 0 0.001-0.003
Natural gas Domestic 0 0.04-0.45
Gasoline Highway 0.17-0.84 0.5-1.35
Gasoline City 0.38-1.01 1.26-5.04
Diesel 0 0.6-4.8
Jet fuel ' : 0 0.45-2.25
Heavy oil - 0 0.02-0.36

Total (109 g/yr) 0.55-1.85 2.87-14.25
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Predictions of the Modei

From the above estimates we may predict a range of properties that the
ambient aerosol could possess if it were composed entirely of primary particulate
material. Taking median values of the carbon and lead inputs, a [C/Pb] ratio
of around 7.1 is predicted; by taking extrema, a wide range of values is covered.
We also note that the automotive use of gasoline is estimated to contribute
between 1760 and 6390 tonnes of particulate carbon per year, while other sources
may account for between 1110 and 7860 tonnes per year; in other words, nonauto-
motive sources. may well account for a large fraction of the total primary
particulate carbon. The median value of the particulate carbon input estimate
is 8560 tonnes/year. This quantity may be used in simple diffusion/dispersion
models for the Bay Area air volume to predict mean particulate carbon loadings
from primary emissions of the order of lobug‘C/ms;

AS a corollary, we note that if primary material were predominant in the
ambient aerosol, we would expect to measure a good correlation cdefficieﬁt
between daily average.carbon and lead loadings. This would occur if both were
simply proportional to anthropogénic input rates (reflecting an average déily
fuel use cycle) divided by a factor dependent on ventilation and air transport.
A poor correlation coefficient could indicate that fuel use patterns varied
wideiy from day to day, that there were selective scavenging mechanisms for
carbon or lead aerosols, or that there were mechanisms capable'of the substan-
tial production of carbonaceous particulates whose contribution was not propor-

tional to the lead input to the atmosphere.

Results from the Ambient Aerosol Sampling Program

Routine analysis .of 24-hr ambient aerosol samples has been in effect for
many months at two sites in the Bay Area air basin: LBL, Berkeley, and the
Bay Area Air Quality Management District monitoring station, Fremont. The

mean monthly average [C/Pb] ratios and carbon particulate loadings are:

Berkeley Jun 77-Mar 78 [C/Pb] = 8.8 + 1.3 180 samples
Fremont Jul 77-Feb 78 - [C/Pb] = 12.9 £ 2.2 126 samples
Berkeley Jun -77-Jul 78 C=6.94*1.2 ug/m3 286 samples
Fremont Jul 77-Aug 78 € =11.7 + 3.1 ug/m3 . 295 samples

The correlation coefficients for particulate carbon and lead loadings on the 24-hr

samples were high at both sites: Berkeley, r = 0.84; Fremont, r = 0.83.°
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Conclusions

The emission factors we have presented are necessarily approximate, covering
a wide range of values reported in the literature. However, we see that it is
possible to construct a plausible model for the inputs of particulate carbon and
lead which may account for the observed loadings of these constituents of the
ambient aerosol by consideration of primary sources alone. This model does not
set limits on the possible relative importance of primary and secondary contribu-
tions to the ambient aerosol, but it shows that one may account for phenomena
observed in the Bay Area without the need for dominantly large quantities of
secondary material. The wide ranges of reported emission factors, coupled with
this demonstrated importance of primary particulate emissions, show that much
more source sampling is necessary before better estimates of the probable

composition of the ambient aerosol can be achieved.
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Relative Importance of Various Sulfate Production Mechanisms in Aqueous Droplets

R. Toossi, T. Novakov, and S.-G. Chang

Atmospheric sulfate, a major constituent in ambient aerosol particles, is
presumably formed by the oxidation of SO,. The dominant mechanisms responsible
for this transformation have not yet been established. One set of mechanisms
thought to be important involves the dissolution of SO, in water droplets. When
liquid water is present, as in clouds, fog, and plumes, the atmospheric SO, can
dissolve in the droplets and be oxidized to sulfate. The purpose of this paper
is to compare the relative importance of various SOy oxidation mechanisms ih
aqueous. droplets.

The systems considered in our box—typeAcalculation'are:_SOz—Hzo(l)—air; NH -
S02-H20(%)-air; 03-S02-H20(2)-air; NH3-03-S02-Hp0(2)-air; Fe*3-S02-H0()-air;
NH3-Fe+3—SOZ—H20(2)—air; Mn+2-802-H20(2)—air; and sodt—SOz-HZO(z)—air. The kine-
tics of each of these processes other than the soot-catalyzed reactions have been
studied By many investigators. Thé results of Beilke et al.,1 Erickson et al.,2
Freiberg,3_and Matteson et a1.4 for oxygen, ozone, iron, and manganese systems
respectively were used in this calculation. The aqueous oxidation rate of SO, on
soot is from the work of Chang et al.® The following initial conditions were used
in the calculation: 1liquid water, 0.05 g/ms; S0,, 0.01 ppm; Oz, 0.05 ppm; and
COp, 0.000311 atm. For NHz a concentration of 5 ppb was used, which is higher
than the highest equilibrium_partial_preSsure of NHz over the United States as
calculated by Lau and Charison.6x Concentrations of particulate Fe and Mn of
250 ﬁg/m3 and 20 ng/m3 respectively were assumed. However, only 0.13% of the
total iron and 0.25% of the manganese are water soluble, according to Gordon et
a1.7 A soot particle concentration of 10 ug/m3 was assumed. Tables 1 and 2 list
the equilibrium equations and oxidation rate equations used for this comparative
stﬁdy. | |

The foilowing assumptions were made in the calculations:

1. The size of liquid water drops suspended inside the box is so small that
the absorption rate of gaseoué speciés (S0, and NH3) is governed by chemical
reactions. v . | |

2. There is no mass transfer of any species across the box during the reac-
tion; therefore; the SO, (and NH3z) in each box is depleted with time. The mass
balance of the sulfur and ammonia (i.e., A[SO2]g = A[SO2-H0] + A{HSOZ] + A[SO?]

+ A[HSO4] + A[SOZ], and A[NHS]g = A[NH3'H,0] + A[NHZ] is always maintained.
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Table 1. Chemical equilibfia in SOz-NHg—COZ-QHQO system.?

K X
1. H0 &'+ oH K, = 1.0008x1071%
Hc 2
2. C0,(g) + Hy0(R) #= CO,"Hy0 H, = 3.4x10
K - s 7
3. CO,°H,0 =% HCO, + H K, = 4.45x10"
2 3 lc
T : 11
4. HCO, &5 co- + H K. = 4.68x10"
3 3 2c
"y
5. NHg(g) + H,0(2) £ NH,'H,0 H, =57
Ko, i s
6. NH,'H.0 == NH K + OH K = 1.774x10"
32 4 a :
H
7. S0,(g) +H 0(2) S0, °H,0 H, = 1.24
8 0 + K
8. 50,°H,0 HSO; + H Ko = 1.7x10
9. HSO. 25 SOC + H' K. = 6.24x10"8
: 3 ¥ Y3 ‘ 2s = O
- K3 3+ = 2
10. HSO, &3 H' + S0, K, = 1.2x10"
4 4 3s

a . . .
Concentration in mole/% and gas pressures in atmospheres.

3. The growth of liquid water droplets due to the vapor,pressure lowering
effect of the sulfuric acid formed in the droplets is neglected.

The amount of sulfate formed as a function of time was calculated according
to the following procedure: v

1. Initially, the droplets achieve chemical equilibrium with €0,, S0z, and
NHz at the partial pressures adopted. The H*], [SO,°H,0], [HSO3], [SO?],
[NHS‘H2O], and [NHZ] are calculated when [HSOi] and [SOZ] are equal to zero.

2. Assuming a time step At, the [HSO,] and [SOi] are calculated with the
aid of the corresponding reaction rate law for each process.

3. Gaseous SO, and NHz are depleted. The remaining [SO;] and [NHz] are

calculated using the mass balance equation.
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Table 2. Rate of SO, oxidation by various mechanisms in aqueous droplets.

Mechanism v Reaction rate law
+
o Hg {kz*kloKw/[H ]} Kasks
2 Rate = T " PSO
k [Tk o[ Tk gk 2
o, Rate = {k4 [HS03]+kg [S07] } [05+H,0]
Kk H 2P, 2[ret3]
+3 0'S s SO2
Fe Rate = — 3
[H]
Mn*? - Rate ='3.67XI0'3[X]—1.17 {[Hso;]+[soZ]2} {[Mn+2]—[x]}-X[H20(2)]—2
+2
KIHSPSO [Mn “]
: 2
where X = o c
k, { HSPSOZ+[H20(2)][Mn 1x10 } +0.17
Soot Rate = k [C.][O ]0'7
6 " x 72

where [Hy0(2)] in cc/m3, concentration in mole/%, gas pressure in atm,
and time in sec, kg = 151.69 #%/mole-sec, kg = 1.84x10-2 mole/%, kj =
8.12x104 9/mole-sec, kp = 3.4x10% sec-1l, k_, = 2x108 i/mole-sec, kg =
2.9x10° 2/mole-sec, k.10 = 2.3x10-7 sec-l, kz = 1.7x10-3 sec-l, kg =
1.1x105 g/mole-sec, kg = 7.4x108 g/mole-sec, kg = 1.8x10-4 2°7-mole-3/
gr-sec

4. Then the [H'], [S0,H,0], [HS0;], [SO1, [NH,*H,0], and [NHZ] are again
calculated and the process is repeated until a 24-hr period is completed.
The results of this célculation are given in Table 3 and Fig. 1. The conversion
rate of SO2 to sulfate by the soot process is 4.4%, very close to the rate observed
in many field studies. Aqueous oxidation of SO, by the Mn+2, 09, Fe+3,_and Oz
processes does not appear to be important without the'presence of a high concentra-
tion of NH;. When there is a high concentration of NH; in the air, the 0 and
Fe+3 reactions can be important initially; but they slow down as the reaction
pfoceeds because their reaction rates are inversély dependent on the acidity of
the solution. From this comparison, we can conclude that the soot-catalyzed
oxidation of SO, can be the dominant aqueous mechanism under realistic atmospheric

conditions.



Table 3. Comparison of the relative significance of various S0 conversion processes .in aqueous droplets.

1 hr 6 hr 12 hr 24 hr
Mechanisms SOZ ug/m3 % conv. ‘SOZ ug/m3 % conv. SOZ ug/m3 % conv. SOZ ug/m3 % conv,
Mn+2 2.55x107°  6.2x107° - 1.6x107% s.0x107% zixa0™t 7osxa0tt exi07? 1.45x107°
0, o1sx107d 43a0® 9.6x1073 2.3x107°  1.8x1072 4.4x107° 3.4x10'? 8.2x10"2
Fe*S 4.7x107° 1.1x107% 2.1x107° 5x1072 3.3x1072 8.0x1072  4.8x107° 0.12
0, 0.13 1 0.33 0.27 0.66 0.35 0.85" 0.47 1.13
0,-NH, 0.52 1.26 1.54 3.7 2.02 4.89 2.50 6.1
Fe*S-NH, 2.3 5.6 3.2 7,76 3.6 8.75 3.9 1 9.45
0,-Nit, 4.51 - 10.94 5.14 12.5 5.28 12.8 5,28 . 12.8
C, 1.8 4.4 10.8 26.4 21.6 52.4 41.25 100
Concentration: HZO(%): 0.05 g/m3;'802: 0.01 ppm (10-8 atm); NHS: 5 ppb (5x10-9 atm);_OS: 0.05 ppm

(5x10‘8

atm); Mh+2:

20 ng x 0.25%/m3; Fe

+3'

250 ng x 0.13%/m°; C,

10 ug/ms; temp.: 10°C.

sel
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Figure 1. Comparison of the relative significance of various SO,
conversion processes in aqueous droplets.
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Sulfur Dioxide Oxidation in a Dispersing Plume

R. Toossi, S.-G. Chang, P. J. Pagni, and T. Novakov

Theoretical prediction of the spatial distribution of pollutant concentrations
and the ultimate fate of SO2 oxidation in plumes is important in environmental
impact studies. SO, oxidation reactions in plumes are governed by both chemical
and dispersion processes, which cannot be treated separately. Under unstable
or slightly stable atmospheric conditions, plume reaction rates may be controlled
by the rate of mixing and dilution by ambient air. A first or second order reac-
tion rate has usually been considered in studies of SO, oxidation in plumes.
However, in a recent paper,l it is suggested that the rate of ﬁlume expansion and -
quenching has a controlling influence on the order of the reaction. Many homogen-
eous® and he’cerogeneousz"6 reactions are considered to be responsible for SO
oxidation in plumes. However, the role of soot particles emitted in large amounts
by the combustion sources had been discounted until Novakov et a1.7 showed that
under certain conditions, these particles can be responsible for the major con-
version of sulfur dioxide to sulfate. Chang et al.8 recently extended the
research on the reactivity of these particles in aqueous solutions of pH between
1.45 and 7.4. The reaction was first order with respect to carbon concentration i
in the solution and was independent of pH and dissolved SO, concentration. A box-
type calculation comparing the relative importance of 'wet" soot-particle-catalyzed
reactions with other catalytic reactions has been carried out. These calculations
show that the soot-catalyzed oxidation of 802 can be the dominant mechanism
under realistic atmospheric conditions.9

Liquid water may condense on the soot particles when plumes of hot exhaust
gases cool rapidly through mixing with ambient air or as they pass through fog
and cloud banks. A model for SO, oxidation in a dry environment plume was
presented earlier.10 The purpose of this study is to extend the model to predict
the spatial distribution of sulfate concentration downwind from a plume resulting

from aqueous oxidation of SO, catalyzed on soot particles.

Mathematical Formulation

The basic assumptions are:
1. Particulates are mainly fine soot particles which follow the streamlines

of the gaseous pollutants and therefore can be treated as gases; i.e., Ta-Rep <<1,
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p_°T G-r : :
where Ta = 7?—j¥-is the Taylor number and_Rep = \)p_is the Reynolds number

g
based on particlé radius rp and gas kinematic vsicosity wv.

2. Flow velocity perpendicular to the plume trajectory is neglected.

3. Plumes afevejected from stacks which are sufficiently high and have enough
source strength to ensure that the intensity of atmospheric turbulence is much
less than that associated with the turbulent plume.

4. Velocity, density, and pollutant concentration profiles are similar in
all sections normal to the plume. The validity of this assumption is verified
experlmentally by Ooms. 11 | | _

5. Boussinesq's approximafion is valid; i.e., density variation affecting
inertia. is neglected. This assumptioﬁ is valid when thé initial fractional

density difference Po™Pi is smaller than 0.5.12

p

o«

6. Molecular tfansport compared with turbulent transport is néglected.

The coordinate system is shown in Fig. 1. v is the cross'Wind velocity, -
assumed constant with z for simplicity; u, p, and cj's are velocity, density, and
species concentration respectively. The plume centerline makes an angle 6 with
the horizontal. s is the distance along the plume axis from the stack and b is

the plume radius. s and 6 are related to the Cartesian coordinate as

. .
[sin 6 ds ' (1)

N
1}

“and X

s -
[cos 8 ds (2)

Governing equations consist’of conservation of mass, momentum, energy, and

chemical species as follows:

d : .
Mass: ag-_./;dA = g (3)

where € = 2mb[o|u-v cos 6]+g|v sin 9[] and o and B are entrainment coefficients
determined experimentally.

Momentum along s direction:

d[ gsme/(p—p)dA+evcose, | (4)
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XBL7710-2048

Figuré 1. Coordinate system. P, T, and u are the potential density,
absolute temperature, and velocity; b is half the plume diameter, and
V is wind velocity. :
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where g is acceleration of gravity.
Momentum in transverse direction:
gﬁfuZdA=§—°&°‘—e/(p-p)dA-evsine (5)
s N o
Energy:
4 u C_(T-T )dA = C (T-T - (6
dS p p o —pooEP(‘oo), o ()
-where Cp is the specific heat.
Chemical species:
| 51-/'c wdh=cc, + [Wan, (7)
ds | i i /j ’

where j =1,. . ., N .

J
duction of species j, and N is the number of species examined. The subscripts

C; is the concentration of species j inside the plume, W; is the rate of pro-

© and 1 denote the value in the background ambient condition outside the plume

trajectory and at the plume stack height. | _
Equations (1) through (7) can be solved numerically for (N + 4) unknowns p,

u, b, 6, Cy, Cp,. .o, CN. Initial conditions are values of the above parameters

at the stack. The rate law can be written as

d[sulfate]

o n _5888
It = Wourr = ACT 0,17 exp (—

) , (8)

where A = 9.61 x 104-5Ln/g'seC°molen_1

; [CX].is soot concentration in gr/%; and
[02] is dissolved oxygen concentration in mole/% and n = 0.7. Assuming all

sulfate produced is in the form of sulfuric acid, Equ. (8) can be written as

-5888

d[sulf] _ " oAt n . !
dt - Wsuig T A [Cx][OZ] exp (—7—) .(8 )
]
with A = 9.42 x 106 when sulfate and soot concentrations are expressed in units

of g/ms. The rate of SO2 depletion is

1Al _ 64 1"

S0, - §§'Wsu1f :

W (9)

Also note that carbon acts only as a catalyst and therefore no carbon is destroyed

or produced. We then have

13}
soot 0. : . (10)
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The set of differential equations with appropriate initial conditions is solved,
using Gear-Hindmarsh integration routine, to evaluate plume trajectory and con-
centration of inert and reactive pollutants in the plume. At each point the con-

version rate is evaluated from the following equation:

- t=0 2

CSO2 Csoz( T b° u C302
z =100 (1 - —F—>) (D
S0; SO

2

percent convers ion =

As an example of the use of this model, the rate of sulfate formation: from
the Keystone #1 plant described in the LAPPES13 study is considered. The plant
geometry and meteorological data on three different days, along with other assump-

tions made in the calculations, are listed in Table 1.

Table 1. Meteorological data and plant conditions for three worked examples
(Ref. 13).2 '

Example 1 Example 2  Example 3

(May 3) (Oct. 9) (Oct. 10)

Velocity of effluent at the stack ui(m/sec) 21 ‘ 10 20
Stack height H (m) 244 244 244
Stack radius - bi (m) 4.1 4.1 4.1
Stack temperature S T, (°0) 160 115 135
802 flux at the stack ) TSOZ (gr/sec) 3500 1500 2900
Wind velocity : v (m/sec) 10 _ 3 4
Potential temperature gradient %g—(°C/m) 2.5x107° 3.5x107° 1073
Ambient temperature : T, (°C) 20 20 20
Ambient temperature at stack height T1 (°C) 17.6 17.6 - 17.6
20ther parameters assumed in calculatipns:

Soot concentration at the stack Ci,l = 0.36 gr/m3

Water vapor concentration at the stack Ci,S = 10.0 gr/m3

Sulfatg concentration at the stack Ci,sulf = 0.0 gr/m3

Background concentrations Cw,sul = Cm,1 = Cw,2 = 0.0 gr/m3

Results .
The data.in Table 1 show that the plume is moderately stable for all three
days of interest. It is assumed that the effect of inversions is neglected since

stack height is greater than the ground-level inversion depth.13 The plume
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trajectory is calculated for these plumes and plotted for the plumes of October
9 in Fig. 2. It can be seen that most dispersion occurs in the first 30 minutes
only a kilometer away from the source. Thereafter the plume is stable and can
travel several kilometers before touching the ground. _

The periodic nature of the plume trajectory can be explained on physical
grounds. When a piece of air mass expands adiabatically to a new position, it
cools. However, if the temperature decrease is less than the atmospheric lapse
rate, the air masé'is colder than. the ambient air and is driven back to its ori-
ginal position. Under these conditions, the restoring force is balanced by the

acceleration, so that

(W)

] _ d7Az
- Az = p >

g
P

[a¥)

%’%% represents the change in density per meter of rise and 8 =T + 0.0098 z is

the potential temperature. The solution of this equation leads to the general
form for a harmonic oscillation with frequency‘w = %—%%-}O Numerical calculations
show that temperature and velocity in the plume approach their ambient values as
the plume rises to the equilibrium rise. The entrainment rate decreases, and the
plume expands vetry slowly. Transport becomes negligible, and chemical reactions
can be considered as they occur in a static batch reactor.

A graph of the concentration of sulfate and the percent of total SO, conversion
is plotted on the single graph against the distance downstream from the stack and
the time of travel in Fig. 3. As the plume travels downstream from the stack,
total sulfate conversion increases. However, in the first kilometer of trans-
port, the plume is.entrained significantly. When the plume reaches its maximum
.height, the entrainment rate is insignificant and the chemical reaction is rate
controlling. The result is a minima in the sulfate concentration curve at the
point where the plume is bent appreciably. The conversion rate is 1.6% for the
first hour and increases in a similar fashion to 40% in 24 hours at 250 km from
the stack. The relative humidity has been taken as 100%, and therefore there is
always some liquid water present for the wet mechanism to take place. »

The effect of relative humidity on the rate of oxidation can be investigated
by considering its effect on the lifetime of water droplets present in the plume
gases. For this calculation we have assumed a surfactant layer on the droplets,

which reduces the evaporation coefficient a to 10_6; It has been shown9 that



Figure 2. Plume trajectory. The dotted line is the centerline.

XBL7710-2155

Note the periodic nature of the

plume due to the stratification. The plume eventually stabilizes at its maximum rise.

124"
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Figure 3. a) Sulfate concentration and b) fraction converted in the
plume as a function of distance downstream of the stack. Parameters
used in the calculations are given in Table 1. '
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droplets of solution cannot theoretically evaporate completely if there is a for-
mation of nonvolatile species inside the droplet. As the droplet evaporates, the
concentration of nonvolatile species increases, which gradually reduces the vapor
pressure of water at the droplet surface below that of ambience. Under these
conditions, a droplet becomes so concentrated that the validity of the Henry,
Raoult Law and the Debye-Hiickel theory14 becomes inadequate.

The 1lifetime of the droplets has been’ taken as the time in which the droplets
reach this concentration, and therefore calculations have been stopped. At this
point, we do not know how long the oxidation reaction continues. Research is
under way to solve this problem.

The rate of oxidation is calculated for three examples and is tabulated in
Table 2. These calculations show that although the reaction rate is independent
of the liquid water concentration, total conversion inside the plume depends
strongly on ambient humidity. As long as humidity is high enough to ensure the

presence of enough liquid‘wateriaround the soot nuclei; the wet mechanism prevails.

Conclusions

Based on the calculations presented in this‘report, it is concluded that
under certain meteorological conditions, catalytic oxidation of S0, on soot par-
ticles, emitted as the natural products of incomplete combustion, can be very
important for the production of sulfate in plumes. The discrepancies on the data
reported in the literature on the SO, conversion rate might be related in part

to variations’ in particulate emissions and ambient humidity.
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Table 2. Percent of SOy conversion under different meteorplogical
conditions, a = 10-6, T = 20°C.

Example 1

ime (hr) -
R.H. 1 2 4 6 12 24

100 1.6 3.1 6.1 9.0 17.8 35.6
95 1.6 3.1 6.1 9.0 17.8
90 1.6 3.1 6.1
80 1.6 3.1
70 1.6 3.1
60 1.6
50 1.6
Example 2
- ~Time (hr)' _ . .
" R.H. 1 2 4 6 12 24
100 1.6 3.3 6.6 10.0 19.7 39.5
95 1.6 3.3 6.6 10.0 19.7
90 1.6 3.3 6.6
80 1.6 3.3
70 1.6 3.3
60 1.6
50 1.6
Example 3
Time (hr) :
R.H. 1 2 4 6 12 24
100 1.8 3.5 6.9 10.4 20.8 40.8
95 1.8 3.5 6.9 10.4 20.8
90 1.8 3.5 6.9
80 1.8 3.5
70 1.8 3.5
60 1.8
.50 1.8
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. Lifetime of Liquid Water Drops in Ambient Air: '
Consideration of the Effects of Surfactants and Chemical Reactions

‘ R. Toossi, S.-G. Chang, and T. Novakov

Heterogeneous réactiohs involving liquid water are of great interest to
environmentalists and air pollution scientists. The importance of the aqueous
reactions in the atmosphere depends on three factors: (1) rate of chemical reac-
fion, (2) availability and natﬁre»of the condensation huclei, and (3) lifetime of
the liquid drops in the étmosphere. _ | -

The rate of growth or depletion of the water droplets can be calCulafedwby

simultaneous solution of the diffusion and energy equations around the droplet:

2

v n(R). = 0 . , (1)

V2 T(R)

0 ‘ (2)

where n is the concentration of the vapor molecule and T is the temperature at
distance R from the droplet center. Boundary conditions are given by the values
of n and T at large distances from the drop and by assuming that the equilibrium
between vapor and temperature holds at -the droplet surface. Using this approach .
and assuming a hyperbolic vapor density distribution,

p=(r. - p,) (—11;—) + Py - _ (3

Masonl'derived the rate of growth or evaporation of a droplet of radius r for

quasi-steady-state condition and a small Knudson number as follows:

4 P_ - P :
T H%’= 7 > @)
Lop Py L Py | |
KR T D
Vv

P_ and PS are ambient vapor pressure and saturated vapor pressure over the droplet
surface, D is the vapor diffusion coefficient, K is the thermal conductivity of the

gas, L is the latent heat of condensation, and p, is the density of the liquid

. L .
droplet. Equilibrium vapor pressure over.a droplet's surface depends on its cur-

. . . . . 2
vature, and.the concentration of solute in the solution droplet and is given by

20 n

(o]
rRVpgT)'(n+nO) 2

Py = P (=) exp(
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where'Ps(w) is the saturation vapor pressure over the bulk of the water, with
surface tension o at temperature T. n, and n are molar concentrations of water
and solute. When a droplet is large enough for the Kelvin effect to be negligible,
PS will be independent of the radius; and Equ. (4) predicts a linear change in
the surface area of the drop as a function of time. When the mean free path of
escaping molecules is large compared with the droplet diameter (large Knudson
number), the continuum theory as applied above fails, and the classical kinetic
theory of gases can be applied to determine the evaporation rate.3 However, this
condition applies only for submicron droplets or at reduced pressure, which is of
little significance in atmospheric studies. Equation (4) approximates the rate of
change of droplet surface area to a good accuracy of pure water droplets where
diffusion in the gas phase is the rate controlling mechanism. For the atmosﬁheric
droplets, where a layer of surfactants is often present, resistance in the inter-
phase is dominant; and Equ. (4) underestimates the lifetime of drops up to many
orders of magnitude. For example, according to Equ. (4), it takes only a fraction
of a second for a 1.0-um particle to vanish completely in an atmosphere saturated
with water vapor. However, experiments of Gurdis et al.4 show that it takes 40
minutes for a 4.0-um drop to reduce to 0.74 um in a mixture of 70% hydrogen and
30% air. Similar results have also been found in our laboratory.5

The evaporation rate of droplets containing insoluble monolayers for nonvolatile
droplets (L = 0) has been calculated elsewhere.é’7 According to these theories,
droplet evaporation is assumed to proceed by a two-stage process. The first
evaporation occurs in a virtually vacuous spherical shell, of thickness A compar-
able to the mean free path of the diffusing molecule. The evaporation takes place
in a Knudson flow. The second step is diffusion of the vapor shell at r + A.
Using the Maxwell equation of diffusion and making the mass balance between the
‘molecules arriving at the shell surface at distance r + A and leaving by diffusion,

the rate of evaporation can be written as

P -P
dr s (6)

dt = 1
pQRVT(rvu

T
* r+A)

where v = %—and v is the velocity of the evaporating molecule calculated from the

kinetic theory of gases, A = %%— is the distance between collisions. The collision
o]

cross section is A = ﬂ(a1+-a2)2 where a. and a, are the radii of the diffusing and

1
ambient gaseous molecules. The evaporation coefficient o is a function of the

film thickness 68 and the degree of coverage and the nature of the monolayer.
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Deryaguin et al.9 determined a critical film thickness, beyond which a surface
active material strohgly suppresses any exchange of water vapor, either through

condensation or evaporation.

Formulation of the Problem

The general form of a governing equation describing evaporation and the
growth of droplets can be derived by combining Equs. (4) throﬁgh (6). Assuming"
that resistance through the liquid drop is negligible, and taking peq(w) as the
equilibrium vapor density at large distances from the droplet, the evaporation

rate for the drop shown in Fig.vl can be written as

n. : '
0 -
g Pog(®) S - expl200,, (=) /7o) ]
r - €4 ° : (7)
dt’ pl_ Ri-ng+-Rk
P(X)
where S = 5——15 the saturation ratio,’
s
R. = Ql—-is the resistance in the interface,
i rva
T g C o
Rg * DFTATE) is the resistance to ma;s dlffu51qn,
bL . ' . T . .
Rk.= < 1is the resistance to heat diffusion,
L.peq(oo) : : AV
and b = —— is the slope of the vapor density equilibrium curve (ZTJ.
R T
v

Chemical Equilibrium in the Droplet System
It is assumed that the gaseous S05, COy, and NHz are in equilibrium with
sulfite (IV), carbonate, and ammonium species in the aqueous droplet, as demon-

11

strated by Beilke10 and Miller. Table 1. lists the chemical equilibrium processes

in the droplet-ambient system.

Results and Conclusions

The rate of change of droplet size is found by solving Equ. (6) under different
conditions. The molar concéntration of solute n is taken as the summation of the
total concentration of ions in the solution. Therefore it can be seen that this
equation is coupled with the rate equation and other equilibrium equations used

to explain the chemistry occurring in the solution droplet. It is assumed that
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Figure 1. Model of a solution droplet of radius r covered by a
thin layer of surfactant of thickness §. A is the molecular
flow layer thickness. Ry, Rj, and Ry, are resistances in the
bulk of the liquid, at the interface, and in the gas phase
respectively. ‘



Table 1. Chemical equilibria in a droplet system,

. Equil. constant Value of equil. f' -
Reaction expression? constant at 25°C - \
£
+ - ’ - -
Hy0 2 H + O™ K, = [H"][OH Jy+y- 1.008x10” 1% R
' > . - .
SOZ(g) + HZO va SO2 HZO HS = [SO2 H20]/PSOZ 1.24 - St
SO,*H,0 T H' + HSO, k, = [H*][HSO_]y+y-/[SO *H,0] 0.0127 -
2772 ‘3 v ls 3 22 ’ £
- + 2- X +.. 2- - -8 . ‘ .
HSO3 TH O+ SO3 k25 = [H ][SO3 ]y+y2—/[H803]y- 6.24x10 ~ . T
. . —
. : Ui,
; e . - . S
NHS(g) + H20 < NH3 HZO Ha = [NH3 HZO]/PNH3 57
. _ i
. ‘ + - + - . -5 )
.NHS HZO P NH, + OH Ka = [NH4][OH ]y+y-/[NH3 H20] 1.774x10 _ v@g;
: = ; f — 3 ’ i
COZ(g) + H,0 2 CO2 H,0 H. = [CO2 HZO/PCOZ 0.034
C0,"H,0 < H* + Heo; K, = rH+][HCO_]y+y—/[CO *H,0] 4 45><10_7
2 27 3 ic ¢t 3 22 '
- + . 2- - + '2— - "11
HCO3 ? H * CO3 _ _ K2C = [H ][CO3 ]y+y2-/[HC03]Y— 4.68%10

%The activities follow the Davies relation log v, = (-Az2 VI)/(1 +v1) +0.2 IAzz,‘wheré
I is the ionic strength, I = 1/2 Zlci|zi2 , and A = 0.5085 for water at 25°C.

1
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the film thickness & is much smaller than the droplet radius. Substituting for
the values of the Boltzman constant and téking ay and a, as the radius of water

vapor and air molecules, we have

A=4.8 x 108 T/P cm

v = 857 /T cm/sec

The thermal conductivity and diffusion coefficient are approximated by the
empirical relations
T

_ no5 , 393 3/2 cal
K(T) = 5.803 x 10 (T + 120) (273) ‘ cme sec 1,](
_ 393 T .5/2,1 2 .
D(T) = 0.226 (7530) (75)° 'p om'/sec

The latent heat of evaporation is also a function of temperature and can be

approximated by the equation
L =-0,57 T =753.1 (L in cal/g and T in °K)

between temperature range of interest, 253 < T < 313. The value of 0 = 75 dynes/cm
and Py = 1 gm/cm3 is assumed for water. The values of a strongly depend on the
nature of the surfactants in the solution and can vary several orders of magni-
tude. For plain water, a = 0.034. Reduction in the value of o to 6 x 107
resulted from coating the drop with a monomolecular layer of long-chain acids.12
The importance 6f Ri relative to Rg in determining fhe-rate of,evaporgtion of
droplets is reflected by the effect of impurities on the rate of evaporation.
Table 2 gives the values pf Ri andvRg in the limiting conditions for pure water
droplets (a = 0.034) and droplets containing a monolayer of insoluble surfactants

(@ = 107%.

Table 2. Comparison of the magnitude of Rj, Rg, and Ry at
different droplet size and a.2 _

Ri(sec.cm'is

a(um) 0=0.034 a=10-0 Rg(sec-cm'z) Ry (sec+cm™2).
0.1 200 6.02x10° 1.60 10.08
1 20 6.02x10°5 3.41 . 10.08

10 2 6.02x104 3.84 ‘ 10.08

50 0.4 1.2 x104 3.8 10.08

A = 20°C, A = 1.425 x 10-5 cm, P = 1.0 atm, b = 1.06 x 106 °k~1

o
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Thus a monolayer of a long-chain alcohol or acid should be able to reduce
the rate of evaporation by more than four orders of magnitude. The lifetime of

a 10-pm drop in air of 80% relative humidity increased from 2.5 sec to 1300 sec13

when o decreased from 0.04 to 1.5 x 10>, These results are based on the assump-
tion that the solution effect is negligible. In practice the lifetime of these
droplets can be longer because of the reduction in surface vapor pressure due to
an increase in the solute concentration as the drop evaporates. This point will
be discussed in more detail in the next section. Table 2 shows that for droplets
of pure water < 10 u or at reduced pressure, Rg is small compared with R; and
Rk; therefore the rate is controlled by the rate of diffusion in the vacuum and
by conduction. When a monolayer is present, however, a very small percentage
of the water molecules striking the surface enters it, and a very high free energy
of activation is needed to produce or find a hole in the liquid surface in which
to be accommodated. o

Figure 2 shows graphs of droplet lifetime as a function of ambient relative
humidity and evaporation coefficients. These graphs show a strong moisture
effect, especially at relative humidities greater than 90%. The effect of tempera-
ture on the lifetime can be seen in Fig. 3. The evaporation rate is increased
exponentially with an increase in temperature. When a slight amount of super-
saturation is present, droplets start to grow. The rate of growth is a strong
function of the supersaturation ratio and the nature of the surfactants. Fig. 4
shows thé size that a 5-um droplet reaches after it is exposed to 0.05% of super-
saturation for 24 hr. When a is reduced, most of the resistance is in the inter-
face; and since there is little chance of diffusing water vapor through this bar-
rier, the droplet grows very slowly. When no surfactant is present, evaporation
is diffusion controlled, the evaporation rate is indepéndent of the evaporation
coefficient o, and growth occurs very rapidly. The result is an S-shaped curve
(Fig. 4). _

When irreversible reactions lead to nonvolatile products in the droplet,
their concentrations increase as the droplet evaporates and the solution effect
eventually becomes important. This happens to many heéterogeneous reactions
occurring in the atmospheric droplets. As an eXample,‘catalytic oxidation of
SO, on soot particles is considered here. The rate of reaction for fhis mechanism

has been determined as14

d {[Hso;]f [soZ]}

7[ -5888
dt

Cx]¢XP( ) | (8)

) A[02]0.
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Figure 2. Lifetime of droplets at different relative humidities. Different curves represent
effects of surfactants on the lifetime. For a pure water droplet, o = 0.034; and the 1%fe-
time is several orders of magnitude smaller than that of droplets covered by a thin film of
surfactants. Other parameters used in the calculation are T = 20°C, Ry = 5 um, Pgp, = 107°,
Peop = 3 x 1074, and Py, = 5 x 1078 atm.
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Figure 3. The effect of temperature on the lifetime of droplets. The lifetime is

increased exponentially with a decrease in ambient temperature but varies linearly

with inverse accommodation coefficient. RH = 80%, Ry, = 5 um, PSO2 = 10-8, PCOZ =
3 x 10-4, and PNH; = 5 X 10-8 atm.
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gure 4. Growth of the droplets with supersaturation. Final radius of the droplets after
24-hr exposure in clouds with 0.05% supersaturation. R, = 5.0 um, T = 20°C, Pso, = 1078,
Pe, = 3 % 1074, and Py = 5 x 10-8 atm. |
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: g . S
where A = 9.61 x10" mole-3/g-sec, [C4]. is the soot concentration, and [02]
is the dissolved oxygen concentration. This equation, the equilibrium relations
listed in Table 1, the second dissociation step of the sulfuric acid,

HSO, 2 H' + S0, K= 1.2 x 1072, ‘ (9)

and the charge balance
[H"] = [HSO;] + 2[SO,] + [HSO;] + 2[S0.] + [OH ]~ (10)

have been solved at every point to calculate concentrations of products and the
rate of evaporation of the droplet as a function of time (Fig. 5). The dotted
line represents the condition when the rate is assumed to be equél to zero. It
is seen that as the droplet evaporates, solute concentration‘inéreases and even-
tuaily the vapor pressure reaches below the ambient level and the droplet starts
to grow again (solid line). Unfortunately, a short time later,'the concentration
of sulfate in the droplet is so high that the validity of Henry's Law and the
Debye-Hiickel15 equations used in evaluating the activity coefficients fail and
the calculations were stopped. Further work is under way to investigate behavior

of the droplets under highly concentrated conditions.
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Figure 5. Change in the droplet size as a function of evaporation time
when droplets contain soot particles and catalytic oxidation of SO2
‘takes place in the liquid droplet. The dotted line represents the
condition when equilibrium is present between the liquid and gaseous
atmosphere. RH = 80%, T = 20°C, a = 1076, Ry = 5.0 um, Pgg, = 1078,
Pgo, = 3 x 1074, and Py, = 5 x 1078 atm.
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