CN 1c

This document is made available electronically by the Minnesota Legislative Reference Library
as part of an ongoing digital archiving project. http://www.leg.state.mn.us/Irl/Irl.asp

SULFUR DIOXIDE CONVERSICN LITERATURE SURVEY

JuLY 1978



LN, Sl

IR

S

=
J

v

TABLE OF CONTENTS

Summary
Sulfur dioxide conversion laboratory studies
Direct Photo-oxidation
Indirect Photo-oxidation
S0p-singlet oxygen system
$0,-03 "
S02-NO, "
S0,-H02 "
S0,-CH307 "
S02-HO "
S0,-CH30 "
S0z-olefin-ozone !
Fate of 503
S0,-smog "
Liquid Phase Oxidation

Y

~ %" SULFUR DICXIDE CONVERSION LITERATURE SURVEY /'

36

Uncatalyzed oxidation of SO, by 07 (with and without ammonia)36

Catalyzed oxidation of S0, by 0
Oxidation of S0y by ozone
Catalyzed oxidation on dry surfaces
Sulfur dioxide Conversion Field Studies
Power Plants
Colbert Power Plant
Frankfurt/Main, Germany Power Plant
Crystal River Power Plant
Morgantown Power Plant '
Keystone and Northport Power Plants
Four Corners Power Plant
Labadie Power Plant
TVA's Cumberland Power Plant
" Centralia Power Plant
Great Canadian 0il Sands Power Plant
Sour Gas Plant |
‘Sour Gas Plant, Calgary, Alberta

44
53
61
68
68
68
70
70
71
75

81

84
93
95
96
99
99



Page

Urban and Area Sources 100
Los Angeles Basin 100
Tennessee Valley Area 100
St. Louis Urban Area | 101
Western Europe 104
Atlantic Ocean 104
North Sea 105

Smelter Studies ' 105
Nickel Smelter, Sudbury, Ontario . 105
Non- ferrous smelter, Puget Sound, Washington 111

Plume Chemistry Models 112



LIST OF TABLES

Table
Table
Table

Table 4
Table 5

Table
Table
Table

Table
Table
Table

9.

Mechanisms that convert sulfur dioxide to sulfates

Reported SO, oxidation rates.

Theoretical rates of reaction (ppm hr-1) of S0, (381)

reactions with various impurity species and O» in a hypothetical
sunlight - irradiated lower troposphere.

Summary of photo-oxidation studies of $0p, SO2-Air mixture
Enthalpy changes, rate constants and reactidn rates for potentially
important reactions of ground state SO and SO3 molecules in the
lTower atmosphere.

Summary of liquid Phase SOo oxidation studies

Nomenclature and values used for plume SO, oxidation calculations
Summary of experiments involving SOy reactions in the presence of
different particulates

Summary of SO, oxidation field studies

10. Coal-fired power plant normalized and averaged SO, conversion data
11. Comparison of predicted and observed conversicn of S0, to sulfate



LIST OF FIGURES

Figure 1.'

Figure 2.
Figure 3.

Crossplume 03 and SOp variations in the Morgantown power
plant plumes at several downwind distances.

Basic geometry of the box model

The elliptical ring plume model




Page 1

SUMMARY

Laboratory Studies

Four mechanisms have been identified in the oxidation of sulfur dioxide
to sulfate. These mechanisms, summarized in Table 1, are direct photo-
..0Xidation, indirect photo-oxiaation, uncatalyzed and catalyzed Tiquid
phase 6xidation and catalyzed oxidation on dry surfaces. Reported

oxidation rates are summarized in Table 2.

Direct Photo-Oxidation

Direct ﬁhoto—oxidation is the oxidation of SO02 by atmospheric oxygen 1in
the presence of sunlight; this mechanism is not significant in the oxi-
dation of SOp to sulfate. The maximum theoretical rates from direct

photo-oxidation reactibns correspoind fo less than 0.02%/hr-1 (Calvert,

1977).

Laboratory studies have reported rates up to 24%/hr-1 (Renzetti and Doyle,
1960) for direct photo-oxidation. 'These rates are not applicable to
Qirect photo-oxidation as observed in the atmosphere due to variations in
Jntensity and spectra distribution of radiation, presence of gaseous
impurities, reactive container surfaces and experimental difficulties with

temperature, pressure, humidity and reactant concentrations (Calvert, 1977).

Indirect Photo-Oxidation

Indirect photo-oxidation of SO2 involves the chemical reaction of SO in
a mixture of air containing oxides of nitrogen (NOx), hydrocarbons (HC),

hydroxyl radical (HO), hydroperoxyl radical (HOo) and other species.

Indirect photo-oxidation of rates in the laboratory are affected by a

variety of experimental factors including concentration of SO2 ang reacting



Table 1. Mechanisms that convert sulfur dioxide to sulfates.: ’ ; .
! -
Factors on Which Sulfate i
- Mechanism Overall Reaction Formation Primarily Depends N
1. Direct Photo-oxidation S0 Light, Oxygen. HASO 4 ~ Sulfur dioxide concentration,
2 Water A sunlight intensity
2. Indirect Photo-oxidation 0 Smog, Water, NO, N HoSO Sulfur dioxide concentration,
2 Organic oxidants, OH’ "2°V4 sunlight intensity, concentration of
‘ NOy, OH and organics
3. Liquid phase oxidation S0, water ; HyS03 gmmon1a concentration temperature,
a. uncatalyzed oxidation
by Op with and without  NH3 + HyS0y2X90 5 NHb 4 50,
b. catalyzed oxidation by 02 , Concentration of heavy metal
Oxygen, water \ = .
S0, Heavy metal Jons’ S0, (Fe,an) jons, pH, temperature
c. oxidation by ozone and Concentration of ozone or ¥

strong oxidizing agents 502 water S HASO oxidizing agent, pH
Ozone and strong” 2774 :
oxidizing agents

Carbon particle concentration

4. Catalyzed oxidation on
(Surface area)

dry surfaces - S0p

Oxygen, particulate
Carbon, water 7 H,S04




Ve

Table 2. Reported S0, oxidation rates. o ' : i .
| | 2
Laboratory Studies ' 8
[ &S]
direct photo-oxidation <0.02% hr-1
indirect photo-oxidation ave. 0 - 2.7% hr-1
range 0-100% hr-1
liquid phase-oxidation - 6-150% hr-1
catalyzed oxidation on dry surfaces no rates reported
Field Studies 0-200% hr-1

Most values in the range 0-10% hr-1
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species, irradiation sources, reaction vessels, water vapor, and gaseous
impurities. Sulfur dioxide oxidation rates have been calculated using

theoretical models and experimental data.

Indirect oxidation of SO, by §ing]et oxygen, ozone, NOx and CH30 is not

" ““Significant in the ambient environment (Calvert, et al.,1977; Davis and

Klauber, 1975; Daubendiek and Calvert, 1973; Gerhard and Johnstone, 1955;
Jaffee and Klein, 1966; Levy et al., 1976; Daubendiek and Calvert, 1975;
Calvert and McQuigg, 1975). The gas phase oxidation of SO» by HO may

Abe the most important homogeneous sulfate formation mechanism. Reaction
rates of 0.4%/hr-1 in clean atmospheres to 2.7%/hr-1 (Calvert et al., 1977)
in polluted atmospheres have been ca]cu1ated. More information is needed,
however, to quantity HQ concentrations in the ambient atmosphere and in
industrial plumes (Wang, 1975). HO2 and CH302 are thought to be important
in the gas phase oxidation of S02; however, experimental estimates of thesé
reactants and the reactions themselves are not extensive. Reaction rates
of up to Z%/hr'1 in polluted atmospheres have been postulated (Calvert et
al., 1977); Oxidation rates of up to 3%/hr-1 in polTuted atmospheres

have been calculated for the ozone-olefin system (Cox and Penkett, 1971).

Experimental results of SO» oxidation in smog are conflicting and encompass
a variety of reactants and concentrations, irradiation sources and
reaction vesse]sl Reaction rates of 0-100%/hr-1 have been reported for
S02-smog systems (Prager et al., 1960; Endow et al., 1963; Harkins and
Nicksie, 1965; Smith and Uroné, 1974; Wilson and Levy, 1970a, 1970b; Cox
and Penkett, 1971, 1972; Roberts and Friedlander, 1976; Miller, 1977).

Uncatalyzed and Catalyzed liquid phase oxidation

In general the liquid-phase oxidation of SOp involves the diffusion of
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molecular S0p and other gases into a water droplet where the gases may

encounter nucleating aerosol particles. Oxidation then proceeds through

the process of hydration and subsequent dissociation of the dissolved

gases and oxidation of sulfite or bisulfite ion.

“~-~The results reported in the 1%terature for the oxidation of SOz in the
liquid phase vary. Many studies were conducted using higher concen- -
trations of catalyst than normally found in the ambient atmosphere
(vVan den Heuvel and Mason, 1962; Cheng, Corn and Frohlinger, 1971; Penkett,
1972). The calculation of ambient air oxidation rates from these studies
required extrapolation of the higher reactant concentration data to Tow

levels found in the ambient environment.

_ Oxidation in thé aqueous phase has been found to be sensitive to pH,
temperature, relative humidity, catalyst type, catalyst concentration,
NH3 concentration and SO concentration (Fuller and'Crist, 1941; Junge
and Ryan, 1958; Van den Heuvel and Mason; 1963; Scott and Hobbs, 1967;
Matteson et al., 1969; Brimblecombe and Spedding, 1975; Barrie and Georgii,
1976; Penkett,'1972; Penkett and Garland, 1974).

Oxidation rates ranging from 0 to 15%/hr-1 have been reported for the
uncatalyzed oxidation of SO, by 0p (with and without ammonia) (Van den
Heuvel and Mason, 1963; Scott and Hobbs, 1967; McKay; 1971; Miller and

de Pena, 1975; Beilke, et al., 1975),A Ammonia; although not a true catalyst,
is important in the oxidation reaction because it maintains a high pH

and forms su1féte salts which in turn Tower solution vapor pressure

(Freiberg, 1974).

Metal catalyzed oxidation rates for SO02 ranging from 0-90%/hr'1 have been

reported (Cheng, et al., 1971; Brimblecombe and Spedding, 1975; Barrie
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and Georgii, 1976). Dissolved manganese and iron are the most efficient
catalysts; vanadium has been shown to be fnefficient (Junge and Ryan,
1958; Foster, 1969; Matteson et al., 1969; Cheng et al., 1971). A
synergistic effect has been observed between iron and manganese, suggest-
ing that plume oxidation rates may be accelerated in the presence of

[T

several catalysts (Barrie and Georgii, 1976).

Oxidation has been observed to stop at a pH of 2.2 (Junge and Ryan, 1958;
Barrie and. Georgii, 1976). Freiberg (1974) proposed a model for oxidation
that depends strongly on pH, temperature, and relative humidity. Unlike
Freiberg's model (1974), Barrie and Georgii (1976) found that oxidation

increased with higher temperature.

~ Oxidation Of‘SOZ by ozone at a rate of 12.6%/hr-1 has been reported
(Penkett, 1972). Plume oxidation by this mechanism is potenfia]]y impor-
tant, particularly at distances farther from the source, where ozone
concentrations have not been depleted by reaction with NO (Penkett and

Garland, 1974; Beilke and Gravenhorst, 1977).

Overall aqueous phase oxidation rates ranging from 0-150%/hr-1 have been

reported (Foster, 1969).

Catalyzed Oxidation on Dry Surfaces

The heterogeneoué solid catalyzed gas phase oxidation studies reported
in the literature lack reactiqn rate‘and/or mechanism studies‘re1ating
dry heterogeneously cata]yzéd S02 oxidation systems to atmospheric

processes {Novokov et al., 1974; Smith, et al., 1974; Low et al., 1971;
Goodsel et al., 1972). These reactions do not apbear significant when

compared to‘aqueous phase. oxidation systems (Davis and Lunsford, 1976).
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Manganese, iron, lead, and other suspended particulates in urban air
have been reported as efficient catalysts; vanadium; however, appears

to be a poor catalyst (Corn and Cheng, 1972; Urone et al.; 1968).

=-.JField Studies

The conversion of sulfur dioxide in power plants, plumes, urban areaé,
and smelter plumes has been investigated. These studies encompass a
variety ofwsampling, analytical, and modelling techniques. Many rate
controlling factors beljeved to be important for both Taboratory and
field studies are: temperature, humidity, solar radiation, cata1ytié
particles, hydrocarbons; and free radicals (e.g., H0). No single factor

is dominant under all conditions.

Mostinvestigators believe that either indiréct photo-oxidation or liquid

phase oxidation of SO in plumes and the atmbsphere are the most signifi-

cant mechanisms (Davis and Klauber, 1975; Newman et al., 1975a, 1975b;

Whitby et al, 1977; Pueschel and Van Valin, 1977; Lusis et al., 1977; Dana

et al., 1975). Other controlling factors include the nature of the

plume and existing meteorological conditions (Dittenhéefer and de Pena,

1977). For example, gas phase oxidation by HO radical may be important

during the summer monghts when UV fluxes, temperatdre and relative

humidity are greater because these conditions favor HO production. Conversely,
liquid phase oxidation likely predomfnates in the winter When conditions

do not favor indirect gas phase oxidation.

The relative importance of catalyzed and uncatalyzed liquid phase processes
depends on the presence of active transition metal species. Catalytic

processes may predominate in power plant plumes where particulate metals
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are abundant. A pollution control-equipped smelter plume contains fewer
catalytic surfaces and cbnsequently catalytic reactions may be insig-.

nificant.

The type of mechanism which predominates in a single plume over the
course of a year may experience both seasonal and diurnal variations.

On a diurnal basis, higher UV fluxes occur during daylight hours, which
favor indirect gas phase oxidation; conversely these mechanisms become
slower or less important at night. The relative importance of the
individual mechanism in a plume may also vary Qith distance from the
source. Oxidation by HO or ozone may predomjnate farther downwind while
catalyzed-uncatalyzed liquid phaSe oxidation may be more important close

to the source (Davis et al. 1974, Davis and Klauber, 1975).

In summary, investigators have not elucidated the complex chemical

reactions of S0, oxidation. Field investigations have shown that humidity,

. sunlight, temperature, catalyst concentration, and catalyst type are

important factors in the oxidation process (Gartrell et al, 1963; Weber,
1970; Davis et al., 1974; Newman, et al., 1975a, 1975b). Neither the
importance of the individual mechanisms nor the variation of the oxidation
rate with distance have been determined. Some studies show that the
oxidation rate remains constaﬁt throughout plume travel, while others

show increasing or decreasing trends in oxidation rates (Whitby et al.,
1977; Lusis and Wiebe, 1976). Problems in methodology with the plume
field studies have not been resolved (James and Foster, 1976; Newman et
al., 1975a, 1975b; Whitby et al.,, 1977; Wilson et al., 1976; Lusis and
Wiebe, 1976). Some of these include type of instrumentation, the method

of calculating rates, the method of collecting data in the plume, the
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laboratory analySi§ of pafticu]ate sulfate and so forth.

S02 oxidation rates in the range 0—300%/hr’1 have been measured for

power plant, urban and smelter plumes; most va]ﬁes are in fhe‘range
0-16%/hr'1 and average values in this group are about 2%/hr-1

(Gartrell et al., 1963; Davis et élq 1974; Dittenhoefer and de Pena, 1977;
Pueschel, 1977; Lusis et al., 1977; Newman et al., 1975a, 1975b; Forrest
and Néwman, 1977; Veber, 1970; Dana et al., 1975).

Plume Chemistry Modeling

Because of the lack of a well-defined experimental data base which
describes the complex SO2 chemical system, a single inclusive chemical
reaction dispersion model has not been developed and verified. However,

until more sophisticated mechanisms are elucidated, the incorporation

~or first or second order oxidation expressions into diffusion models

_appears to be a reasonab}e approximation for most purposes.
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SULFUR DIOXIDE CONVERSION LABORATORY STUDIES

Four important mechanisms have been identified in the oxidation of SO, to
sulfate; these mechanisms (listed in Table 1) are affected by a variety of
factors including the concentration of reacting species present, tempera-

ture, and humidity.

Sulfur dioxide may be dissociated into SO and O atoms but this reaction
requires 135 kcal/mol and is not possible energetically for wavelengths of
absorbed 1ight greater than 2180 R. Since SO2 in the troposphere absorbs
only light of wavelengths greater than 2180 R, photo-dissociation does
not occur in the troposphere and will not be considered further in this

review.

The results of laboratory studies pertaining to direct photo-oxidation,
indirect photo-oxidation, air oxidation in liquid droplets, catalyzed
~oxidation in Tiquid droplets and catalyzed oxidation on dry surfaces are

presented in the following section.

Direct Photo-oxidation

Direct photo-oxidation is the homogeneous oxidation of SO2 and 502—02
mixture in the presence of ultraviolet 1ight. The photochemistry of 302
excited within the Tower atmosphere provides, in principal, several
pathways which may lead to the oxidation or other traﬁgformation of 802.
SO2 absorbs Tight within the UV region of solar radiation incident within
the troposphere at two bands (from 2400-3300 X and from 3400-4000 R).
Excitation of SO2 leads to the formation of a éing]e non-emitting triplet
(%81).

state, SO, By). It appears that the S0, (381) molecule is the major

photochemically active species formed in the photo-excitation of 502
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(Okuda et al. 1969).- Calvert et al. (1977) developed theoretical rates of re-
action of S0, (381) reactions with various impurity species and 0, in a
hypothetical sun-irradiated lower troposphere. These rates are given in

Table 3.

The rates in Table 3 are considered very slow, and even under the most
favorable conditions they are below those estimated for the indirect

oxidation of ground state 502,

Calvert et al. (1977) concluded that the major chemical effect of SO,
photo-oxidation by sunlight within a polluted atmosphere is the generation

of excited singlet - O2 species through reactions 1 and 2.

s0, (%8;) + 0, (3zg') - 50, () + 0, (l.zg*) 1)

Aj) + 0, (1a) 2)

1
( g

+ 505

The authors also concluded that the data support the occurrence of a slow

rate of 502 photo-oxidation probably through.reactions 3 and'4 or 5 and 6.

S0, (3Bl)+ 0, (329“) > S0, (cyclic) 3)
504(cyc]ic) + 0, - 503 + 03 | 4)
50, (%) + 0, (3zg‘j > 505+ 0 (3P) 5)'s
0+0,+M > 03 +M 6)

The maximum rates for these reactions correspond to less than 0.02
percent/hour. The observed ratios of 302 oxidation in air are higher;
therefore, oxidation of 502 occurs by reactions other than those involving

. photo-excited SOz,molecu1es.
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Table 3. The theoretical rate of reaction (ppm hr ") of 802'(381) reactions

1 with various impurity species and 02 in a hypothetical sunlight-

. . a,b
irradiated Tower troposphere. 2

Initial {505}, ppm

Reactént Reaction
: molecule No. 500 0.5 0.05

NO 13 A 3.1x10%  3.1x10°  3.1x10°

| B® 8.9x10%  8.9x10°  8.9x10°

co 14 A 9.9x1077 9.9x1070  g.9x 10711
B 2.9x10°  2.9x107  2.9x 10710

CoHy 5 A 6.1x1070  61x107  61x107

B 1.8x107°  1.8x10°®  1.8x 107

cis-2-CyHg 16 A 5.0x10°%  5.0x10°  5.0x10°

B 1.5x10°0 1.5x10% 1.5 x107°

is0-C,Hg 17 A 3.4x10% 3.4x107  3.4x108
' B 9.7x10%  9.7x107  9.7x10°8
50, 4 A 8.1x10°  8.1x10°  8.1x 1071
. B 2.4x10%  24x108  2.4x10710

0, 10 A <9.0 9.0 x 1073 <9.0 x 107%

| B <17.0 1.7 x 1072 <1.7 x 1073

56,7 A <1.0x107l <1.0x10%  <1.0x 107

B <1.9x 107} <1.9x10™%  <1.9x107°

a. Adapted from Calvert et al. (1977)

b. Calculated for a solar zenith angle of 400, near sea level, 25°C, 1 atm,
50 percent relative humidity, and 1 ppm of the specific impurity
molecule present; in the case of 502 impurity, the column heads represent
the amount present. .

c. Rows labeled A - 50 percent RH, no pressure stauration or wavelength
effects on intersystem crossing ratio. Row labeled B - pressure
saturation effects and wavelength effects assumed.

d. Oxygen is assumed to Be present in each case at 156.7 Torr (air at 50%
relative humidity, 25°C. :
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Laboratory studies also have shown that there is a low rate of 503(H2504)
formation in dilute SOZ—air mixtures. Studies of the reaction kinetics
are subject to effors due to varying intensity and spectral distribution
of radiation, gaseous impurities, reactant concentrations, humidity,
@3‘§§mperature and reactive-container surfaces. Reported quantum yields and
theoretical calculations indicate that direct photo-oxidation is too slow
to account for transformations of 502 which are obsérved for short time

periods such as found in power plant and smelter plumes.

Table 4 provides a summary of photo-oxidation studies of S0,, S0,-air

mixture.



Kasahara (1976)

Sunlamp, SO, (0.05-10 ppm), RH
(80, 60, 54 , maximum irradia-
tion time (12 5 minutes)

Table 4. Summary of photo-oxidation studies of 502, Soz—air mixtures.
Reported Conversion Rate
Quantum Based on 1st
Investigator Experimental Conditions Yield (¢) Order Rate Con-
stant (in sunligh

Gerhard and sunlamp, SO, (5 to 30 ppm), RH (32 0.20%/hour
‘Johnstone (1955) to 91%), T 75 to 890 (C); natural 0.1-0.2%/hour

sun119ht
Renzetti and sunlamp, SO, (0.2-0.6 ppm), 50% RH, 3x1071 24%/hour
Doyle (1960) irradiation t1me (17 to 27 min)

, sun]amp SO PSO =12.7 mm), 0, (P02= 2

10.6 mm) %3 oc., no water vapor 3.6x10
Urone, et al. sunlamp, SO, (12 ppm), 50%RH, - 0.1%/hour
(1968) irradiation”time (20-30 hours)
Cox and Penkett ‘natural sunlight, 502 (0.07 to 0.76 1.0x10'2 0.04-0.65%/hour
(1970) ppm), bright, hazy, and cloudy

sunlight (rates up to 100%/hour

attributed to wall effects and

contamination by HC and NOy)
Cox (1972) sunlamp, low $0,/0,, 23 + 2°C 1.3x107° 0.02-0.04%/hour
Sethi (1971) sunlamp, $0,(20-100 torr), 0, (50- [L.7x107%, | 1.25%/hour

390 torr), room temperature to 2x10
Friend et al. sunlamp, S0, (0.1-1.0 ppm), 0, (19- 1.0x107? <<0.01%/hour
(1973) 23%) '
Takahasi and 8x10™3 0.07%/hour
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Gerhard and Johnstonék(1955) investigated the rate of photo-oxidation
(3650-295C g) of S0, (5 to 30 ppm) at 32 to 91% relative humidity and

75 to 89°F in a Lucite chamber using both a mercury sunlamp and natural
sunlight for irradiation. The rate of H2504 formation was determined to

be first order with respect to SO2 and was 0.68%/hour in artificial light
with a mass median particle diameter of 0.19 to 0.45 um. Quantum yields
were not determined. The oxidation rate was unaffected by humidity,
presence or absence of salt nuciei, or concentration of NO2 over the range
of concentrations studied. The rate of reaction in the’dark was negligible
~under the experimental conditions. Since the intensity of 1ight in the

SO2 absorbing region from the mercury sunlamp was about three times the
intensity of noon sunlight, the authors extrapolated the mercury sunlamp
rate to noon sunlight and obtained a rate of about 0.2%/hour. Although

the authors felt the experiments in natural sun]ight were somewhat uncertéin
. due to experimental conditions, é reaction rate of 0.1-0.2%/hour was

postulated.

Renzetti and Doy]e (1960) studied the oxidation of 502 in air as part of
‘a program to investigate the photochemical formation of aerosol in
sulfur-dioxide-hydrocarbon systems; experiments were conducted in a
continuous stirred-flow reactor using a medium pressure mercury sunlamp.

A quantum yield of 0.3 molecules per quantum absorbed was obtained for

SO2 concentrations of 0.2 to 0.6 ppm, 50% humidity, and with reactor
residence times of 17 to 27 minutes. The quantum yield decreased to 0.036
molecules using a light source of 3130 X wavelength at 2§bc with no water
vapor and with an increased SO2 and 02 concentration (PSO2 = 12.7 mm and
| POé = 10.6 mm). The authors conc]udé that the differences in.the results

are probably due to the higher total pressure, lower concentrations of
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reactants, and preséhfetof water vapor as was the case for the first
experiment. Also, estimating absorption rates and estimating rate of
photo-oxidation in the reactor likely introduced errorin the fing]

results. When a quantum yield of 0.3 was assumed for sunlight, an

average photo-oxidation rate of 24%/hour was obtained which was considerably
higher than rates reported by Gerhard and Johnstone (1955), Urone et al.

(1968), Cox and Penkett (1970), and other investigators.

Urone et al. (1968) using a procedure similar to Renzetti and Doyle (1960)
‘determined the conversion rates of 302 using é UV Tlamp which had an
irradiation intensity approximately seven times the intensity of the
noonday sunlight in the same wavelength region. A thirty-hour irradiation
experiment (302-12 ppm, 50% RH) yielded a conversion rate of 0.6%/hour

or about 0.1%/hour when ektrapo]ated to noohday sunlight. A twentj-hour

experiment a]so'yielded nearly identical results.

~ Cox and Penkett (1970) studied the oxidation of S0, at Tow concentrations
in air using natural sunlight; the concentration of gaseous SO2 and

“aerosol was measured using radioactive 35

802 and the rate of reaction was
determined from the decay of 302 and the yield of aerosol. Reactions were
conducted in an aluminum reaction chamber with a Perspex 1id which
transmitted about 50% of the natufa] UV radiation (3000-3200 R). S0,
concentrations of 0.07 to 0.76 ppm resulted in conversion rates of 0.04 to
0.65%/hour determined from aerosol formation under conditions of bright
sunlight, hazy sunlight and sunlight with clouds. Conversion rates
calculated from SO2 decay were found to be as high as 100%/hour. These

. high rates were attributed to surface (container wall) effects and traces

of HC (0.1-0.5 ppm) and NOy (<.005 ppm) in the air streams. A comparison
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i
of tﬁe average value of the rate constant determined from aerosol
.measurements with published data for the specific absorption rate of SO2
in hatgra] sunlight resulted in a quantum yield of 10'2 for the photo-
oxidation. Cox (1972) determined the gquantum yield for sulfur trioxide
production (¢ 803) for the photolysis of SOZ’ 502-02 and SOZ-air mixtures
in the first allowed wavelength absorption region 2400-4000 X at 23 i_20 C
-in a static system to investigate the variation in reported quantum yields
determined under different conditions. Reactions were conducted in a

cylindrical quartz cell using a UVS 500 medium pressure mercury arc
17 16

, 0
(1ight flux in photons per second: 1.0 x 10°° for 2400-4000 A, 4.3 x 10

15 for 3130 R). At low concentrations of 502

3 but

0
for 2900-4000 A , and 2.5 x 10

relative to 0, or air, the quantum yield of SO, (¢ 503) was 1 x 107

3 4t the initial concentration ratio of

3)

increased to a maximum of 5 x 107
502-02: For pure 302, ¢ 503 Qas Tower (3.4 x 107°) than when small amounts
of O2 were present. The author reported éomé evidence that high ¢ 503 may
" result from a surface reaction. An extrapolation of the low SO2 data to

.atmospheric oxidation in natural sunlight resulted in an estimate of ¢ 503

of 0.3 x 10'3; this value would result in an oxidation rate of about

0.02-0.04 %/hour,comparable to sunlight rates.

Sethi (1971) photolyzed mixtures of SO, (20-100 torr) and 0, (50-390 torr)
at 3130 R and at room temperature in quartz cells using mercury lamps. The
only product of the phofo]ysis was 303 and this study marked a direct
identification of the product. Quantum yields for the disappearance of

SOZ were determined using a photometric method to monitor S0, concentration.
" Quantum yields of SO3 were not determined because of poor reprﬁducibi]ity
in the determiﬁations of 503'concentrations. The quantum‘yie1d‘of SO2 was

“independent of 802 concentration in the range 11.6 to 50.4 torr and
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independent of 0, cpntentration in the range 50.0 to 390.6 torr. Over

an eight b~ photolysis with an intense UV source, conversions of about
10% were observed at 3130 X, and ¢ 302 was 1.7 X 10'2 molecule per
quantum absorbed; over the integkated wavelength range of 2806 to 4200

0 -3
A,¢>SO2 was 2 x 10

moiecule per quantum absorbed. The differences in

¢ 502 values were explained in terms of wavelength dependence of the rate
constants for two primary reactions yielding a ground state and triplet
SOZ' The authors indicated that SO3 was the only product formed,

) 503 = ¢ 502, based on the stoichiometry of the reacticn 2 SO2 + Q2 >

2 503.

Friend et al. (1973) investigated 502 photo-oxidation in the first allowed
absorption region (2500-3200 R) as part of a study of the mechanism of
formation of stratospheric aeroso];. Experimenté were conducted using a
pyrex reaction chamber with quartz optical windows and a medium-pressure,
high intensfty mercury lamp. The quantum yield for the photo-oxidation of

2 which is the lowest yield of studies

S0, by 0, was less than 1.0 x 10°
reported in this review; the corresponding oxidation rate for sunlight is

“much less than 0.01%/hour.

Takahasi and Kasahara (1976) investigated the effects of environmental
factors on the photo-oxidation of'SOZ. Experiments were conducted with 302
concentrations in the range from 0.05 to 10 ppm; humidity of 80%, 60%, and
less than 10%; a maximum irradiation time of 12.5 mindtes; and a UV
intensity of 0.15 m w/cm2 - sterad. Particle number, particle concen-
tration, and volumetric rate of particle formation were strongly dependent
on.both S0, vapor concentration and humidity.' The overall quantum yield
was 8 x 10'3 with a corresponding reaction rate of 0.04%/hour. This rate,

when extrapolated to noonday summer sunlight in Japan, is 0.7%/hour.
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) Indirect Photo-Oxidation

Early investigations of 502 oxidation concentrated on catalyzed liquid-phase
oxidation as the mostjprobable oxidation mechanism. More recently, field
stud%es ha ' supported indirect gas phase oxidation as an important
mechanism for SO2 oxidation. It is possible that early studies had exper-
imental problems; e.g., 302_conversion on filters, analytical technique,

and so forth.

Homogeneous gas phase oxidations proceed via 2nd or 3rd order processes

between SO2 and other molecular oxidizing agents or free radical oxidizing
agents. Calvert et al. (1977) 1in an extensive review of the literature presented
a compilation of homogeneous reaction paths and recommended rate constants

| based on experimental and theoretical considerations. Table 5 is a

compiled listing of the rate data and mechanisms taken from Calvert et al.

(1977) and other investigators.

502 - Singlet Oxygen System

Reactions 7-8 in.Table 5 summarize the Soz—sing]et—oxygen system. Calvert
et al. (1977), after reviewing the 1iterafuré, estimated a rate of about
1.4 x 10"7%/hour for the oxidation of SO2 by O2 (129+) for typical values
. of {02 (12g+)} =6 X 102 mol‘ec/cm3 and concluded that the rate of singlet

o0xygen reactions with 302 in the lower atmosphere is insignificant.

Davis and Klauber (1975), in their review of the literature, estimated a

19 cm3/mo1ec sec for the reaction of O2 (1a) with

rate constant of about 10~
SO2 and also opined that singlet 02 reaction with 302~is not important in

the lower atmosphere.

Davis and Klauber (1975) derived a rate constant of 2 x 10-14 cm3 molec-l

sec-l for the oxidation of SOy by 0(3P) where the {§(3Pil'§ 1x10% molec/cmd.

Calvert et al. (1977) derived a rate constant of (5.7 + 0.5) x 10714 cnd

mo]ec"1 sec™} for the oxidation of S0, by O(3p)¢ In a highly polluted



Table 5. Enthalpy changes, rate constants and reaction rates for
potentially important reactﬁons of -ground state S0 and SO3

Reaction Rate {%/br}

molecules in the lower troposphere, @
: Peiluted " Clean
Reaction Atm Atm
(7} Oz(lAg) + 50, + 504 (biradical), S0, (cyelic) 25, 28 ,
(8) 0pte) + 50, » 503 + 0(*P) -13.4 (3.9 +0.9) x 10°%0 1.4 x 107
(9) oz(lag) + 50, + 02(3;:g 7) + 50, 22.5
(10) 0,(15") + 50, ~ 50, (biradical), $04(cyclic) A0, 243
(1) 0¢*x ;") + 50, + 505 + 0(°P) 1.7 6.6 x 10716 1.4 x 1077
(12) 0,(1z ") + 50, = 50, + 0,(1y) 15.1
(13) 0(%P) + SO, (+M) » SO (4M) - _‘ 83.3 (5.7 +0.5) x 1070 1.2 x 1072
(14) 04 + S0, + 0, + S0, 57.8 <8 x 1072 1.4 x 107 8.6 x 10°°
» . . -
(20) 1O, + S0, > HO + SO, 10.0.  8.8x 1070 1.0 x 10711
(18) Oy + SO, + NO, + SO, 32.8. << 7 x 16721 6.3 x 1078
(21) OHOD + SO, » HO, + S04 ~30 <7 x 104 3.8 x 1074
(19) N0y + SO, + 0, + SOy 24.6 <4 x 1072 3.6 x 107°
(22) HO, + S0, » HO + SO 19.3 “> (8.7 +1.3) x 10716 1.9 0.15
(24) HO, + SO, (+M) - HO,S0, (+M) . ) not obs. exp.
(25) CH,0, + S0, + CH,0 + SO . n27 . 2.0 0.02
30y + S0, + CHy 3 . (5.3 + 2.5) x 10715
(27) KO + 50, (+4) » HOSO, (+H) w37 (1.1 + 0.3) x 10712 2.7 0.4
(29) CH0 + SO, (+11) = CH3050, (+M) n24 A6 x 10710 0.01
(32) RCHOO.+ SO, + RCHO + S0, ~98 3.0 0.1
° ,0-0-0~ .
(33) RC——CHR + SO, » 2RCHO + SO, 89

Talem Frea PaToaet A+ a1 [1077)Y

{9.1 % 2.0) x 10-13
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o
atmosphere wich {O(Bp)} =2 X 105 mo]ec/cm3 an oxidation rate of 1.2 x 1Qf2%/hour

is calculated.

S0, - 0, System
Direct oxidation of 502 by ozone in the gas phase is a slow but exothermic

reaction (equation 14, Table 5)

SO0, + 0

3

Davis et al. (1974) using the technique of stop-flow TOF mass spectrometry
calculated an upper 1limit for the rate constant of equation 14 of equal to
20 c 3

or less than 10~ m mo]ec'1 sec"1 (360° K, 200 m torr of 03 and 20 m

torr of 502)'

Daubendiek and Calvert (1973) calculated a rate constant of less than

24 cm3 mo]ec'1 sec'l. Using Daubendiek and Calvert's rate constant

8 x 10~
and an ozone concentration. of 5 x 1Q13 moiec’cm‘3 (about 2 ppm), which is
a high ozone éoncentratioh that has been reported in some areas bf thé
- U.S., a sulfur dioxide oxidation rate of 1.4 x 10'4%/hour is calculated.

12 mo]ecu]es/cm3, which was measured in

If an 03 concentration of 3.0 x 10
the Cu-Ni Study Region in NE Minnesota, is used along with Daubendiek and
~ Calvert's rate constant, an oxidation rate of 8.6 x 107%%/hour is

calculated.

S0,_- NO, System

A number of investigators have studied the oxidation and subsequent
particle formation of SO2 by NOX. Present data indicate that the oxides
of nitrogen (NOZ’ NO5, ONOO, NZOS) do not contribute significantly to the

oxidation of 802.



[

Gerhard and Johnstone (1955) studied the effect of 1 to 2 pph NO, on the
oxidétion v 20 to 20 ppm SO, (temp, 78-86° F; RH, 60-77%) when irradiated
with light in the waye]ength range 2950-3650 X. No measurable effect

on 50, oxidation was observed. No reaction was observed in the dark with

20 ppm 502 and 1.0 ppm NOZ’ Irradiation of 1.0 ppm NO2 in air without 502did
not produce aerosol. The addition of NO, concentration which was 5 to

20% of the 502 concentration had no measurable effect on reaction rate.

Renzetti and Doyle (1960) found that the addition of 1 ppm NO2 to 0.14 ppm
SO2 enhanced the photo-oxidation of SO2 but that the addition of 1 ppm NO
‘to 0.5 ppm.SO2 at 50% humidify hindered the formation of aerosol. The
enhancement effect of NO2 is accounted for by the reaction

502+0+M+SO3+M (15)

and the suppressing effect of NO by the reaction
| S03 + NO - S0, + NO, . (16)
Altshuller and Bufalini (1965) suggest that the removal of 503 or the deac-

- tivation of excited S0, with NO is a more Tikely mechanism.

-Jaffee and Klein (1966) irradiated nitrogen dioxide in the presence of 502
at 3660 X; SO2 does not absorb light at this wavelength but NO2 is

photolyzed to NO and 0. In the 502 - NO2 - air system, SO2 concentrations

ranged from 2.13 x 104 to 143 x 104

4

moles/1liter and NO2 concentrations

4

to 5.15 x 10" moles/liter. The rate constant kyy for

ranged from 1.47 x 10
the overall reaction SOé + 0+ M k17 9503 + M (17) at {M} = 2 torr was

10 ,2 2 -1

found to be 1.4 x 107~ 1° mole © sec

A dark reaction rate constant of 3.7 x 1073 1 mole ’1, which is negligible,
was also observed. Levy et al. (1976) reported a value for k17 of 9.3

x 10° 12 mole™? sec™! at atmospheric pressure. The authors reported that



oo

if lp4 oxygen atomé/cﬁ3 are assumed for an SOp-laden plume, a half life of
3.5 years is calculated for the oxidation reaction, which is a very slow

reaction rate.

Katz %nd Gale (1970) found that the presence of NOé increased the rate of
302 oxidation. The addition of 0—0.87 ppm NO2 to 3.3 ppm 802 in air

(temp 362, 8.8 mg HZO/] dry air, UV Tight intensity equivalent to 70% noon
sunlight) resulted in a doubling of the rate constant for both dry and wet

air. Oxidation was not observed under dark conditions.

Urone et al. (1970) reported on the photochemical and thermal reactions of
,502 with NO2 in air at higher gas éoncentrations than those in the ambient
air. The reaction of 1000 ppm SO2 énd 1.50% NO2 in dry air yielded a rate
constant of about 1.9%/hour after 1 hour irradiation time. A white
crystalline solid which was identifiedAas NSOS'formed on the walls of the
react{dn vessel. A mixture of 1000 ppm 302 and 1.50% NO2 in dry air was
_stored in the dark at room temperature for 2.5 hours, irradiated for 15
minutes, and then kept in the dark at room temperature. Results showed

* that reaction in the dark did not occur prior to irradiation and that

reaction did occur in the dark after irradiation.

- Smith and Urone (1974) investigated the S0, - NO, - air system. At 0.85
ppm NO2 and 1.7 ppm NO2 the rate of oxidation of 2 ppm SO2 in air was about

3.0 x 1074

ppm/min compared to 1.7 X 10-4 ppm/min for 302 in air alone. At
higher concentrations of NOZ, however, the reaction rate did not vary from
that of S0, 1n'air alone. The dark reaction between 50, and NO, was also
studied; no measurable reaction rate was observed at NO, concentration up

to 10.2 ppm and reaction time up to 5000 minutes. Gas phase oxidation

prdducts were not detected; however, if they were presenf, they probab]y
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would not have been detected with the methods used. At 50% humidity the

SO2 - NO2 reaction rate increased twofold to 15 x 104 ppm/minute.

Daubendiek and Calvert (1975) estimated rate constants for the NO5-S0, and
N205~SO2 systems in experiments at room temperature and the following
“initial reactant pressures (torr): 1) S0, - 1.96, N0 - 11.9; 2) 0, - 8.5,
N0 - 2.5, O3 - 10.6, 0, - 450; 3) S0, - 16.7, N,0p - 7.62, 03 - 36.6.
- Upper limits for the reaction rate constants were calculated for the
reactions:
k .
NO3 + S0, 18 NO2 + 503 (18)
and

k

N205 + 50, 19 N204 + SO3 (19)

The reaction rate constant for K18 was found to be less than or equal to

21 cm3/mo]ec seci and the constant for K19

2 1 mo]e'1 sec'1

4.2 1 mo]e“1 sec™! (7.0 x 107
was found to be less than or equal to 2.5 X 10;
(4 x 10723 cm3/ molec sec) at 30° C. The data also suggest that these
reactions are not important removal paths for SO2 in sunlight irradiated
NOX-HC polluted atmospheres. It was also found that very dry gaseous
mixtures of 803 and NO2 gases react rapidly to form a relatively nonvola-
tile white solid with a 1:1 ratio of 503 and NO2 which may have been the

same solid observed by Urone et al. (1970).

Davis and Klauber (1975) reported estimated rate constants of Kig = 10'21
and k19 - 10723 cm3/m01ec sec.
-Calvert et al. (1977) reported that for NO, concentrations of 5 x 1012 molec

a3 (0.20 ppm) the concentrations of NO5 and N,0g which are expected in

heavy thtochémica1 smog are 2.5 x 107 and 2.5 x 109 molec cm'3, respectively.

These concentrations would result in oxidatibn rates of SO2 by NO,, NO3, and
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N,Og of the order: 1.6 x 10"11, 6.2 x 107° and 3.6 x 107" percent/hour.

50, _- HO,_ System

The HO?_-SO2 reaction is thought to be an important reaction in homogeneous
-.gas phase oxidation; however, eiperimental estimates of reaction (22) are

not extensive.

HO, + SO, > HO +,SO3 (22)

“Payne et al. (1973) determined rate constants for the reaction of the hydro-
peroxyl radical with atmospheric 802 using a photochemical 1802 competitive
‘isotope labeling technique. Rate measurements of reaction 22 versus

reaction 23 were made.
HO2 + H02 > H202 + 02 (23)

At 300° K the rate constant for reaction (22) was found to be (8.7 + 1.8) x

-16 __ 3 -1 -1

10 cm™ molec sec

Calvert et al. (1977) reviewed the literature relating to reaction 23 and

concluded that k23 may be higher due to possible temperature and humidity effects.

15

Davis and Klauber (1975) reported a rate constant of about 10~ cm® molec™ !

sec™! for reaction (22).

- A typical HO2 concentration expected in an unpolluted atmosphere is about

8 mo]ec/cm3 (Levy, 1971) and the ieve] expected in a highly polluted

9

5x 10

mo]ec/cm3 (Demerjian et al., 1974). These
16 c13

atmosphere is about 6 x 10

1

levels lead to a rate of S0, oxidation by HO, (k25 8.7 x 10° m~ molec”

sec'l) of about 1.9%/hour for a polluted environment and about 0.15%/hour

for a clean environment.
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Reaction (24) which results in HO, addition to SO, rather than abstraction
has not been observed experimentally and is not thought to be competitive

with the abstraction reaction.

HO, + S0, + M » H02502 + M (24)

'By analogy Calvert and McQuigg (1975) estimated that the reaction rate

16 1 -1

constant for the HO, addition would be about 10~ Cm3 molec™ ™ sec * with

2
a resulting oxidation rate less than 0.1 percent/hour in a highly polluted

atmosphere.

§92 - CH3Q2 System

The CH3O2 radical is probably the most abundant of the organic peroxy
radicals in the atmosphere; it is expected to be present in highly
polluted atmospheres at 10° mo]ec/cm3 (Demerjian et al., 1974) and an
oxidation rate of up to 2 percent/hour is calculated; in a clean atmos-

phere a rate of 0.02 percent/hour is expected.

S0, - HO System

The HO addition to 502 is probably the most important of the homogeneous

reaction paths of 302 oxidation in the troposphere.

Wood et al. (1974) presented evidence for the importance of the hydroxyl

(HO) reaction mechanism as part of the study of the mechanism of aerosol
formation from SO2 oxidation. Studies were performed using steady-state
photolysis of mixtures of 502’ CO, HZO and N2 over a wide range of concen-
trations and pressures. In these experiments, CO competes with S0, for HO
and the effect of varying concentration ratios on CO2 production is measured.

Hydroxyl radical is formed through the photochemical dissociation of water
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molecules by UV radiation. The competing reactions are:

HO + SO, + M K30 HOSO, + M (27)
and
Co + Ho k34 C0, + H (28)
-
fﬁé'studies showed that the oxidation of 302 by HO was preséure dependent

"below 500 torr and pseudo-biomolecular at higher pressures. A high pressure

13 3 1

Timit of kK27 = 3.8 x 10~ m° molec” sec-l’was obtained for the reaction

rate constant.

Castleman et al. (1975) continued the competitive S0, - CO reaction studies

of Wood et al. (1974) and reported a pseudo-second order rate constant of

-13 3 1 1

k27 = 6.0 x 10 an® molec™! sec™? (887 ppm~ min'l) at a total pressure

-13

of 760 torr N, and 1etting keg = 1.4 x 10 cm® molec™d sec™t. At

pressures less than 20 torr, the third-order rate constant was found to be

1.6 x 10731 cmd mo]ec'2 sec™l. 1Ina polluted atmosphere with an Ho

6

concentration of 5 x 10~ molec cm'3 or higher, the SO2 conversion rate at

760 torr would be about 2 percent/hour.

Castleman et al. (1975) also determined the rate of reactibn of S0, mole-
cules with Hy, using a fast—f]oﬁ technique. Two alternative reaction
schemes were examined: 1) a direct gas phase reaction with water

(SO3 + Hy0 + M ~H,S0, + M) and 2) a surface reaction whereby S05 is
scavenged by a pre-existing aerosol parfic]e. At room temperature (300O K)
and total pressures ranging from 1.0 to 1.3 torr, a pseudo-molecular rate

13 cm3 mo]ec'1 sec'1 was obtained. It was concluded that

value of 9.1 x 10~
in the atmosphere the direct gas phase reaction with water occurred to
produce HZSO4 molecules and substantial scavenging of 503 by existing

particles would not be expected to occur.



Cox (1975) also investigated the oxidation of SO, by HO using competitive
502—C0 reaction studies. Photolysis at 1 atm yielded an upper Timit of

3 1 -13 Cm3

k27 = (6.0 x 0.8) x 10713 cm3 motec™! sec™! and k28 = 1.5 x 10

mo]ec"1 sec"l.

Sie et al. (1976) presented evidence that the rate constant for the
reaction HO + CO ~ H + CO, used as reference in the cohpetitive CO—SO2
studies was pressure sensitive. Sie et al. found that the raté constant
increased with pressure over the range 20 to 774 torr in the case of added

H2 or SF6 gas.

Calvert et al. (1977) reevaluated the rate constants in the literature
for the SOZ—HO system for high pressure data based on the pressure sensi-

tivity of the rate constant k28. The rate constant K28 was revised to

13 12

3.0 x 10713 cm molec™! sec™! and a value of ko7 = (1.1 + 0.3) x 10°

‘ cm3 mo]é;'l sec'1 was suggested as the appropriate rate constant for the
oxidation of 302 by HO. Based on this rate constant, Calvert et al. (1977)
estimated that SO2 oxidation by HO may be as high as 2.7 percent/hour in

a dirty atmosphere and about 0.4 percent/hour in the clean troposphere based

6 3

on HO concentrations of 7 x 1070 molec en” (Calvert and McQuigg, 1975)

6

and 1 x 10" molec cm'3 (Crutzen and Fishman, 1977), respectively.

Wang, et al. (1975) measured diurnal variations in the hydroxyl radical
concentration of ambient air using a laser-induced fluorescence technique.
Values ranged from below the detection limit of 5 x 106 molec cm’3 at night
or on rainy or c]oudy‘days to greater than 107 molec cm'3 during sunny days
in the summer. Two peaks in HO concentration were observed, one in the

early afternoon and a second in the late afternoon.
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30, - CH30 System

There are no kinetic data based on experimental studies related to reaction

29. Calvert and McQuigg (1975) estimated the rate constant at about kg =

=15

6 x 10 cm3/ molec sec.

K
CH30 + 502 + M 729 CH3050, + M (29)

6

Using a CH3O concentration of 5 x 10 mo1ec/cm3 an estimated rate of 0.01

percent/hour | which seems unimportant, is calculated.

S0, - Olefin - Ozone System

Sulfur dioxide and ozone react very slowly at low temperatures and at
ambient concentrations; however, when an alkene is added to the system, rapid

oxidation occurs even in the dark.

Cox and Penkett (1971) studied sulfuric acid aerosol formation for four
different olefins; .in each case the initial reactant concentrations were
“about 2 ppm olefin, 0.4 ppﬁ O3 and 0.11 ppm 502. Aerosol production did

not vary with SO2 concentration and the amounts of aerosol formed were
similar for all the olefins used and less than the amount of O consumed.
Initial rates of aerosol production varied with different olefins; the

rates of aerosol formation were greater for internally unsaturated olefins
(cis-1-pentene and 2-methyl-2-butene) than for the terminally unsaturated
olefins (propene and 4-methyl-1l-pentene). At ozone and olefin concentrations
of 0.05 ppm, the oxidafion rate of 0.1 ppm 502 is calculated to be about

3 percent/hour for cis-2-pentene and 0.4 percent for propene.

Cox and Penkett (1972) expanded their previous work and postulated that
SO2 interacts with an intermediate product resulting from the reaction

between ozone and olefin. Two possible reactions were proposed based on the
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Criegee mechanism of ozone-alkane reactions .in solution. (They also
postulated that 502 can compete with other removal processes of the

" intermediates such as decomposition and reaction with the chamber walls.)

a) .Reaction of a zwitterion with S0,
,0-0~0+
05 + RCH = CHR » RCH—CHR (a molozonide) (30)
»0-0-0~

RCH — CHR - RCHO —+ RCHOO- (31)

RCHOO + SO, ~ RCHO + S04 H,0 H,S0, (32)
>

b) Reaction of the molozonide with S0,

+0-0-0+
RCH - CHR - 2RCHO + 503 ng H2504 (35)

The addition of SO, (0.07-15 bpm) to 0g (0.35-0.90 ppm) and olefin (1.0-2.0 ppm)
was examined by Cox and Penkett (1972) for several olefins. The aerosol
formation rate was determined primarily by the ozone-olefin reaction; the

rate was unaffecfed by a reduction of O2 in the air and did not appear to

be affected by surface reactions. A strong unexplained inhibitory effect

on the oxidation was observed wfth increased water vapor in the mixture. The
rate of 503 formation was expressed by RSO3 = k.EDé] Entermediate] . In
polluted air Qbé] = 0.10 ppm, ‘é]efiq] = 0.05 ppm, EOé] = 0.1 ppm) at

40 percent RH the oxidation rate was 3.‘0 percent/hour. In clean air(@-;_\ =
0.03 ppm, [b]efiﬁ] = 0.005 ppm, [EOEF 0.1 ppm), an oxidation rate of 0.1

percent/hour was calculated.

These reactions could be more important downwind of the plume rather than

close to the source due to the rapid reaction that occurs between O3 and NO.



The Criegee intermediate is also reduced through reaction with NO.

Calvert et al. (1977) calculated reaction rates for the Criegee inter-

mediate and estimated reaction rates in a highly polluted atmosphere

([h]kené] = 0.10 ppm, [Oé] = 0.15 ppm, [502] = 0.05 ppm) of 0.013 percent/
hour  and 0.007 percent/hour at 50 percent and 100 percent RH (259 C)

"%BF'a terminal bond alkene and rates of 0.3 percent and 0.2 percent/hour

“at 50% and 100 percent RH (25° C) for an internal bond alkene.
Fate of SO; .

The 503 formed through the reaction of ground state SO2 with other species

reacts immediately with water to form sulfuric acid.

Castleman et al. (1975) estimate a reaction rate constant, k34, of

(9.1 + 2.0) x 10713

cm3'/mo]ec'1 sec™ from flow experiments at Tow
pressures.

SO5 + Hy0 +H,S0, (34)

§92 - Smog System

The experimental results reported in the literature for SO2 - smog systems
are conflicting and include a variety of reactants, reactant concentrations,

irradiation sources, and reaction vessels.

Prager et al. (1960) studied the formation of aerosols from different types
of hydrocarbons mixed with N0, in the ﬁresence and absence of S0,. Reactant
concentrations were 10 ppm olefin, 5 ppm NO2 and 2 ppm SOZ‘ Results of
these experiments showed that saturated hydrocarbons produced little or

no aerosol in the presence of NO, and S0,, whi]é monoolefins produced some

aerosol in the presence of only NOZ’ but 1arge amounts when SO2 was added

to the HC-NO, mixture. Aerosol production increased with number of carbon
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atoms in the monoolefin. Irradiation of cyclic saturated hydrocarbons in
the presei..c of NO2 produced 1ittle or no aerosol, while irradiation of
cyclic unsaturated hydrocarbons in the presence of NO2 gave a large amount
of aerosol whether or not 802 was present. S0, did not significantly
affect the rate of aerosol production or the amount of aerosol produced.
Prager et al. found that aerosol formation was not affected in any way by

relative humidity.

Renzetti and Doyle (1960) found that unsaturated hydrocarbons resulted in
enhanced aerosol production in a large number of experiments with 3 ppm of
varijous HC, 1 ppm NOX and 0.1 to 5.0 ppm 502. Saturated and aromatic HC
did not increase the oxidation rate. In the absence of S0, however, the
aerosol production was not increased for the unsaturated HC - NO, mixture
except for cyclohexene. ~Renzet’ci and Doyle a1§o found a humidity effect
on light scattering for the H)-NOX-SO2 system. Light scattering increased
at 50 pefcent RH compared to a decrease at 0 percent RH under identical

conditions; the rate of 302 consumption was not measured in these experiments.

Endow et al. (1963) irradiated a system of 3.0 ppm olefin, 1.0 ppm NO, and
0.5 ppm 502 at 50 percént RH and at 10 to 20 percent RH. The aerosols
formed at higher humidity differed in physical and chemical properties from
those formed at lower humidity. They also calculated an oxidation rate of
1.8 percent/minute for SO, (0.1 ppm) during photolysis qf.l.O ppm NO and

1 ppm 2 methyl-2-butene. | |

Harkins and Nicksic (1965) studying a system of 5 ppm propylene, 2 ppm NO and
5 ppm 502 and a system of 10 ppm ethylene, 5 ppm NO and 10 ppm 502 found that
when SO2 was present in any of the runs aerosol formed and when SO2 was absent

aeéoso1 did not form. The authors found that the aerosol formed was H2304
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and that 802 did not provide condensation nuclei for organic aerosol. The
effect of humidity was assessed on irradiation of sulfur free fuel and on
 the same fuel containing 0.1 percent sulfur. When relative humjdity was
varied from 30 to 70 percent and the chamber temperature was maintained at
100° F, the maximum aerosol formation occurred at about 1.5 hours. An
inverse correlation between relative humidity and 802~induéed aerosol was
observed. When the temperature was varied from 50° F to 100° F at

| constant humidity, a three-fold increase in aerosol formation was observed.
A combination of the temperature and relative humidity data showed that
the percent increase in aerosol formation was an inverse function of the

absolute concentration of water in the chamber.

Smith and Urone (1974) studied the oxidation of S0, (2 ppm) alone and in

the presence of NOZ’ propylene, and water vépor. The reaction of S0, alone
was 1.7 x 10'4‘ppm/min (about 0.55 percent/hour). When N0 was added to SOo
the rate increased (3.3 ppm/min) for an 'SOQ:NO ratio of 1 or 2 but the
-rate decreased (1.8 ppm/min) when the ratio was less than 0.6. When NO, and
_ propylene were added to SOz‘the reaction rate increased 100-fold over the
reaction of S0, alone depending on the amount of propylene and the S02:NO,
ratio. At 50 percent RH the 802—N02 system reaction rate was found to

increase.

Wilson and Levy (1§70a, 1970b) examined the smog process in 502~N02—hydro-
carbon systems in an attempt to assess the effects of 502 in smog. It was
generally observed that the decay of 502 increased in proportion to the

reactivity oflghe hydrocarbons. No quantitative values developed from this
work. A dramatic effect on the overall reaction rate was observed in some

high humidity'runs.
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Cox and Penkett (1971) studied low concentration systems of 50, (0.05 to
1.0 ppm), NO (0.03 to 0.73 ppm) and 2-pentene (0.16 to 1.03 ppm) .
Irradiation of 502 alone formed about 5.2 ug/m3 aerosol at about 100
minutes followed by a decline in production. When nitric oxide and olefins

were added, aerosol formation increased to a maximum of about 40 ug/m3

¢;éfter 11 minutes. Rate constants were calculated based on a first order

- reaction with respect to S0,. The first order constant for SO2 alone was-

0.2 percent/hour. When 0.03 ppm NO and 0.1 ppm cis-2-pentene were added
to 0.05 ppm 502 the rate increased by a factor of 10 (2.5 percent/hour)

over SO2 alone.

Cox and Penkett (1972) studied the oxidation of 802 in a system of olefin

and ozone. They postulated that S0, reacts with an intermediate product
resulting from the reaction of ozone and olefin and the authors suggested
that this reaction was of importance in the atmosphere. Reaction rates of

about 3.0 percent per hour were calculated for.a polluted atmosphere.

Roberts and Friedlander (1976) studied the formation of sulfur containing
aerosols under ambient smog conditions in a large Teflon chamber irradiated
with natural sunlight. Seven olefins were used in the studies although

most of the experiments dealt with the 1—heptene-SOZ—NO system. Quali-
tatively, the results qf all experiments were similar in that 302 decay was
low until the 03 concentration increased above 0.05 ppm at which point SO2
concentration decreased rapidly. It was observed that as NO is converted

to NOZ’ the concentrations of 502, 03, 1-heptene and bscatwere constant

and that aerosol formation resulted from the reaction of S0, with a

reactive intermediate which was produced by the reaction of 03 with 1-heptene,

similar to that proposed by Cox and Penkett (1972). Particle size
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distributions were measured and it was found that the distribution of sulfur

with respect to decreasing particle size changed with time, eventually

" becoming bimodal at 0.2 um. Based on pseudo first-order depletion of 50,5

the reaction rates varied from 0-90 percent/hour depending on the initial
502 concentration. The rates were surprisingly high considering the low

relative humidity of < 40 percent.

~Miller (1977) conducted smog chamber experiments to determine the relation-

ships between the gaseous precursors in polluted air (NOX, NMHC , SOZ) and
502 oxidation. SO2 oxidation rates were‘der%ved'from analysis of aerosol
formation under both laboratory and ambient conditions. Laboratory
experiments were conducted using a system of NOx s 502,,and NMHC. The
maximum rate of S0, oxidation occurred during the first 3 hours of irradia-
tion and was found to be strongly related to the initial NMHC/NOy ratio.
Over the six-hour irradiation period, the conversion of SO2 to sulfate
aerosol Qas only weakly related to initial NMHC/NOy ratios. For constant
NMHC and NOx concentrations the rate of sulfate formation was directly
proportional to SO2 concentration over an SO2 concentration range of 33 to
900 ppb. Ambient air studies showed that maximum SO2 oxidation rates
occurred during the first 2 hours of irradiation and subsequent aerosol
formation decreased after 3 hours. Ambient rates were in the range 1.6 -

5.5 percent/hour far HC/NOy ratios of 3.7 to 10.0.

In both laboratory and field studies by Miller (1977) the size distribution
of sulfate aerosol occurred between 0.1 and 0.2 um diameters. The authors
indicated that kinetic models which have been applied to the data showed
that HO accounts for at least one half of the total SO, oxidqtion and that
802 and HO, radicals account for the remaining; also, ft can be. shown that

diradicals or " zwitterions" resulting from olefin-ozone reactions
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contribute minima]ly’fo the overall process.

LIQUID PHASE SO, OXIDATION

4 Oxidafion of SO2 in the liquid phase may be categorized into three processes:
1) uncatalyzed oxidation by 02, 2) bmeta]-cata]yzed oxidation by 02 and

3) oxidation by 03.

In general, the oxidation process involves the diffusion of molecules of 502
and other gases into a water droplet where the gases may encounter nucleating
. aerosol particles. Oxidation then proceeds through the process of hydration

and oxidation of the associated sulfite or bisulfite species.

The oxidation of 802 in the 1iquid phase is considered a quasi-homogeneous
reaction since ali of thé reactants arein .solution; some investigatars also
refer to these reactions as heterogeneous. Homogeneous reactions according
to the chemical definition involve reactants. which are in the same phase
- while heterogeneous reactions involve reactants which are in different
phases; atmospheric scientists, however, generally consider the homogeneous
 reactions to involve a sing]eAchemical component which may be present in
more than one phase while heterogeneous reactions involve more than one
chemical component. Table 6 at the end'of this section summarizes the

studies of 502 oxidation in the liquid phase.

Uncatalyzed Oxidation of SO, by 0, (with and without NH3)

Fuller and Crist (1941) presented the earliest work on the oxidation of
sulfur dioxide by 02; they studied the reaction of 503 and pure O2 with and
~ without the inhibitor mannitol, and with and without a copper catalyst.

They also found the oxidation of sulfite ions by 02 to be'a very long chain
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reaction. In the absence of an added catalyst the reaction 303 + 202 pe SO4
was.found to be first order with a rate constant of 0.013 + 0.0015 sec'l.
The reaction occurred at 25°C in pure O2 atmospheres and a first order
relationship existed for sulfite concentrations up to 0.015 M. IWhen the
inhibitor mannitol was added, the inhibitory effect was uniform over a
105-f01d change in mannitol concentration; when the mannitol concentration
was below 107 M, the inhibitory effect was no longer observed. The |

catalytic effect of cut? was investigated and the data were found to fit the

~d(S057) - El + kg (Cu++ﬂ [5035] 35)

dt

expression

The oxidation rate was found to be directly dependent on cu™ at jon

concentrations greater than 10"9

X 10"6 M'1 secfl.

M; kg, the catalytic constant, was 2.5
The effect of pH was also investigated and the rate
was found to increase with increasing pH. A rate expression consistent

‘with the assumption of sulfite being oxidized was derived.

) = [k + g ) o]

dt

1
=2

The value of k, was found to be (6.6 + 0.47) M sec™! based on a value

6

of 5 x 107" for the second ionization constant of sulfurous acid. Levy

et al. (1976) revised the rate constant, ky = 59 M2 §ec'1, based on a

second dissociation rate constant of 6.3 X 10'8.

Bassett and Parker (1951) studied the oxidation of sulfurous acid by
oxides of manganese, by ferric and cupric salts and by molecular oxygen
in the presence of dissolved salts. They concluded that the uncatalyzed

oxidation by 02 proceeded through ionic complexes of O2 such as (02 . 503)=
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and (02 . 5205)=. The manganese icn-catalyzed reaction was postulated to
involve a complex such as tpz . Mn(SO3);l\which undergoes self-oxidation
and reduction. Cobalt, nickel and ferrous ions were assumed to give rise

to similar but less reactive complexes.

"“Several investigators have studied the aqueous phase oxidation of 502 in the

. presence of NH3. Although this reaction is referred to as ammonia catalysis

in the literature, the effect of ammonia is probably due to the buffering
of high pH rather than catalysis. Junge and Ryan (1958) made one of the
first efforts to study the role of SO2 oxidafion in air chemistry; they
studied the 802 oxidation process in uncatalyzed and in dilute catalytic
solutions. They found that the uncatalyzed reaction produced negligible
sulfate and was not photosensitive with normal day]ight. They explained
fhé main features of 802 oxidation in terms of the SO2 - NH3 - catalytic
solution system whereby NH3 served to neutra]iie the sulfate formed in the
reaction. The authors did not mention the role of NH3 in maintaining high
pH aﬁd, therefore, a high sulfite concentration. Theoretical calculations
of the SOZ—WH3—fog system estimated 2.9 ug/m3 of sulfate would be formed
in a clean atmosphere containing 20 ug/m3 502 and 3 pg/m3 of NH3 with a
liquid water content of 0.1 g/m3. It was estimated that the same fog in
polluted air with 500 wg/m> of S0, and 10 ug/m> NHy would form 26.2 wg/m’

of sulfate, or about one order of magnitude more.

Van den Heuvel and Mason (1963) measuréd the rate of formation of salt
(assumed to be ammonium suifate) in water droplets exposed to air containing
502, NH3 and water vapor; the exposure times ranged from 7.5 to 30 minutes.
The investigators found that the production of émmonium sulfate by the
absorption of NH3 and SO2 by water drops‘was proportional to the product of

the surface area of the drbps and the time of exposure and that the
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production of salt was controlled by diffusion of the reacting gases in

the liquid rather than by gas-phase diffusion. The rate limiting process

is given by
250, + 0, > 2 S0, (37)
+ =
503 + H,0 » H,S0, + 2 H + SO4 (38)
and the ammonia reaction is given by
. ) ,
NHy + H,0  ~ NH,OH > NHy  + OH (39)

For SO2 alone in air, the amount of sulfate formed was at least two orders
of magnitude smaller than when NH3 is present. An oxidation rate of 2.5%/
Amin'1 was obtained by extrapolation of laboratory data to an industrial

atmosphere containing 100 ng 502/m3 and 10 ug NH3/m3. Due to methodology

problems the authors indicated their results were only semi-quantitative.

Scott and Hobbs (1967) considered a set of nine chemical equilibrium equations
which assumed that equilibrium is maintained between gaseous and dissolved
502, NH3, and €0, and ‘between the ions produced in the dissociation between

the dissolved species:

S0, (g) + Hy0 > SO, - Hy0 Khs = [_‘so2 -‘HZOJ /' Pso, (40)
S0, - Hy0 3 HSO3™ + H kg =liso, 10t 7 [s0, - 1,0] (a1)
HSO3™ 7 S0, + H' ks =505 ][]/ fiso,”] (42)
NHy(g) + Hy0 » NHy - H,0 Kha =[N - szj/ P N, (43)
NHg = Hy0 2 NHy' + OH” Kla =E¢H4+](§H"]/ [Ny - 1,0)  (44)
C0, (g) + Hy0 > CO, - Hy0 khe =[co, - #,0]/ peo, (a5)

€0, * H)0 2 HCOy™ + H* e = [ticoy” Jli*] 7 [eo, - 10 ] (46)



HCOy™ 2 €0, + W' koo = (o3 D) fieoy™ 1 ta)
Mo o+ on | K - (] Tow) (48)

The formation .f 504= was assumed to be limited by the oxidaﬁion of the

sulfite ion described by the first order rate equation:
d [s0,”] -
e ) "
dt . :

Based on the analysis of the data of Van den Heuvel and Mason (1963), the

rate constant k was determined to be 0.1 min'l.

Calculations made under
these assumptions did not result in a rate limiting value for sulfate
formation or in a linear dependence on the initial SOZ,partial pressure. The
theoretical curves show thét for the concentratjon of sulfate in water
droplets as a function of time, the presence of NHy will increase the amount

of sulfate produced by the reaction after it has run for some time. An

oxidation rate of 2.5%/hour was derijved. .

McKay (1971) revised and extended the calculations of Scott and Hobbs (1967).
- The oxidation was ex§21ned assuming the rate law of Fuller and Crist (1941)
' [k = 0.013 + 59 [Hf] sec'l:] and the ionization constants of Scott and
Hobbs (1967). McKay predicted an order of magnitude faster oxidation than
Scott and Hobbs (1967) had assumed. The calculation also showed the increase
of the reaction rate with decreasing temperature which was explained by
the increased solubility of ammonia and sulfur dioxide at lower temperatures.
The negative temperature effect was not noted by other authors at the time
of the study, although it has been demonstrated in more recent work. Based

on the data an oxidation rate of about 13%/hour is suggested.
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Miller and ae Pena.(1972) measured the formation of sulfate fn raindrop-

size' distilled water droplets for partial pressures of 502 ranging from

-6 3

1077 to 4 x 1077 atm following the experimental method of Van den Heuvel

-and Mason (1963) and the basic model of Scott and Hobbs (1972). A k value

of abdut 0.003 sec'1 was calculated for the first order reaction d (?04i]

‘ dt
K [$03=] which is close to the value used by Scott and Hobbs (1967), but.

some of the data suggest oxidation rates of only 0.1%/hour.

Beilke et al. (1975) presented experimental results on the oxidation.of 302

by oxygen in aqueous solution in the atmospheric pH range of 3-6; discrepan-

cies in the oxidation rate predicted by other investigators were partially

resolved. The data of Bielke at al. considered the rate of sulfate formation

as a function of pH at two temperatures, 3 and 25° ¢ and show 1) no
measurable temperature dependence on the rate of conversion of S0, to sulfate

and 2, “a trend close to, but not exactly proportional to, [h+] -2 in the pH

‘range of 3-6. Bielke and Gravenhorst (1977) suggest that the lack of tem-

perature effect may have arisen from the compensating effects of 502

- solubility which decreases with temperature while the rate constant for

303= +350, K 504= increases with temperature.
Beilke et al. (1975) calculated an oxidation rate in the range 10'5 to 15%/

hr'l as the pH varies from 3 to 6 for typical atmospheric cloud droplets
3
)

(1iquid water content about 1 gm m”

Beilke and Gravenhorst (1977), in order to determine the rate controlling
step for 502 oxidation in a droplet system, calculated the SO2 transfer both
within and toward the droplets. Their calculations show that equilibrium
between 802 in the gas phase and sulfur (IV) in cloud and fog droplets

occurs within less than one second. The authors compared three mechanisms



Page 42

Foster (1969) derived theoretical growth rates of H,50, droplet nucleated

by MnSO4 crystals in a humid, S0, polluted atmosphere and applied the data
to the problem of SO2 oxidation in power plant plumes. Foster considered

the reaction, 2502 + 2H20 + 02_ EEEELXEE@ 2H2504. The following rate

‘“-expressions were derived for iron and manganese catalysis:

2

Rate of SO, oxidation by Mn catalyst = 22.4 Ki C;° V
x 100% per min (51)
1078 @p
Rate of SO2 oxidation by Fe catalyst = ,
DNKk (1-fo) Ki ni fi (52)
22.4 » . x 100% per
He Mi min

where the symbols and typical values for plume calculations are given in Table 7.

Table 7. Nomenclature and values used for plume SO, oxidation ca]cu]ations*

Nomenclature Value
General w Effluent dust burden, g/liter 2 x 103
G Effluent SO, content, ppm 2°S5 x 10
D Effluent dilution factor 10~
‘0 Fraction of total sulfur oxidized 1()'1
S Droplet sulfate concentrations, mol/hterﬁzo 1
Manganese Mi Oxide molecular weight, g/mol - 2°29 x 102
(M3304) n, Number of catalytic ions per molecule 3
fi Fraction by weight of dust soluble - 2x 1.0.'4
3 Ki Rate constant )
< Catalytic concentration within the droplets e
Iron Mi Oxide molecular weight, g/mol 1-60 x 102
(Fe,03) ny Nt.fmbcr of catalytic ions per molecule 2
f‘ Fraction by weight of dust soluble 10’2
Ky Solubility constant ) *

* From Foster 1969

** Values not provided
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When the values from Tab1e 7 were substituted into the rate equations
along witk ~~sumed values for [ﬂ+] , Ci and Ki SO2 plume oxidation rates
of 0.09%/min for Mn and rates of 0.15-1.5%/min for Fe were calculated,
suggesting that iron oxides are the major catalysts for the aqueous phase

oxidation of 502 in plumes.

RETR

Matteson'et al. (1969) studied the SO2 oxidation mechanism using a manganese
sulfate aerosol under conditions which approach thosé in the atmosphere.
Trace amounts of SO2 gas in a flowing humid air stream were exposed to
submicron size aqueous aerosols of MnSO4 for periods ué to 15 minuteg. Rates
~of Sozvabsorption in the aerosol droplets and rates of H2504 formation
were measured. The proposed kinetic theory was based on a four-step

chemical reaction involving the formation of intermediate complexes:

w2+ s, K, omneso,® T (83)
L] kz
2. 50,2% + 0, - k3 [(M S0 2+) - 0 'I'<§“> 2Mn- SO 2+(54)
Mn 502 2 ﬁk n 2 2 2 T 3
4 6
Mn-$0.2% + 0 ks, MnZt + HsO,” + W
n°-vs 2 — 4 . (55)
k7
HSO4 + H' &2 H,SO,. (56) *
Based on theoretical analysis, the reaction rate is proportional to
++ 12 . . . ‘
Mn J and the rate equation is given by . 2
L | -4 (805) = g (un?*).
dt
5 Mole™ 1 sec'l.

The rate constant kl was experimentally found to be 2.4 x 10
The authors found no definite correlation between humidity and reaction rate;

however, it was observed that aimost no sulfate was found when the relative
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of 502 oxidation in drqp]ets: 1) oxidation by O2 without catalyst,

2) oxidation by 0, with catalyst, and 3) oxidation by ozone. Based on
the assumption that sulfite jon rather than bisulfite ion is the oxygen
carrier, the oxidation of S0, by 0, was found to be unimportant unless the

pH of the droplet is higher than about pH 6, which agrees with the reported

““]iterature.

" The authors also concluded that in the SOZ/NHB/HZO system the major
function of NH3 in the pH range 4-5 is not to enhénce the SOZ~oxidation but
rather to coﬁvert a pre-existing sulfate containing droplet into an
ammonium sulfate droplet, which contrasts to the reported literature. The
absorption of ammonia could, however, shift the pH value from the Tower
range to a range where SO2 oxidation by dé in the presence of catalysts is

more important.

Catalyzed Oxidation of SO, by 0,

Catalytic oxidation of 302 in a droplet occurs according to the process:

250, + 2H 0 + 0, SAtIYSE ay 50, (50)
4éata1ysts such as manganese, iron, copper, and vanadium have been studied in
the oxidation of SOZ' Some of the factors affecting catalytic oxidation
are particle or droplet size, absorption rate of sulfur dioxide, chemical
composition, rate of diffusion of reactants within the aerosol, temperature,

and relative humidity.

Junge and Ryan (1958) studied iréé-cata]yzed reaction of SO, oxidation in
acid solutions by bubbling air'containing 502 through dilute catalyst
solutions. The effect of various catalysts (MnClz, CuCl,, FeCl,, CoCl,,
NH4OH, NaCl, and distilled water) was tesfed by adding 1 pg/cm3 of each to
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51 x 10"

pg/m3 302 and the solution was examined for sulfate concentration
after 3 hours. Manganese was found to be the most effective catalyst with
the formation of 329 pg/cm3 sulfate. In the presence of FeC]2 the sulfate
formation reached a limiting value after 1-3 hours and sulfate formation was
a linear function of the initial 50, concentration. It was also found that

pH dropped during the course of the reaction and that oxidation stopped

at a pH of 2.2.

Cheng et al. (1971) was critical of Junge and Ryan'é technique of using
gas bubbles to simulate an aerosol-gas system because the influences of
mixing effects and mass transfer mechanisms on the reaction kinetics were

not considered.

Johnstone and Coughanower (1958) investigated the rate of SO2 oxidation by
metal (manganese, iron, copper ana nickel) in a single drop of the salt
solution suspended in air. High concentrations of reactants were used; the
equilibrium concentration of SO2 in the chamber corresponded to 20 to 200 ppm
at atmospheric pressure and the catalyst concentration was varied from 250

to 1000 ppm (drops measured 700 to 900 um diameter).

A mathematical model wés developed for the gaseous diffusion into a liquid
drop accompanied by zero order reaction in the liquid phase. The zero

order rate constant was obtained from experiments on homogeneous liquid-
phase oxidation of sulfurous acid. The rate of sulfuric acid formation
depended on the concentration of 802 and the nature and'concentration of fhe
catalyst. A reaction rate of 1%/min was obtained assuming a lum size

MnSO4 crystal and 1 ppm 302 concentration in fog droplets. MnSO4 was the

. most effective catalyst. Cheng et al. (1971) doubted the validity of

the assumption that the reaction was controlled by Tiquid phdse gas diffusion.
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humidity was below 95% probably as a result of inadequate hydration of the
metal salt. The authors felt that a similar mechanism could be involved
for other catalysts. Cheng et al. (1971) commented that experimental data
obtained from the work of Matteson et al. (1969) are basically incorrect

due to improper recording of reaction times in the experiments.

Cheng et al. (1971) investigated the effectiveness of selected metal salts

which had previously been reported to act as catalysts (MnSO4, MnC12, and

CuSO4) in the catalytic oxidation of SO2 to HZSO4 given by the basic

reaction, 250, + ZHSO2 +0, cata]ysth 2H,50,. Anaaerosol'stabilizing

technique was developed which does not alter the physical or chemical

5| properties of the aerosol. Aerosol particles were deposited on supporting
é inert Teflon beads; the Teflon beads were then packed into a flow reactor
f% and exposed to influent 502 concentrations of 3 to 18 ppm in humid air.

Relative humidity of the air appeared to exert the major influence on the

oxidation rate. At 23° C and 740 mm Hg higher humidity always resulted in

higher oxidation rates. MnSO4, MnCl2 and CuSO4 aerosols were found to be

12.2, 3.5, and 2.4 times respectively, more effective than NaCl aerosol in
catalyzing SO, oxidation on a milligram-to-milligram basis. When MnSO4

aerosol was used as a catalyst, a derived reaction rate showed that the

overall rate was first order with respect to S0, concentration in the gas

phase. The rate equation adjusted for atmospheric conditions is given by:

= 0.67 x 1072 [ w3 of air ¢ (v of SO,

(min) (mg of MnSO4) (min) (mg of MnSO4) n of air (57)

-g [ng of 30,

The following assumptions were made in determining a natural fog reaction

rate condition in an industrial atmosphere:
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1. Air 502 c0ncéntration, 0.1 ppm.
2. Average fog droplet diameter 15um.
3. Half of the fog droplets contain catalyst capable of oxidizing
S0, to sulfuric acid and the catalyst concentration within
%se droplets is equivalent to 500 ppm of Mn304.

4. Fog concentration 0.2 g of water per cubic meter of air.

Using these assumptions the catalyst concentration was calculated to be
equivalent to 50 ug MnSO4 per cubiq meter of ambient air (average urban
air concentration: about 10 ug/m3). Under conditions approximating an
atmosphere heavily polluted by aerosol particles, an oxidation rate of about

2%/hr was obtained.

Chen and Barron (1972) studied the Homogeneous oxidation of SO2 by cobalt
ions. A rate constant was not determined but the reaction rate was inde-
pendent of oxygen concentration (zero order), three-halves order with respect

to sulfite concentration and one half order with respect to cobalt

L G o)™

dt

ki ’
and k = k3 —

A free radical chain mechanism was proposed with the cobaltic hexaaquo

~concentration:

complex.ion as the initiator.

S0, + CO(H 067" K1 0(H0) 2 + +50,° (58)
037+ 0, 2 .s0,” (59)
S0, + 50577 K3 s0.27 4 s ~ (60)
Cs0,m+es0g%T K 20,2 (61)
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°SO3' + ~503“ + inert products (62)

+S0,” +:50" = inert products . (63)
- - kg

"S05" + S0 5> inert products - (64)

Many of the studies on 502 oxidation were conducted using high 502
concentrations which require a large extrapolation to the ambient atmos-
phere. Bimblecombe and Spedding (1974) attempted to correct this

deficjency by measuring the rate of 302 oxidation at Tow concentrations of

. S0, (about 10'5 M) in aqueous solutions containing Fe III at concentrations
“of about 10'6 M using a radioactive. tracer method of analysis. The
efficiency of iron as a catalyst is indicated by the fact that even in "pure"
water the oxidation rate-was measurable, présumab]y due to traces of 1§on at

8

concentrations of about 10~ M; the rate constant in "pure" water ranges

from 2.3 x 107° sec_'1 at pH 4 to 40 x 1070 sec! at pH 6.
The authors proposed a free radical mechanism with hydroxylated Fe3+ as the
" initiator.
2- + 2+ - '
S0537 + FeOOH + 3H - Fe™ + 2H20 + 503 (65)

At pH values in the range 4-5 most of the Fe3+ would be present as a

hydroxylated species and since this species has a higher redox potential

than Fe3+, it would appear that FeQOH is a better oxidizing agent than Fe3+

for the production of ;503' radicals.

To explain the radical chain termination, the authors propose that Fe?t is

3+

oxidized back to the Fe”™ state by reacting with other radical species in

the radical chaih:

2+ 2- 3+

505- + Fe™ - 505 + Fe (66)
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3+ 3+

Regeneration of Fe” in this way would allow small amounts of Fe™ in the

atmosphere to oxidize large amounts of 802.

3+ 2- -2+

+
2Fe”" + Hy0 + H,S05 ~ S0, + 4H" + 2Fe (67)

3+ -6

Assuming an 502 concentration of 28 ug/m3, an Fe” concentration of 10

-4

and a pH of 5 then an oxidation rate for fog (10 1H2)/m3) condition is

calculated at 3.2%/day.

Brimblecombe and Spedding (1975) measured the rate of Fe203 dissolution and
fly ash to determine whether Fe3+ would be significant in atmosphere SO2

oxidation. Fey05 at pH 3 dissolved slowly (rate of dissolutign = 2.4 x 10"9

0 M could have been present

mole g -1 sec"l); Fe3+ concentrations of 4 x 10
assuming 0.1 pg/m3 Fe203'is present in the atmosphere. Pulverized fly ash
(33% Ca0, 2.4% Mg0, 9.6% Fe,05 and. 0.06% MnOZ) was very soluble; at pH 3
over 10% of the iron present dissolved in less than 20 minutes lending
support to the importance of Fe3+ in 502 oxidation from coal-burning energy

- sources.

- Freiberg (1974) developed a theoretical model to quantitatively assess the
‘effects of humidity and temperature on the mechanism of heterogeneous
oxidation of SO2 to sulféte by using fhe rate expression he developed for
the iron catalyzed oxidation of SO2 in dilute acid solutions at'Hw«Ee3f]

(Freiberg, 1975). Freiberg developed a parametric expression for the gas

phase:

d(s0,) 2,2 BnKnAz 3+[ 3

_ﬁz_ = kg v o K 2(1 ] COZ—_] E :1 ] (68)
» RH)

where[?Oé} [Ee3i} [&H;] are concentrations in the gas phase;

ks> Kp, Ky are dissociated constants for sulfurous acid, ammonia, and

water respectively; Bg and Bp are Ostwald constants for SOp and NH3,
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respectively; Az is the pressure-lowering coefficient for (NH4)»S04, and

~ RH is relative humidity.

In his development, Freiberg assumed that the effect of droplet curvature
“-on- lowering vapor pressure coula be ignored; this assumption is valid for
. droplets of a radius larger than 0.lum. Freiberg, on the assumption that
~ the rate of diffusion of SO2 to and in the droplet is fast with respect to
the rate of oxidation did not take into account the number and size of the
water droplets. Freiberg also showed that the oxidation of S0, in droplets

depends strongly on pH.

In the droplets, 802 and 02 diffuse throughout the solution and catalytically
react with [}e+++:]to form Hy30,. As H,S0, is formed and neutralized by NHg
the vapor pressure is 1oweredland more water condenses to continue the process.
As more water condenses, the S0, oxidation rate could be affected in one of
three ways: 1) The amount of soluble 302 available for oxidation increases;

2) The pH increases; and 3) the [}eS{]is diluted. Since the 1st and 3rd
effects compensate one another, the RH affects the oxidation rate only by
changing the pH. Freiberg showed that the rate of iron-catalyzed oxidation

of SO2 was dependent on RH, vizl:

d [50,) « ~3 (69)
_ —*5{2*] 1/ D-RHJ

When RH increases from 80 to 90%, the oxidation rate increased eight times.
The mechanism proposed by Freiberg (1975) allows for the simultaneous
heterogeneous oxidation of SO2 by 02 in the presence of Fe+++ as a catalyst
and by Fe+++ in the presence of 02. The second order rate>constant, KT’

depends on{Ele]; the mechanism predicts that the dependence of K, on Ee3tj

13+

changes from 1st order to zero order as[}e3f}1ncreases. For(ge < 1.06 X 107
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moles/liter the dependence of K on [}er] may be considered first order.

+H+
"The simultaneous oxidation of SO2 and Fe't are predicted when both Fe

and Fe++ are present initially. The overall reaction rate changes from

a 3and order dependence on [%Oé}z/ [Ef]B to first order dependence on C?Oé]/ [hf]

as pH and/or [%Oé]increase.

Tow SO2 and/or low pH: '

2.
200 - E% ] - kg k7 [ [ips0,) 2 (70)
R
where K.T overall rate constant

2
Ks

dissociation constant for sulfurous acid

high S0, and/or high pH (4-8);

- d [Hs05) o &, e ] (1507
dt (W]

where K1 = reaction rate constant

(71)

Freiberg shows that although one would expect the reaction rate to increase
with temperatu?e because the rate constant for the cata1ytjc oxidation
increases with'temperature, the total effect is a decrease in yield of the
reaction as temperature increases. Specificale; the rate constant KO’ and
the dissociation constant of NH3 in HZO’ Kn, result in an increase in rate
but the Ostwald constants of NH3 and SO2 (Bn and BS) and the dissociation
constants of H2503'and HZO (Ks and Kw) cause a decrease in rate with
temperature. These factors dominate and the net result is a decrease in
rgaction rate. of iron-catalyzed oxidation of SO2 by about an order of

magnitude'for an increment of 50 C over the range 59 - 30° C.



Freiberg commented that temperature/relative humidity relationships are

consistent with observed rates in the atmosphere by citing that major air
pollution incidents at Donora, Pa; Meuse Valley, Belgium; and London,
England occurred under stagnant weather conditions of low temperature and

high relative humidity.

Barrie and Georgii (1976) studied the catalyzed oxidation of SO2 at 25° C and
8% ¢ using single droplets of dilute, heavy metal solutions

6 -4

-107" M) which were exposed to trace concentrations of

(concentration, 10~
- 80, in air (10 - 1000 ppb). A psuedo first érder reaction was determined from
the experimental data:

a0, . [50,7]. (72)

_ dt

In the pH range 2.0-4.5, Mt was the most effective cataiyst followed by Fett
and to a lesser extent Fe3+. Cu2+ ions were found to be neither effective
catalysts of SO2 oxidation nor'inhibitors‘of manganese catalyzed 502 oxidation.
Manganese catalyzed 502 oxidation rates in dilute aqueous solution depended
on catalyst concentrations, pH, and temnerature. Oxidation was highest. at
high pH and high tempefature, and conversely decreased with decrecasing pH
and was negligible at pH 2. Results suggested that manganese is complexed
as [ﬁn2+ SO3= g] 4- before pafticipating in the oxidation reaction. A
similar dependence was observed by Junge and Ryan (1958) for oxidation rates
in 10’5 M FeC]2 solution but they could not explain the'results. Barrie
and Georgii (1976) commented that observed pH dépendence of SO, absorption
rate shows that the rate is proportional to the amount of SO0, reactant in
the droplet; and below pH 2 very little 302 is dissolved in the droplet so

the oxidation is negligible. As temperatufes increase from 8° € to25° C,

Mn2+.solution, pH 2.0-4.5, resulted in an increase in the oxidation rate by
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a factor of 5 to 10. A synergistic effect between Fe? and anf was
observed; the addition of Fe2+ to Mn2+ solutions increased the rate of
302 oxidation and reduced the dependence of absorption rate on temperature.

4 M MnC]2 solution was 9.4 X 102 sec“1 and the rate

The rate constant of 107
constant of 107% M FeCl, solution was 5.8 x 102 sec™!, but the rate
constant in a solution of 10'4 M MnC]2 and 10'4 M FeC]2 increased to 140
X 102 sec'l. Estimated urban oxidation rates are between 0.08 and 2.0%/hr,
depending on the temperature and the heavy metal content of the ¢Joud.
Catalyst concentrations of 10'5 M or higher could result in significant

502 oxidation in urban clouds.

'Beilke and Gravenhorst (1977) agreed that oxidation in the presence of
catalyst could be significant in S0, oxidation in urban fogs where catalyst
concentrations are high, but wou]d'Be of little importance in areas with
Tow céta]yst concentrations. This mechanism would not be important in |
~background areas unless the pH were greafer-than 5. Oxidation rates in

the presence of catalyst prqceed faster (by about two orders of magnitude)

- than in the absence of catalysts.

Oxidation of SO, by Ozone

The homogeneous gas phase reaction between 502 and 03 is slow; however, the

reaction is accelerated in water droplets.

Penkett (1972) determined the reaction rates of ozone dissolved in water
in the range of 3 to 5 x 10'6 M with SOZ, N02 and HZS; the concentration
of total sulfite was in excess of ozone concentration. The oxidation of
bisulfite (HSO3-) was determined to be first order with respect to ozone.

The reaction with NaN02 was also determined to be first 6rder with



respect to ozone but the data were not considered accurate enough to
establish the order of the sulfide reaction. The overall reaction was

determined to be second order; the rate expression is given by

'dd[bél = K [p;] [BSOB€]; the rate constant k, was found to be
t

5 -1 -1

(3.32 + 0.11) x 10 M™" sec™". A reaction rate of 12.6%/hr is calculated
under typical cloud conditions assuming a liquid water content of 0.1 to

1 g of liquid water/m3, 10° C, pH = 5, [:502')= 0.007 ppm and [051= 0.05 ppm.
This rate is about 70 times larger than that predicted by the method of
Scott and Hobbs (1967) under the same conditions but is in the same range,

depending on pH, as McKay's (1971) calculations.

Penkett and Garland (1974) expanded the work of Penkett (1972) using a fog
chamber designed to simulate atmospheric conditions over a pH range of

4 to7 ét 100 C; the results agreed with those calculated earlier, assuming'
0.1 ppm SO2 and 0.05 ppm Oé in a fog containing 0.1 ml Tiquid water/mB.

The oxidation at pH 6 led to an observed rate of (2.4 + 1.0) x 107 ppm/min
“which compared well to a calculated rate of 2.1 x 10"4 ppm/min. The
oxidation rate expression is given by:

R(O3) = (3.76 x 10-4) [BSO3;] units of moles/liter/sec (73)
For comparison the rate of oxidation of 502 in fog by 02 in the absence of

a catalyét [F (02);]was calculated using McKay's (1971) equation:

R(0,) =:[}u18 « 10°% + 1.77 (H+)%] [%035:]units of moles/liter/sec (74)

At pH 6, R(OZ) was less than half the value of R(03) and as the pH decreased,

R(02) became insignificant compared to R(OB).
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Beilke and Gravenhorst (1977) estimated sulfate formation rates on the
basis of the data of Penkett (1972) and others, assuming that transport
processes for both SO2 gas and 03 gas are fast compared to 502 oxidation in
the droplet. At 1.0vppb S0y 40 ppb 03 and 10° C, the oxidation rate of
502 by ozone was higher than either the oxidation of 502 by 02 with or
ﬁhwgihout catalyst. The authors concluded that oxidation by strong oxidizing
" agents appeared to be the dominant mechanism of SO2 oxidation 1in 11quid
drops, although some experimental factors such as the effect of pH and 03

concentrations remained to be resolved.



Table v Summary of 1iquid phase S0, oxidation studies.

Investigator

Conversion rate/
rate coefficient

Mechanism

Comments

Fuller and
Crist (1941)

Bassett énd
Parker (1951)

Junge and
Ryan (1958)

. Johnstone and

Coughanower
(1958)

k = 0.013 + 0.0015 sec
k = 0.013 + 2.5 (Cu*t)
k= 0.013 + 6.6 [H%

reaction rate of
l%/min‘1 calculated
for fog droplets

long chain reaction; first
order sulfite oxidation by,O2
with copper catalyst;

with acid catalyst.

oxidation of sulfurous acid
by oxides of Mn*t, Fe** and
Cu™* salts and 0j.

oxidation of SO by 02 with
and without NH3 and metal
catalysts (Mn*F, cutt, Fe't,
co™, Nat).

S0 oxidation by metal
catalyst (manganese, iron,
copper and nickel)

rate constant for added acfd,was based
on second dissociation constant of H5303

“equal to 5 x 10-6; Levy et (1. (1976

revised the constant to 59 |,-% sec-1
based on a sgcond dissociaton constant
of 6.3 x 10-°.

authors postulated the uncatalyzed
oxidation proceeded through complexes
such as (02-S03)% and (09-Sp05)~; the
catalyzed oxidation proceeded through
complexes such as [02-Mn(S03)7] ~

one of the first efforts to study the
role of SO» oxidation in air chemistry;
found that the uncatalyzed reaction
produced negligible sulfate; explained
SO2 oxidation in terms of SOp-NH3-cata-
lytic system whereby NH3 neutralized

“ the sulfate in the reaction; found Mn*t

to be the most effective catalyst
followed by Fett; sulfate formation
Tinearly dependent on initial SOp
concentration; reaction practically
stopped at pH of 2.2; experimental
method criticized by Cheng et al.(1971).

developed mathematical model for SO0,
gaseous diffusion with a 1iquid drop
accompanied by zero crder reaction in

the Tiquid phase; rate measured in single
drops depended on concentration of S0Op
and catalyst; Mn** most effective
catalyst; high concentrations of S0, and
catalyst were used.

9 obed




Table 6 (contd.)

Investigator

Conversion rate/
rate coefficient

Summary of liquid phase S0 oxidation studies.

Mechanism-

.

Comments

—.

Van den Heuvel
and Mason (1963)

Scott and
Hobbs (1967)

Foster (1969)

Matteson
et al. (1969)

oxidation {ate
2.5%/min”

1st order rate equation
d (50,7)= k [5037] dt.
k = 0.1 min-1

oxidation rate of
2.5 %/hr-1 was derived

502 conversion rates:

O.O9%/m1‘n‘1 for Mn
0.15-1.5%/min"L for Fe

-d (S09) -
dt ‘ = klﬁgnzi]g

k1 = 2.4 x 10° m-1 sec-1

S02 oxidation catalyzed by
NH3
2502 + 02 - 2503

SO03 + H20 ~ H2S04

NHg + Ho0 - NHgOH » NHg* +
OH -

SO0p oxidation catalyzed by
NH3; authors developed a set
of nine chemical equilibrium
equations which assumed
gaseous and ionic equilib-
rium among SO, NH3 and COp.

S0, oxidation by metal
catalyst

250, + 2Hp0 + 0p
2H)S04

catalyst
e

S0, oxidation by metal

%a1yst; 4 step chemical
reaction involving the
formation of intermediate
complexes: K

Mt + SO, < Mn-S0p*
ke
2MnS0tt + 0y 2

BMHSO4++ ) 2¢ 02:) P
2Mn-S0g™

MnS032t + 0, T Mn*t + HSO4”
+Ht

HS0p= + H* 2HS04

LG 2bed

laboratory data were extrapclated to
ambient conditions to obtain the
rate constant.

Pl

k estimated from the data of Van den
Heuvel and Mason (1963).

derived theoretical rates for S0p
oxidation by iron and manganese and
applied the data to power p]ant plumes;
suggested iron oxides are major cata-
lyst; oxidation by iron was pH
dependent.

authors found no definite correlation

- between humidity and reaction rate; at

< 95% RH no sulfate formed due to
inadequate hydration of the metal salt;
similar mechanism proposed for other
metal catalysts; Cheng et al. (1971)
criticize results due to improper
experimental methods.



Table v (contd.). Summary of liquid phase SOz'oxidation studies. -

Investigator

Conversion rate/
rate coefficients

Mechanism

(TR

Comments

Cheng et al.
(1971)

McKay (1971)

Chen and
Barron (1972)

Penkett

(1972)

Miller and
de Pena (1972)

2%/hr=1 using Mn** as
catalyst and heavily
polluted urban atmos-
phere

d Eofi_} |

& k SO03%
k = (0.013 = 59 (H+z§I
sec ~

oxidation rate of
13%/hr-1 was suggested
by the data

-d |0
-'-avc@ = kp [0g)lis03-)
ko = (3.32 + 0.13)
x 10% m-1 sec-1
conversion rate of

12.6%/hr-1 calculated
for a typical cloud

d[5047 ]

= k[5057)
k ~ 0.003 sec-l
an oxidation rate of
only 0.1%/hr-1
suggested by some of
the data

S02 oxidation by metal
catalyst

2507 + 2Hp0 + 09
2H2S04

502 oxidation catalyzed
by NH3 (Scott and Hobbs
1967)

SO, oxidation by cobalt
free radical chain
mechanism with the cobaltic
hexaaquo complex as the
initiator

SO, oxidation by ozone

S0, oxidation catalyzed by
NH3 (Scott and Hobbs 1967)

catalyst
s

investigated effectiveness of MnSOg,
MnClo and CuSO4 as catalysts; humidity
influences reaction rate; ambient

‘oxidation rates estimated oased on

laboratory data; 1st order with

respect to S0p using MnSO4 as catalyst.

revised and extended calculation of
Scott and Hobbs (1967) using the rate
expression of Fuller and Crist (1941)
and the ionization constants of Scott
and Hobbs (1967); found a negative
temperature correlation.

rate constant not developed; reaction
rate independent of 02, three-halves
order with respect to sulfite
concentration and one-half order with
respect to cobalt concentration.

calculated rate about 70 times larger
than that predicted by Scott and Hobbs
(1967) under the same conditions but

- is in the same range as McKay's (1971)

calculations depending on pH

followed experimental method of Van
den Heuvel and Mason (1963) and the
basic model of Scott and Hobbs (1967).

g5 abed



Table b (contd.).

Summary of liquid phase Soz.oxidation studies.

: Conversion rate/

Investigator rate coefficient Mechanism ._Comments

Penkett and oxidation rate at pH 6 SO, oxidation by ozone expanded work of Penkett (1972) to

Garland (1974) (2.4 + 1.0) x 10~4 ppm simulate atmospheric conditions at a

' ' min~ pH of 4 to 7 at 100 C; results agreed
‘ -with earlier work

Brimblecombe oxidation rate of 3.2%/ S0 oxidation by 0o with measured an oxidation rate in "pure

and Spedding day~! calculated for fog trace Fet*t as catalyst; water" pregumably caused by traces of

(1974) conditions using 106 M~ proposed free radical Fet?™ (10-8 M); attempted to use

Fe3t and 28ug/m S0p mechanism with hydroxylated concentrations of reactants in the
Fet*t as the initiator range of the ambient atmosphere

eliminating the need for large extra- .
polations.

Freiberg Tow SO, concentration . SO, oxidation by iron developed a theoretical model to

(1974) and/or low pH: ca%alyst; complex mecha- assess effect of humidity and tempera-

(1975) d[§0 %] nism reaction ture; SO, oxidation at low SO2

4 _ concentra%ion and/or low pH was directly
dt ) : - %sa%%deng onshumidity, k proportional to
¥ 2 H and a 5C¢ C increment in temperature
: kaS2 ﬁje3 ] @2303-J : _ decreased reaction rate by an order of
magnitude.
GER

high SO» concentration
and/or high pH:

-d[Hps03) -
dt
k [Fe3) [f2503]

)

L]

6G abed



Table  [contd.).

Investigator

Sunmary of liquid phase

Conversion rate/
rate coefficient

S07 oxidation studies.

Mechanism

Comments

09 abed

Bielke et al.
(1975)

Barrie and
Georgii (1976)

Bielke and
Gravenhorst
(1977)

congersion rate between
107° to 15%/hr-1 as pH
varies from 3 to 6 for
typical atmospheric
cloud droplets

d

5047 =
at k@031

k = 9.4 x 102 sec-1
for @nma = 10-4 M

k = 5.8 x 102 szc‘l
for FeClp= 107% M

k = 140 x 102 sec-l
for 10-4 M FeCly and
107% M MnCl, solution

oxidation rates bftween
0.08 and 2.0%/hr~
estimated for typical
urban cloud

rate constant between
107 and 1.5%/hr-1 for
droplet pH between 3
and 6 and a cloud with
vater content of

0.1 g/m

rate constant between

2 x 1075 and 3.0%/hr-1
rate faster than 02 oxi-
dation; with or without
catalyst

S0, oxidation by 02

S0» oxidation by metal
catalyst; Mn possibly
complexed as

Mnét(S037)3 ] 4-

prior
to reaction -

oxidation by 02 without
catalyst

oxidation by 02 with
catalyst
oxidation by 03

partially resolved discrepancies in

the oxidation rate predici=d by other
investigators; at 3 and 257 C and a

pH range of 3-6, temperature dependence
was independent of the conversion rate;
a trend approximately proportional to
[Hf%“z was observed for the pH rande of
3-6. '

pseudo 1st order reaction; Mn** most
effective catalyst; Cu*t not effective
catalyst; oxidation highest at high pH
and high temperature; oxidation rate
decreased with decreasing pH and 1is
negligible at pH 2; synergistic effect
observed for Mn and Fe combination.

compared three mechanisms of SC» oxidation
in droplets: 1) oxidation by 0o without
catalyst - unimportant unless droplet pH is
greater than pH 6, major function of NH3 in
the pH range 4-5 in the S02/NH3/H20 system
is to convert a pre-existing sulfate con-
taining droplet into an ammonium sulfate
droplet; 2)oxidation by 0 with catalyst
not important for background atmospheric
sulfate formation unless pH>5 may be impor-
tant in urban areas of higher heavy meta’
concentrations; 3) oxidation by ozone -
appears to be dominant mechanism of S0;
oxidation in cloud droplets.
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CATALYZED OXIDATION ON DRY SURFACES

. Processes discussed so far involve gas transfer to phases which are well
mixed and in which chemical rates are thought to occur uniformly.
Heterogeneous processes can alse occur directly on surfaces, either by
égges adsorbed on dry solid or at the interface between aquéous and solid
 phases in moist aerosols. Although it would seem that metal oxides cod?d
. be effective catalysts, they tend to be concentrated in the larger aerosol

particles (<3 un) while sulfates occur in the smaller particles (<2 um).

Carbon, however, does occur in the same particle size class as sulfates.

Novokov et al. (1974) obtained experimental evidence for the possible role
of carbon and soot particles as a catalyst for the oxidation of 502 in the
atmosphere. The study involved the ana]yéis of sulfates produced in the
laboratory by fhe oxidation of 502 on graphité particles and combustion-
produced soot particles using the technique of electron spectroscopy

chemical analysis (ESCA).

The ESCA spectrum of graphite particles exposed to SO2 in filtered ambient
air showed two peaks corresponding to sulfate and sulfide; blank filter
spectra showed no measurable peéks. Soot particles from a premixed propane-
oxygen flame produced results similar to the graphite experiments. The

soot experiments were conducted using 300 ppm 502, 5 minutes.exposure time
and dry air? or pre-humidified partic]é—free air, or NZ‘ The ESCA spectra
of the pre-humidified air system were higher than the dry air system. Both
dry and pre-humidified NZ’ when used instead of air, produced.very Tow
background sulfate peaks showing that O2 is impbrtant in the oxidation

process. Although water molecules enhanced the sulfate production in the
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in the air-SOz—soot system, the possibility of 502 oxidation by dissolved
molecular 02 in water droplets was not significant because blank unsooted
filters exposed to SO2 and pre-humidified air showed only low, background
1 sulfate (temperature of the chamber was elevated to prevent water droplet

“~formation). No rate data were presented in the study.

“Corn and Cheng (1972) studied the catalysis of 502 in air using inso]uﬁ]e
particles of CaCO3, V205, Fe203, fly-ash from a coal-burning power plant,
MnOz, activafed carbon, and suspended particulate matter from urban air.

% - A technique of aerosol stabilization was used (Cheng et al. 1971) which

consisted of depositing the aerosol on Teflon beads in a fluidized bed; The

Teflon beads with deposited aerosol were then packed into a flow reactor

ﬁ anq progress of the reaction was monitored by measuring the SO2 effluent

concentrations using a microcoulometer. The reactor was calibrated using

Teflon beads without catalyst (dummy reactor). The amount of SO2 catalyzed

by aerosol was determined by comparing the SO2 breakthrough curves of the
ﬁ reactor with catalyst beads to the dummy reactor under identical conditions

(23% ¢, 740 mm Hg).

The results of the study showed that CaC03, V205 and fly ash from a coal-fired
ﬁ power plant did not catalyze oxidation of S0,. Activated carbon, Mn0,,

suspended particulates from urban air and Fe203 all adsorbed 502'

The activated carbon system consisted 6f 10 mg activated carbon and 8-14.4

ppm SO2 at 20% relative humidity and reaction time up to 60 minutes.

Steady state rates of adsorption, or conversion, of 0.13 and 0.021 ug

Soz/min/mg charcoal were reached at SO2 concentrations of 8.0 and 14.4 ppm,
respectively. The experiments did not distinguish whether SO2 underwent

steady-state conversion in the reactor or whether there was catalyzed




oxjdation on the carbon surface.

. The MnO2 system consisted of 20-30 mg Mn02, 8.0-14.4 ppm SO2 in air at
0-85% RH. Sorption did not occur in dry air; at 30-85% RH there was
evidence for significant adsorption of 802 and adsorption increased with

“increasing humidity.

lThe urban suspended particulate system consisted of 25 mg suspended partic-
ulates, 8.0-14.4 ppm 302 in air at 20%-95% RH. Sorption was increased

by relative humidity; 1 mg sample at 95% RH adsorbed more 502 than 25 mg

of the same sample at 20% RH.

The Fe203 system consisted of 30 mg Fe203, 8.0-14.4 ppm SO2 in air at

0-95% RH. Sorption of Fe203 began at 0% RH and was greatly acce]érated at
95% RH. At the same SO, feed rate, more S0, was removed in the reactor at
14.4 ppm SOZ.than at 8 ppm suggesting that sorption was not entirely due to
chemical reaction. Physical sorption increases as the partial pressure of
the adsorbing gas increases and the authors suggest that part of the 502
removed from the air streams was physically adsorbed on the oxide. Some

desorption was observed as the reactor was purged with air.

Chun and Quon (1973) also investigated the heterogeneous oxidation of
sulfur dioxide in air by ferric oxide particles. The procedUre involved
generating ferric okide by the combustion of iron penta;arbony1 which was
deposited in a film on a filter-reactor; SO2 in air was then metered over
the reactor. SOZ was analyzed colorimetrically and sulfate by nephelometry.
The study system consisted of 5-19 ppm 502, 5 mg‘FeZO3 per‘filter, 5-90
minutes reaction time and 50-94% RH. At ambient temperatures the hetero-
geneous oxidatﬁon of SO2 on surfaces of ndn—hygroscopic'metal oxide

particles is not a true catalytic reaction since the active sites on the
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surfaces of the particles become occupied by the reaction products and are
no longer ...ilable for further reaction. The authors use the term
"capacity Timited heterogeneous reaction" to designate this class of gas-

solid reactions.

The capacity of the Fe203 particles to oxidize 502 in_air was found to be
62.6 ug/mg Fe203 averaged over 25 measurements. A first order heterogeneous
rate constant of 9.4 x 107 ppm'1 min" was calculated as the average of

3 40 12.3 x 1073 ppm ! min"). The

B

six determinations (range: 4.6 x 10~
rate constant did not appear to be correlated with either relative humidity

or 302 concentration in the ranges studied.

Urone et al. (1968) studied the reactions of S0, in the presence of hydro-
carbons, nitrogen dioxide, moisture, particulates and ultraviolet radiation
using colorimetric and radio-tracer analysis techniques. Gaseous mixtures
of 502 kept in the dark did not react; 302 oxidation under UV irradiation
equivalent to noonday sunlight was about 0.1%/hr. Very high reactivity
(within minutes) was observed for 302 in the presence of powdered oxides of
iron, lead and calcium. Low reactivity was observed for sodium chloride,

- calcium carbonate, aluminum oxide and vanadium pentoxide.

Table 8 summarizes 502 conversion, rates drawn from the Urone study. 302
concentrations ranged from 8-14 ppm; particulate loadings ranged from 16-30
mg; UV exposure time ranged from O to .180 min and total time of reactants

ranged from 4 to 1145 minutes.

The rates for chromium trioxide and vanadium pentoxide were surprisingly
- low, since they are known to catalyze the oxidation of 502 at higher
temperatures. The rates for calcium oxide may have been higher due to mois-

ture acquired under the experimental conditions.’
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Table 8. Summary &f experiments involving SO, reactions in the
presence of different particulatesa

30, RH Particulate UV Exposure Total Time 1in SO? Reaction
conc (ppm) (%) Species conc (mg) (min) Flask (min) rate (%/hr.)
14 ) o NaCl 21.0. 0 1000 -.11
13 50 NaCl 38.2 20 385 1.25

14 ' CaC05 30.3 0 1100 .23

13 CaC03 36.1 20 140 4.29

18 Fe,03 20.0 0 22 270

8 Fe507 14.0 0 4 255

14 _ Cr203 11.0 0 1030 .52

17 ~ Pb0 "11.0 0 15 104
18 Pb0, 12.0 0 9 353

18 Vo05 17.2 0 800 .70

8 V205 16.2 180 810 -.67b

8 50 V20g 19.1 180 815 .88
12 : Ca0 19.7 0 30 106
12 Ca0 22.7 10 20 183
14 Al1203 33.1 0 1145 2.4
10 A1203 19.8 |

Ca0 16.6 0 30 158

10 Alo03 17.7. : :

cald "17.7. 10 30 A 146

aFrom Urone et al. (1968)

bExpemmental problems encountered due to the absorption and release
©of 302 by V205 in the presence of moisture and UV exposure.

._The weights of particulates used in the experiments were from 100 to 200 times
the weight of 502‘ In polluted air the total weight of suspended partic-
ulates is much smaller compared to 302 and other pollutants and hetero-
geneous reactions of this type, although very rapid, could be Timited by

available particulate.

The results of Urone et al. (1968) compare well qualitatively with the
results of Corn and Cheng (1972) who reported high reactivity for Fe203

and low reactivity for CaCO3 and V205.



Dyson and Quon (1976) studied the reactivity of zinc oxide fume with sulfur
dioxide in air using the method described by Chun and Quon (1973). Zinc
oxide fume was exposed to 10 ppm 802 at 15, 25 and 35° C and 2-95% RH.
Hydrated zinc sulfite was determined to be the major product. The
““vreactivity of zinc oxide was found td be 110 ug SO3=/mg Zn0 -at 25° ¢, 50%

. RH and 4.0 to 17.6 ppm SOZ' The reactivity increased to 760 ug SO3=/mg Zn0
at 25° C and 91% RH. The reactivity was found to increase with decreasing
temperature at all humidity levels. Sharp increases in reactivity occurred
at humidity levels corresponding to the equilibrium phase transition of

zinc oxide to zinc hydroxide.

Smith et al. (1969) studied the adsorption of 802 on submicron particles
(0.01-0.1 um) of Fe304. Al,05, PO, and platinum using an exploding-wire
technique and radio-labeled S0,. Sorption of SO2 by Fe;0, reached about

> particles per

3% at an initial S0, concentration of 6.2 ppm and 1.8 x 10
cm3; sorption on A1203 was about 50% with an initial S0, concentration of

1 ppm. Lead oxides caused complete removal of gaseous 302 almost immediately
(within 5 minuteé) aftér mixing. The results showed that preferential
chemisorption was observed at low 502 concentrations (up to 2 ppm) followed
by multi-layered physical adsorption at higher 502 concentrationé (up to

66 ppm). Although significant adéorption of SO2 occurred on the Fe304,

A1203, PbO, and platinum surfaces, oxidation rates were not presented in

the study.

Low et al. (1971) and Goodsel et al. (1972) studied the adsorption and
conversion of SO2 by Ca0 and Mg0 using infrared spectroscopy as part of
the research effort directed at removing 502 from power plant stacks by

adding limestone or dolomite. Mg0 and Ca0 were first degassed and then
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802 was added 1ncreménté]]y at 259 C. Both studies showed the formation of
sulfites wnicn are converted to sulfate in the CaO—SO2 system on heating
to 5500 C. The surface sulfites were not converted to sulfate upon heating
in the MgO-SO2 system at temperatures up to 775° C; however, heating in

..the presence of oxygen did proddce a stable sulfate product.

“Lin and Lunsford (1975) also studied the $0,-Mg0 system at both high
temperatures and ambient temperatures. Electron paramagnetic resonance
(EPR) and infrared spectroscopic analysis of SOZ (at 25.torr) adsorption by

Mg0 and Mg(OH)2 revealed the presence of su]ffte ions.

Davis and Lunsford (1976) studied the surface oxidation of S0, to sulfate by
nitrogen dioxide on hydrated silica get using x-ray photo-electron spectro-
scopy (XPS). The studies showed that neither SO2 nor NO2 alone were strongly
adsorbed on the silica gel surface (allowed reéction time: several hours
at 25° C). When SO2 and N02 (25 torr 802, 25 forr N02) were introduced into
~ the reaction chamber and allowed to react at 25% C on silica gel in either
light or darknes;, the result indicated that the SO2 was oxidized to sulfate
by NO2 over a period of several hours. Oxidation rates were not presented

in this study.



SULFUR DIOXIDE CONVERSION FIELD STUDIES

The conversion of sulfur dioxide has been investigated for plumes of power

plants, urban areas, and smelters. The studies encompass a variety of

“-sampling, analytical and modelling techniques. The methods and results

. of these investigations are discussed in the following section. Table

8 located at the end of this section summarizes the,SO2 oxidation field

studies. . o

Power Plants

.Colbert Power Plant

Gartrell et al. (1963) conducted the classic investigation of airborne

plume sampling at the 800 megawatt (MW) (4-200 MW units, each with a 300

ft stack) Colbert coal-fired power plant in Afabama. The power plant was
relatively dirty; furnaces were fired with pulverized coal and mechanical
collectors removed only 70% of the fly ash. Sampling was conducted under a
wide variety of meteorological conditions using a helicopter equipped with

a sampling train consisting of a millipore filter to collect sulfuric acid
mist followed by two peroxide bubblers to collect sulfur dioxide (the
instrumentation for measuring acid mist was not reliable at the time of this
study). Additional equipment included an altimeter, spring wound clock,

and in some tests, wet and dry temperature probés. A1l sample runs were
made during inversion conditions during the early morning hours for easy
plume detection and maximum SO2 plume concéntrations. The flight pattern
close to the stacks (1-2 miles) consisted of longitudinal flights along

the plume centerline with repetitive crosé~sections. Further away (>2 miles)
the battern consisted of flights across the plume centerline until 30-40 ft3

of air had been sampled. Instrumentation was disconnected when the heli-
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copter passed outside of the plume.

The results of the tests pointed to a strong dependence of oxidation rate
on humidity. During periods of low humidity (<70% RH), the oxidation was
slow, increasing slightly from 2% at one mile (12 minutés plume travel

time) to 3% at 6 miles (60 minutes plume travel time) on October 14. The

slight increase in oxidation was not evident in two other.runs.

During periods of moderately high humidity (about 75% RH), the oxidation
was initially rapid at one mile (12 minutes)_increasintho 32% at 8 miles
(96 minutes) on October 11. The average rate during the 1st 12 minutes of
plume travel was 120% hr‘l decreasing to about 6% hr'l during the next 84

minutes of plume travel.

The highest oxidation of 55% was determined in a slight mist on August 19
at 9 miles (108 minutes). There was complete cloud cover and fog during
the samh1ing period; an average rate of about 30%/hr was calculated over
the 108 minute travel time. The data indicated that under mist conditions,

the initial rate was slow but overall a relatively high rate was sustained.

Oxidation rates were cé]cu]ated by dividing the percent oxidation by
plume travel time; common starting times for calculating the rates were
not utilized. The authors stated that the limited data obtained in their
study do not provide a basis for accurate estimation of thé absolute rate
of SO2 oxidation after emission from the source. The 1ﬁvestigators |
postulated that moisture in the plume was the dominant factor controlling
the oxidation rate, especially at relative humidities greater than 75%.
Newman et al. (1975b) suggested that the relative humidity dependence
postulated by Gartrell et al. (1963) was not clear and that the high

oxidation rates were related to high concentrations of particulates in the plume.
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Frankfurt/Main Power PTlant, Germany

Weber (1970) determined the lifetime of SO, in power plant plumes by
simultaneous ground-based monitoring of CO2 and 502 using ambient data
taken during a four-year period at three sampling sites in Frankfurt/
Main. Weber made the assumption that the ratio of CO2 to 502 remained
constant while the plume traveled through the atmosphere. The results of
the study indicated that almost 70% of the initial 802 concentration had

been oxidized or absorbed within the first three kilometers of a power

- plant stack (travel time, 15 minutes); this corresponds to an average rate

of about 250%/hour. Qverall, oxidation rates of 18 to 180% per hour were
measured depending on meteorological conditijons. Plume travel times ranged
from 20 minutes to three hours. The average loss §f S0, was about 50% of
thé initial concentrations. The data showéd an increase in oxidation

rates with increasing humidity. In addition, a longer travel time caused

;hy sTower wind speed, greater distance or higher stability class resulted

in an increase in oxidation during time of travel to the sampling station.

. -
. The assumption that the ground based station was recording 502 and CO2

‘peaks that can be attributed solely to the power plant has been questioned.

Crystal River Power Plant

Stephens and McCaldin (1971) investigated plume characteristics at the
F]orida'Crysta1 River power plant (375 MW, 500 ft std;k) using an aircraft
equipped with a light-scattering particle counter, SO2 bubb]er and SO2
continuous analyzer. Flights were made during the early morning hours

and followed longitudinal and cross sectional patterns. Sulfur dioxide
decay was differentiated from decreéses in 502 concentration due to diffu-

sion using a conservative tracer technique. 502 decay was determined based
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on the ratié of SOéAéoncentration to a conservative tracer concentration
consisting of sub—ﬁicron particulates emitted from the stack. The ratio
of particulates to SO2 would approximate a constant as the plume aged
and diffused, and would increase as the plume aged if the SOZ'decayed to
a meagurable extent. Data taken from three atmoépherica]1y stable days
are summarized. Half-life determinations indicated the reaction obeyed a
first-order rate equation and was humidity dependent. 502 losses varied
- from neé]igible at Tow humidity (35% RH) to a half-life of about 140
minutes at mediumAhumidity (50% RH) and 70 minutes at high humidity (80%
RH). Rate constants were calculated using a gaussian diffusion equation
and were reported to be 0, 28%/hr and 59%/hr for low, medium and high
humidity. A major uncertainty in these data recognized by the authors was
- that light scatter counters of the type used in the experiment are humidity
dependent (Lundgren and Cooper, 1968) and this could explain the differ-

ences -observed in particle toSO2 ratios.

Friend (1972) reported that particles couldinot be used as a conservative
tracer since the sulfate particles formed as a result of the oxidation of
- SO2 could contribute significantly to the total mass, resulting in an

overestimation of conversion.

Morgantown Power Plant

Davis et al. (1974) and Davis and Klauber (1975) reported on the Morgan-
town power plant field studies which Qere designed td determine the

extent to which SO2 and NOy chemistry occurs as a function of distance from
the source. The 1000 MW plant, located about 40 miles south bf Washing-
ton, D.C., is equipped with two stacks (each 200 meters high) and controlled

. by electrostatic precipitators (99.5% efficient). During the study
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peripd (October 1973 to August 1974), the Morgantown power plant burned

a fuel mix.u. @ of 75% oil and 25% coal. The studies were conducted using
an aircraft equipped with a flame photometric SOZ'ana]yzer, a chemilumi-
nescerice 03 analyzer, and a chemi]uhinescence NO—NOZ—NOx analyzer, in
addition to meteorological instrumentation. The flight pattern consisted
of passes through the plume perpendicular to the centerline of the plume

from 200 to 900 m altitude.

The authors reported that the plume had a significant effect on 03 concen-
trations. 0Qzone, whiﬁh had an ambient concentration of 60 ppb, was

totally depleted in the plume out to 5 km from the plant. On another flight
03 depletion was observed out to 24 km followed by an increase in ozone
concentration. The plume ozone concentration from 24 to 56 km was higher.
than the ambient level by 20 ppb. The observed ozone bulges and concurrent

decredses in plume SO, are shown in Figure 1.

‘The authors found that the ozone generation observed during the summer
months was greatly reduced during the winter months and totally absent

" at night, providing strong evidence to the importance of homogeneous gas
phase free radical chemistry in power plant plumes during summertime

conditions.

502 oxidation during the daytime in the summer was proposed to be in the

range of 4.2-8.3%/hr.

Ozone depletion in the plume was explained by the rapid reaction between
" nitrous oxide and ozone:

, NO + 03> N0, +.0, (75)

The authors propose a homogeneous mechanism based on the chemical oxidation
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of SO2 by hydroxyl tblexplain the ozone generation or "bulge" in the plume.
The authov~ ~onsider nine possible initiating steps and conclude that the

most important is the reaction of hydroxyl free radicals with SOZ’

m
OH + S0, - HS03 Tlifetime of SO, = 3 days (76)

k =8 x 10715%m3 molec sec™? i
The mechanism is completed in the following steps.

HSO5 + 0, - HSO; | (77)
HSOz + NO - HSO, + NO, (78)
HSO, + 0, ~ HSOg o (79)
HSOg + NO - NO, + HSOg o (80)

In steps 80 and 78 the NO2 formed would photolyze to yield an 03 molecule.

2N0, + 2 hv > 2NO + 20 ' (81)
and
20 + 20, ~ 20, (82)

For each cycle of reactions 79, 80 and 78 two ozone molecules are generated.

The most important chain termination steps are thought to be reactions

HO, + HSO4 + HySO4 + 0, . (83)
HSO, + HSO, + HyS,0g | (84)
The authors also postulated a step which would change the end products from
2 molecules ozone to one molecule ozone and one molecule sulfuric acid.
The combination 79, 80, 78 and 85 would generate ozone and catalytically

convert 802 to sulfuric acid.

HSO + SO, -~ HSOg + SO5 | (85)
* S05 + Hy0 + HyS0, | (86)
Very little reaction rate data or experimental verification of the

existence of some of the HSOx species is available to verify this mechanism.
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Keystone and Northport Power Plants

" Newman et al. (1975a, 1975b) conducted plume studies on the Northport oil
fired: power plant (two 380 MW units each with 183 m stack; partfcu1ate
control equipment 85% efficient) and the Keystone coal-fired power plant (two
900 MW units each with 244 m stack; particulate control equipment 99.5%
efficient) using a technique based on measuring and interpreting changéﬁ

323: 34

- of the isotopic ratio, S, in the 502 gas stream as the 502 is
oxidized. An airplane equipped with a high volume sampler filter pack and
sign-X electroconductivity S0, analyzer sampled the oil-fired plant plume
by repeated cross wind traverses fbr distances up to 25 km from the stack.
The filter pack consisted of a g]as§ fiber pre-fi]ter for particulate
removal followed by two treated cellulose filters to remove 502 A total
of s1x runs dur1ng a variety of meteoro]og1ca1 conditions were completed
for the oil-fired power plant. Since the isotope ratio technique measured
» sulfur originating in the fuel, it could, iﬁ theory, discriminate between

sources. Small deviations from standard isotopic sulfur ratios were

© expressed by a "del value",

- 32,34
§S = S/°7S (standard) " % 1000 (87)

32 34

S (sample)
It was assumed that.SO2 and SO3 attained an isotopic equilibrium, and the

~ equilibrium constant was expressed in terms of 6502 and § 505

. K
34 32 32 34
S0, + V7S04 > VS0, +

4

S04 (88)

¢ = 1000 + 5 SO,

(89)
1000 + & SO,



The fraction of SO2 converted to 503, 1-f, was then calculated at the

measurement points downwind of the stack from the following equation:

(1-f) = ¢ S0, (fuel) - & S0,

= 1000 where « = K-1. (90)

e gy

The authors compared measured oxidation to oxidation calculated with the
'iSOtOpe data. The measured converted SO2 ranged froﬁ 0 to 18% while the
conversion based on isotope data ranged from 2 to 28%. The authors felt the
sulfate data in general were not precise enough (high bgckground compared

to measured values) to use as valid percent S0, converted and used the

1 hr—l

isotope data for further calculations. A conversion rate of 1 ppm~
~was determined for the proposed pseudo second-order mechanism. This rate
corresponds to an 502 half-1ife of 10 hr at 0.1 ppm SO2 and 100 hr at 0.01

ppm 502. No dependency on RH was observed in the range 40-95%.

The mechanism proposed for the oil-fired plume consists of SO2 in equilibrium
with water which is associated with the particulates; the SO2 is immediately
catalytically oxidized to sulfate and the sulfate could possibly be

neutralized by ammonia. As SOZ is oxidized and neutralized, more 502 dissolves
and the process continues. Vanadium particulates were proposed as the
catalyst; however, the laboratory investigation of Corn and Cheng (1972) cast
doubt on the effectiveness of vanadium as a catalyst. The data supported

a pseudo second-order mechanism arising from a first-order dependence on

SO2 and a first-order dependence on particulates. .The authors felt that a

homogeneous mechanism was inconsistent with the data.

The coal-fired plant plume was sampled up to 16 km; the crosswind traverse
method was used in 3 of 11 runs. In the‘remaining 8 runs, the flight plan

was changed to a circular pattern and the plume was approached downwind
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from the stack. A néw fechnique employing.su1fur hexafluoride as a
_conservative tracer was used in this study but technical problems with

the method precluded definite conclusions. The measured 304= data is of
questionable use in calculating percent 502 converted because of the large
variation in background 504= Tevels (4.0-34.0 pg/m3); at times, the net
measured sulfate was less than one-tenth of the background value. The
isotope data was also used to calculate the amount of SO2 which was
converted. Two problems encountered with the isotope data were that the
325:348 ratio in the coal was not constant in this stud; as it was in the
oil-fired plant and that the change in flight pattern gave conflicting
results. The studies using the crosswind traverse method showed decreasing
SO2 with distance; the circular flight pattern did not show an orderly
decrease of 802 with distance. Because of these problems, the authors did
not calculate a conversion rate but concluded tﬁat the extent of oxidation
was 5% and that variation in the percent oxidation could be due to the
variability of particulate concentration in the plume by factors of 2 to 3.
The ]bwer percent oxidation of the coal-fired power plant compared to the
oil-fired power plant (2-28%) was attributed to the Tower particulate-'
loading of the coal-fired plant (0.07 g/1 S0, for coal-fired compared to
0.2 g/1 S0, for 0oil-fired).

Table 10 presents normalized and averaged data from the coal-fired power
plant sampling runs. The percents of SO2 conversion in this table refer to

conversion occurring after SO2 leaves the stack.
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Table 10. Coal fired power plant normalized and averaged 502 conversion data.

% Converted

Distance * based on
(km) § S0, Conc. s
0.8 2.5 3.0 1.3
1.6 2.1 4.1 . 3.6
3.2 1.9 3.6 4.4
4.8 2.2 1.8 . 3.0
8.1 2.5 1.6 1.5

16.1 2.2 0.3 3.0
48.3 2.1, 0.0 3.5

*Normalized to the average flue value of 2.8.

In somé ruhs the measured sulfate concentrations were significantly Tower

‘ fhan expected from the calculations us%ng the del vajues, particularly at
distances farther downwind of the stack. The authors postulated that
particulate sulfate was falling out of the plume during the downwind travel

of the plume to account for the Tower sulfate values.

The mechanism proposed for the oil-fired plant seemed to apply to the coal-
fired power plant data; however, the particulate quantity and composition
was detérmined to be rate limiting. The authors a]sé suggested that since
the system was severely particulate Timited, some of the observed oxidation
could have been due to ambient particulates and to the photo-oxidation
reaction proposed by Sidebottom et al. (1972). In both studies the oxi-
dation rate was found to be variable and a definite correlation between

RH and 502 conversion was not demonstrated.



Page 79

Freiberg (1976b) reanalyzed the dgta frow she oil-fired and coal-fired
power plant studies and found a dependencz on relative humidity when
stability and temperature were taken intc consideration. Freiberg
commented that the dependence on either FH or T casted doubt on the

L“Hépendence of the oxidation on the surface of the particles.

w1lson'(1976) considered the isotope technique to bé erroneous because of

the presence of several competing reactions having different isotope

effects, but he considered the direct measurement method to be experimentally
valid. wilson concluded that after discarding the isotope data, there was

no difference between the oil-fired and coal-fired p]umés and that

depending on meteorological conditions, conversion rates substantially
“greater thap 1% per houf were possible. ‘Wilson further commented that the
sampling technique and flight patterns in the studies precluded an accurate

measurement of conversion rate.

James and Foster (1976) questioned the data reliability of Newman et al.
(1975a, 1975b) due to the sampling methods used. They suggested that plume
entry and exit positions could not be well defined in relation to plume
measurements using the technique of an instrument to Tocate the plume and
then starting the primary sampling equipment. The seriousness of this
problem would depend on aircraft speed, plume width, and response time of
instruments. This technique has been widely used (Gartrell et al., 1963;

Davis, Smith, and Klauber, 1974; Stephens and McCauldin, (1971).

Janes and Foster (1976) a]sb question the reliability of data obtained
using the circular flight pattern and ground based vehicle monitoring. The

circular technique would affect airflow over the plume and at-further

( .
distances background air could be included in the sample.
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Dittenhoc. .. and de Pena (1977) studied the production and growth of sulfate
particles in the Keystone power plant plume (1800 MW, two 244 m stacks, 2%
sulfur in coal, 99% efficient electrostatic precipitators, four 99 m natural
draft cooling towers). An airplane equipped with a condensation nuclei
counter, optical particle counter, electrical aerosol analyzer, continuous
pulsed fluroescent 302 analyzer, cascade impactor and meteorological
equipment was used to determine pollutant plume concentrations. The flight
pattern consisted of a vertical upwind spiral for measured background
particulate and SO2 and a series of crosswind and longitudinal profiles
downwind of the plume. Data from seven flights during 1976-1977 were
analyzed. The cooling tower plume (RH = 100%) and the power plant plume

merged on one of these flights.

Plume inhomogeneity effects were eliminated by computing ratios of
simultaneous concentrations of various pairs of plume components and

expressing them as a function of plume travel time.

Results of the sfudy indicated that more than one mechanism acted to

convert 302 to sulfate in the plume. Under conditions of low RH (<70%)
near-neutral stability and intense solar radiation (clear skies, late
morning and afternoon flights), the dominant chemical process was production
of new particles (0.0025-0.34 um) within the plume. Photochemical reactions

involving S0, were probably a major source of these particles.

Within the merged plume (RH = 100%) the dominant mechanism was growth of
pre-existing droplets by absorption and oxidation of 302; These particles
grew to 0.3 yu or greater and were éccounted for largely by sulfate

production, which was related to the presence of liquid water in the plume.
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A 5b2 conversion rate of 0.5%/hr was calculated for the merging plume
flight, assuming the particles to be HZSO4 at 95% RH and computing the

fraction of H,S0, to S0, at each location.

The authors also found indications of temperature effects supporting the
work of Freiberg (1974). The highest rate of particle growth occurred
when the average plume temperature was Towest, and the Towest rate of
particle growth occurred when the temperature was highest. More data is

needed to evaluate the effect of temperature.

This study shows that more than one mechanism may be responsible for SO2
~ oxidation in a single plume and that the type of mechanism is dependent

on the existing meteorological conditions.

Four Corners Power Plant

Ursenbach et al. (1977) rgported on conversion rates of 502 to submicron
sulfate in the plume of the Four Corners coal-fired power plant by direct
sulfate analysis. Samples were col1ectéd using an aircraft equipped with

. dual sampling leads containing 0.2 micron Nuclegporefilters for particulate
collection, SO2 bubb]érs (employing the EPA pararosaniline reference method)
and a flame photometric total sulfur analyzer. Meteorological data were
obtained both in the aircraft and from the National Weather Service at
Farmington, NM. Samp}ing protocol was divided into close distance sampling
and long distance-sampling. At close distances one airplane flew a 1-3
mile path down the plume, turned around, and flew back in the other direction.
This flight pattern was flown at 50 ft vertical intervals. The total

sampling time was about 1 hour.

The plume edge was defined by the total sulfur analyzer and instruments were
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turned off as the airplane 1eff the plume. A second airplane fo]]owed‘two
mile long elliptical paths oriented along the plume centerline from 11 km

to 65 km downwind of the plant. Flight paths wefe changed By about 50 ft
elevgtions to minimize airplane exhaust interference; sampling time was from
3 to 5 hours. Background samp]es‘were also taken about 5 miles upwind

of the stack at plume elevation. SO2 bubbler samplers were stored in

cold chests and analyzed at the end of each day. Filters were stored at

< 30% RH before SEM analysis.

The number concentration, mass concentration, and extinction coefficients
~were calculated for four types of particles (fly ash, soil dust, soot,
and sulfate) in the size range 0.1 to 12 um diameter. Ninety-five percent

of the sulfate was collected in the 0.1-0.2Apm.size’range.

The measured barticle size distributions showed that although sulfates
represented over 90% of the particulates by number in the background or
downwind (2 and 7 miles) sampling sites, they represented only 20% of the
upwindAparticulates by mass and only 1% of the particulates by mass at 2
- miles downwind of the plant. The mass median diameter of sulfate which

was inferred from the number distributions was calculated to be 0.24 um.

Conversion rates were calculated by dividing the particulate sulfate to
sulfur-dioxide ratios by the reaction time; concentrations were corrected
for background. Conversion rates were also calculated befween the near
and far sampling sites. Conversion rates at the individual points in the
plume ranged from 0.21%/hv at 1.5 miles downwind of plant (reaction time,
0.24 hours) to 0.84%/hr at)16 miles downwind of plant (reaction time,

0.89 hours).
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The conversion rates between the downwind distances ranged from 0.36%/hr
between 1.5 and 40 miles downwind to 0.69%/hr. between 1.5 and 16 miles
. downwind. Relative humidities ranged from 30% and 51% to 16% and 40%,
respectively. The average conversion rate over 5 days in 1976 was
+:.0,55%/hr + 0.14%/hr. Measured.S‘O2 concentrations in the plume ranged from
0.01-0.06 ppm. A plot of conversion rates vs. distance did not show an

increasing or decreasing trend in oxidation rate.

The authorsAreported that background concentrations of NH3 are consistent
with concentrations required to convert acid mist or SO2 to sulfate. The
authors report that sinks such as dry deposition in the soil and vegeQ
tation are likely of greater significance in removing 502 from coal-fired
_power plant p]umés in the arid western states than direct conversion to

particuiate sulfate.

This study possibly provides a more realistic measure of plume 302 oxidation
rates because the calculated rates are derived from direct sulfate analysis

rather than deduced from a comparison of S0, loss with plume tracer material.

Pueschel (1977) during 1975-1976 éstimatéd the H2504 aerosol production rate
in the plume from the Four Corners power plant (2175 MW, emissions: 3.2 X
105 kg/day 302, 1.9 x 105 kg/day NO,, 8 x 104 kg/day particulates). The
field study was conducted using an aircraft equipped with instrumentation
for measuring cloud condensation nuclei and 50,. The S0, conversion rate
was estimated by differences of 502 fluxes through the plume cross-sections
'at L1 and L2 and the ground. |

S0p/reac = Fq - Flp - Fg' - (91)

The conversion rate ranged from 0.8 to 5.46% per hour with an average value
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of 2.4% per hour over four days in October. The highest rate was observed
at highest relative humidity and Towest temperature; RH values were all
less than 20%. The author felt the data supported the accelerated liquid

phase oxidation mechanism of Scott and Hobbs (1967).

Pueschel (1977) found that the observed 502 conversion rates were compatible

with an observed cloud condensation nuclei (CCN) formation rate of 101° to

1016

sec:_1 based on the assumption that CCN are initially composed of
H2504. The observed CCN concentrations could be'important in terms of

inadvertent modification of clouds and precipitation on a regional scale.

Labadie Power Plant

The Labadie power plant plume along with the St. Louis, Mo. urban area has
been studied extensively as a part of the Regiona] Air Pollution Study
(RAPS) and the Midwest Sulfur Transport and Transformation Study (MISST).
Aduring the summers of 1973-1975 and February 1975 (Wilson et al. 1976;
Whitby et al. 1977). Forrest and Newman (1977a) also reported the results

of studies during 1974 and 1975.

The MISST studies differed from earlier studies because they cha11engéd the
adequacy of the usual technique of calculating the fractional conversion

of 302 to sulfate from 50, concentration and sulfate dqté.which was obtained
by aircraft flying through the plume by a variety of paths. Wilson et al.
(1976) pointed out that SO, conversion rates could be different in parts

of the plume, with higher rates occurring at the edges of the plume. The
authors felt that conversion rates were best determined using 502 data and
su]fate mass'f]ow rates in the plume, and this method was uséd.in the MISST

investigations.



4

Whitby et al. (19?7) and Wilson et al. (1976) analyzed S0, oxidation in
the Labadie power plant plume using data taken during the summer of 1974.
St. Louis urban plume data were also reported by Wilson et al. (1976) but
are discussed under the topic of urban plumes. The data were collected
using an aircraft equipped with a condensation nuclei counter, integrating
nephelometer, electrical aerosol analyzer, single particle optical counter
manua1‘fi]ter sampler and a bag sampler system; 502, NOX, 03 sulfate and
size particle distributions were measured. Background data were obtained
by flying a spiral upwind of the source starting at 10,000 ft and ending

at 500 ft; aerosol was sampled at 1000 ft vertical intervals. Plume

- concentration profiles were obtained from horizontal crosswind measurement

passes at several altitudes at different downwind distances. Vertical

spirals were also flown at éevera] distances downwind of the source. 502

b

conversion rates were calculated using the change in aerosol flow from one

cross-section of the plume to the next and the time it took the plume to

traverse the intervening distance. The rate equation has the form:

&/hr = 5_593 : EV o P

At ' MW 504

. MW S0,

o)

where G = mass flow of SO2 in plume
p= HZSO4 droplet dénsity

P = weight faction of H2504 in the droplets
AFv = aerosol volume flow in plume

MwSO2 ) MwSO4 = molecular weight of SO2 and SO4

The data were taken on August 5 from 2 to 14 km and on August 14 from 10
to 45 km. The weather on August 14 was generally clear with an ESE wind

of 4 km/hr at piume height, between 200 and 1500 m.

(92)
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 The' conversion rate calculation assumed thét excess aerosol found in

the plume was sulfuric acid in equilibrium with water vapor at the
ambient humidity. The fraction of 502 converted-and the con&ersion rate
was determined from the ratio of calculated sulfur in the aerosol to the

sulfur flow calculated from the 802 measurements.

The results showed that at 45 km, 8% of the SO2 was converted to aerosol

1

and the conversion rate varied from 1.5%/hr "~ at 10 km to 4.9%/hr'1 at

45 km.

" The studies showed that sulfate formation was Tow until NO was converted
to NO, when sulfate formétion increased. This points to the need for
measurements at 1on§ distances from the stack, since at closer distances
(16-32 km) the only su]fate present could be the stack sulfate whiéh

arises from the 503 in the combustion process.

_ Assuming that the aerosol was HZSO4 in equilibrium with water, the growth
of aerosol with distance corresponded to'SO2 conversion rates of about

1

- 0.5%/hr™! near the stack to 5%/hr™L at 45 km.

The findings of Whitby et al. (1977) contrast with the findings of Newman
et al. (1975a) who estimated a constant rate of conversion of 3 to 4%/hr'1
for the Keystone coal-fired power plant. In later studies Newman et al.
(1977a).obtained an average conversion less than 2%, seldom exceeding 5%,
which was found to be independent of distance up to 50 km. Newman et -al.
(1977a) did obtain some indication that the conversion was a Maximum at 5

to 10 hr from the stack and‘then decreased due to 304= fallout from the

plume.

Whitby et al. (1977) concluded that, based on the Timited statistics of
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his data and on the limited accuracy of the Newman data, the conversion
rate is in the range of 0.5 to 5%/hr up to 50 km, but that the dependence

of conversion rate on distance is far from certain.

.. Cantrell and Whitby (1977) evaluated additional data from the Labadie power
plant plume taken during the summer of 1976. The sampling protocol was

the same as that for the 1974 study.

Data taken on July 5 provided daytime plume characteristics; three plume
cross-sections were mapped for plume ages of 0.75 to 2.6 hrs; meteorology
was uniform and the plume was well mixed from surface to mixing height.

The July 14 experiment was designed to provide night-to-day transition
information. Two cross-sections, 29 km and 45 km downwind of the plant,
'wefe mapped during the morning when the plume was "trapped" and during

the period after the onset of convective mixing. A third cross-section was
made 4 km downwind of the plant after the mixing height had stabilized.

Both sampling days were clear.

The plumes of thé 5th and 14th showed two different dispersion character-
istics, evidently due to mete0f01ogy. The in-plume aerosol concentrations
were enhanced in the "trapped" plume compared with low background values.
A comparison of average 502 f]owé in the plume on the two days to a calcu-
lation of 502 source emission showed the 502 flow in‘p1ume was being
accounted for and that flow calculation uncertainty should be no more than

20%.

A comparison of plume aerosol volume flow of 80'cm3 sec'1 after 1 hr of

pTume age on the 5th to a flow of 250 cm3 sec"1 observed for the 1974

study shows a difference of a factor of about 3 in aerosol growth. Two
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factors v~v~ different in the two studies. Relative humidity datafor 1976 were
lower, 51% RH in 1976 compared to 75% RH for 1974. The amount of aerosol
in background was ]bwer in 1976 by an order of magnitude. This meant

that in 1974 there was a large surface area in the accumulation mode for
aerosol volume growth by condensation as background air mixed with plume
air. This, in turn, depleted condensable species in the plume to the’
point when very 1ittle homogeneous nucleation could take place. The Tow
amount of nuclei mode aerosol supported this view. In-the 1974 study the
accumulation mode accounted for nearly all df the aerosol number concentra-
tion whereas in the 1976 study, it accounted for only 30% of the number
concentration. Regardless of plume dynamics, the general increase in
volume flow over the 2-hr. plume age period for 1976 plumes was consistent

with other plumes studied.

SO2 conversion rate was estimated using the method of Whitby, et al. (1977).
‘The data of July 5, 1976 and August 14, 1974 both showed a significant
increase in conversion rate with increasing plume age for plumes under
relatively uniform meteorological conditions. For the two hours mapped

Lto 1.2 + 0.4%/

1

in 1976, the conversion rate increased from 0.41 + 0.2%/hr~
bl In 1974 the increase over a three-hour period was 1.5 + 0.5%/hr”
to 4.9 i_1.7%/hr'1. On the morning of July 14, 1976, during the AM
transition period, there was no significant increase in conversion rate ,
[:(0.43 j_O.Z)%/hr'lin the first hour to{0.48 i_O.Z)%/hv‘"1 in the second
hour:] . The authors noted that it seemed the more rapid di1ut{on brought
about by changing meteorology suppressed volume formation in the plume;

hence, the conversion rate.
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The authors also feft that results should be reported for individual plume
stuaies or for simi]ér meteorological conditions and that measurements,
such as on the plume centerline,which are not adjusted for differences in
dispersion on such days would yield different results. Care should be

taken in using dispersion models to obtain integral flow in a plume from

single measurements.

The numbef value for conversion was in the same range as reported by other
experimenters, Lusis and Wiebe (1976) and Newman et al. (1977a). Newman
et al. (1977a), however, found that the conversion rate was independent of
distance up to 50 km from the power plant. This is the oppoéite of the

. findings of Cantrell and Whitby (1977).

Gillani et al. (1977) analyzed the kinetics of particulate sulfur formation
in the plume qf the Labadie power plant plume for July 9 and July 18, 1976;
the b1Ume on both days was tracked and sampled to 300 km by an airplane |
equipped for measuring 502’ 03, bscat, aérdsol change, CNC, meteorology,
NO,, particulates and sulfur. The plant had a rated output of 2250 MW on
July 9 and 1700 MW on Ju]y.18. Based on an average sulfur fuel content of
*3.17%, sulfur emissions (as 302) were 13.6 kg/sec on Ju1y 9 and 10.2 kg/sec
on July 18. Meteorological conditions on July 18 were strong to moderately

unstable and weakly unstable on July 9.

A plot of Sp/S as a function of plume age showed that the % Sp reached

TOT
a maximum of 18% on July 18 after 6 hours of transport and a maximum of

about 12% on July 9 after about 6 hours of transport and the levels then
declined on both days. The authors related the decline to the fact that

data for the first 6 hours were measured during the day when solar radiation

is significant while the remaining hours were in the evening and at night.
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A linear re]ation§hip existed between % Sp content and the radiation
dose of the sampled plume a{r parcels on both days. There was little
difference in total solar radiation on the two days; for a given radia-

tion dose, the percent Sp was higher on July 18 than on July 9.

Wilson et al. (1976) observed that production of aerosol was enhanced at
the edges of the power plant plume and attributed the enhancement to
reaction with the entrained air. The authors suggésted a relationship

between O3 énd 302 oxidation.

Ozone concentrations were found to be higher on July 18 than on July 9

for ground level stations. The authors also observed a net production of
03 in the plume, beyond 30 km from the source on July 18 and after 100 km
on July 9, for both days. The same phenomenon has been observed by Davis
et al. (1974)'and by Whitby et al. (1976) leading to the conclusion that O3

‘and SO4= formation belong to the same chemical system.

The day with the highest rate of conversion was characterized by Tower
temperature (about 30 C), iess humidity (about 20%), less haze (3 to 4
" times lower bscat)and greater stability. The ozone level and the intensity
of atmospheric mixing were higher. Ground removal of 502 was greater
than conversion on both days, particularly for plume transport beyond 100
km, and caused significant reduction in particulate sulfur formation.
Corrections for ground removal resulted in an averaéé rate of particulate
sulfur formation during the 1st six hours of transport of 1.6 j_O.tl%/hr"1
on July 9 and 2.4% j_O.G%/hr'1 on July 18. For nighttime transport, the

L July 18 and <0.3%/hr'1 on July

conversion was estimated to be <1%/hr~
9. The data appeared to favor photo-oxidation as the rate controlling

mechanism, but other mechanisms cannot be ruled out due to insufficient data.
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Forrest «uu Newman (1977a) investigated the oxidation of 302 in four
additional coal-fired power plant plumes (Labadie, MO; West Alton, MO;
Muscle Shoals, AL; Charleston, WV). The methodology was the same as
Ahwﬁgported in Newman et al. (1§75 a,b) except that the glass fiber pre-
filter in the high-volume filtef pack was replaced by neutfalized quartz
filter. The neutral quartz filter would have reduced any conversion that
may have resulted with the glass fiber filter to negligible levels (Pierson

et al. 1976).

Most of the sampling runs were made at the Labadie plant (21.0f 30). The
data showed that the extent of oxidation seldom exceeded 5% for conditions
of relative humidity ranging from 32 to 85%, temperatures from 10 to 26° ¢,
.distances up to 60 km and tfave1 times up to 2 hours.‘ Background corrections
applied to the Labadie plume were determined to have a minimal effect on
SO2 conversién. Data from the remaining three power plants supported the
Labadije data and the Keystone data (Newman et al. 1975b). The data
indicated that almost all of the oxidation occurred within the first few
kilometers of emission. This contrasts with the findings presented by
Wilson et al. (1976) and Whitby et al. (1977), suggesting that there is a
slow reaction initially followed by a sharply increasing rate at a downwind
distance, but the data lend support to one aspect of Frieberg's model (1976a).
The authors did not find any distinct correlations of percent S0, converted
and temperature, re]atjve humidity, morning and evening runs, travel time,
distance or atmospheric stability. There was a slight indication that

unstable conditions might yield higher oxidation rates.

The lack of correlation indicates only that the effects, if present, are

too subtle to be detected by the methods used. The relative humidity and
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temperat -~ data were in the stationary phase of Freiberg's model (1976a)

so that conclusions about these aspects of his model cannot definitely be

drawn.

The authors also investigated plume dropout and differences in flight
patterns. Plume dropout was tested during one run at the Labadie plant;
the authors.found that sulfate level under the plume was 60% higher than
the background level and they attributed this increase to sulfate dropping
out of the plume, rather than arising from ground 1evé1 influences. The

60% increase, however, is equivalent to only 5 ug/m3 SO4=.

Sampling flight patterns were tested to determine if significant differences
existed between the two methods used (Newman et al. 1975b). The authors
concluded that there was no significant difference in the extent of
oxidation between the two methods and that reproducibility was within plume
variab%]ity. The authors could not find any evidence of higher conversion
rates at the fringes of the plume or significant variation within the plume.
The authors' sampling approach assumed that extent of oxidation was
independent of position in the plume which contrasted with the work of
Wilson et al. (1976) and Whitby et al. (1977), who assumed that integrated

samples were needed for a compléte profile of the plume.

Isotope ratio measurements were again'used to determing'ahount of SO2
oxidized.. Because of isotope ratio variations in the qoa] and plume, tﬁg
" authors concluded that the isotope technique was not applicable to the
Labadie plume and that plume concentrations should be used to determine
oxidation rate. Isotope ratios at the remaining three plants were stable,

and comparison between this method and the direct measurement method was good.
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TVA's Cumberland Power Plant

Meagher et al. (1977b) and Meagher and Sharma (1977a) studied S0, conversion
rates at TVA's Cumbér]and Steam:p1ant (2600 MW, "total, two 305 m stacks,

99% efficient electrostatic precipitators) during the winter of 1975-76.

An airplane was equipped with a flame photometric gaseous sulfur analyzer,

a flame ijonization total HC analyzer, a 37 mm Fluoropore membrane filter’
for aerosol, a chemiluminescence ozone analyzer, a chemiluminescence NO-NOx
analyzer and meteorological equipment. The airplane made passes through

the power plant plume perpendicular to the horizontal wind vector; cross-
sections were obtained at different altitudes at each of the downwind

" distances. The ozone monitor was used to locate the plume and instrumentation
was turned on when the plume was entered. Sampling began at daybreak and
continued until plume breakup; baékground concentrations were determined
upwiﬁd of the power plant at plume elevation. A total of 8 flights were
made from 10 to 105 km downwind of the piaht (pTume age time 11‘m1nutes to
11 hours); relative humidities varied from 33 to 65% and temperatures

varied from -5 to 13° C.

The 90% response time for the sulfur analyzer was determined to be'about

15 seconds which would result in some distortion in the 502 plume profiles;
distortion would have been worst for narrow passes closest to the plume.
Data which would be biased due to this factor were not included in the
analysis. The variability of the method tested by duplicate runs was found

to be + 13%.

Sulfate to sulfur dipxide ratios were cal®lated for each of the downwind
distances. No correlation was found between this ratio and plume travel.

At 10 to 105 km downwind of the plant 1 to 2% of the sulfur in the plume
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was in the form o% sulfate aerosol. Sulfate aerosol in the stack averaged

0.25%; this value 1ncreaséq to 1.4% in the plume at 10 km. During

conditions of ldw temperature and low moisture (fa]l and wihter), the

oxidétion of SO2 to 804= appears to be very slow except in the area next

to the stack. The authors offered the foilowing explanations for the

production of sulfate before the first sampling point at 10 km¢

1) The presence of particulate surfaces or catalysts which limit the
conversion process become poisoned; suggested by Newman et al.
(1975b).

2) Sulfate prbduction is controlled by a reactfon between a.plant

effluent (SO,) and species in the background air resulting in a fast
rate nearer “the plant and undetectable conversion downwind.

The authors also reported that NO is converted to NOZ very rapidly (50%

at 30 km) and that O3 is responsible for the ogidation because the amount
of 03 removed approximately equals the amount of NO converted to NOZ' The
authors reported that the 05 bulge observed by Davis, et al. (1974) was nét

evident in the TVA studiés.

The data of Newman et al. (1975b) in which a total of 30 runs performed at
"4 power plants resulted in a plume sulfate concentration of 1.8% were in

the same range as the TVA data.

The authors determined that the average value for NH4+ to 504= ratio for all
background samp]eg was 1.67 + 0.20, and for all plume samples the ratios
averaged 1.16 i_O.SO.‘ Assuming that measured squate was derived solely
from (NH,), S04, NHHSO, and H,S0,, and that all NH," was associated with
sulfate, the range of these species could be determined for plume and
background. This analysis showed that (NH4)2 S04 was the dominant compound

in the background samples and was less prevalent in the'p]ume: There was no
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observable correlation between the'NH4+ to 504: ratio and plume travel
time, indicating that if aerosol accumulates NH3 as it ages, the process 1is

fairly slow.

Centralia Power Plant

Dana et al. (1975) developed a model (EPAEC) based on the liquid phase
oxidation of Scott and Hobbs (1967) for predicting the reversible washout

of 502 emitted from power plant plumes and other sources. The model

assumes a first order reaction rate constant, K; five values.of K ranging

~ from 0 to 278%/hr along with field monitoring data were used as model inputs.
Field data (rainborne SOZ’ pH, total sulfur, ambient 502 and meteorology)
were collected from a network of rain sampling stations around the Centralia
power‘p1ant in Washington (700 Mw; 143 m stack). The best comparison

betwéén field SO2 scavenging rate and model calculation occurred with a 15'
minute half-1ife for SO2 conversion; thié is equivalent to a reaction rate

constant of 278%/hr.

~ The authors discuss two possible models for 302 conversion: 1) in-plume
oxidation 2) liquid phase (raindrop) oxidation. Predicted rate constants
for in-plume oxidation were in the range of 400-570%/hr, 502 half-Tife
about 10 minutes. The in-plume oxidation process is compatible with rapid
oxidation near the source and decrea;ing rate downwind from the source.
Predicted rate constaﬁts for 1iquid phase oxidation were in the range of

600-3100%/hr; half life, 1 to 6 minutes.

The authors state that the two models discussed are highly superficial
and were intended only to explore possible mechanisms. The data presented

in this model were obtained from ground based stations; it would be of
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interest to obtain direct in-b]ume measurements during a rain event.
Although the rates in this study are not intended to be definitive, the
study does show that a significant portion of 502 in the plume s converted

very close to the stack (< 0.4 km) during rain events.

Great Canadian 0i1 Sands Power Plant

Lusis et al. (1977) studied the plume chemistry of-the Great Canadian 0il
Sands (GCOS) power plant near Fort McMurray, Alberta, using a helicopter,
during a total of four weeks in February and June, 1977. The power plant
uses refinery coke (6% sulfur) for fuel and during the study'period was

- emitting about 1.9 - 2.5 kg Soz/sec. The particulate Toading was high
(about 1 g/ 5g SOZ) and the emission rate of NOX was estimated to be
about one=tenth that of’SOZ. The~he11coptér was equipped with a sfgn;X
continuous SOzvanalyzer which was used to locate the plume and to determine
dispersion rates. S0, oxidation data was obtained from two parallel

~ filter packs; the first filter in the packs was either a Whatman 40 (cellu-
lose) or Delbag (polystyrene) filter to collect particulates. The poly-

. Styrene filters were analyzed for sulfuric acid and sulfur. This was
followed by two chemically treated Whatman 41 filters to collect 502'
During the month of June a chemiluminescent 03 analyzer was used to inveé—
tigate 03 formation in the plume. Vertical profiles of wind velocities,
temperéture, and relatjve humidity were determined at various altitudes

during each of the flights.

The flight pattern consisted of cross-wind traverses flown across the plume
at various a1ti§udes; sampling periods were one-half to one hour. Sampling
points were located near the stack (1-2 km) and farther away (up to 55 km).

Background samples were also collected.
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Results of this study showed that little oxidation occurred in February
or in the early morning periods of June. Rates in February ranged from

1

-1.2%/hr'1 to 2.4%/hr'1; the average rate was 0.26%/hr' . Rates in June

rangéd from —O.24%/hr'1 to 9.3%/hr'1; the average rate was 1.4%/hr"1.
Negative rates were probably caused by random sampling and analysis
errors, problems in plume Tocation, and so forth. Temperatures averaged
-2.3% C in February and 15.4° C in June; relative humidity averaged 79%
in February and 61% in June. A plot of total plume sulfur in the partic-
ulates as a function of age showed that in February, the fraction of total
sulfur in particulates (~1.3%) remained constant for plume travel times
~of an hour or more. In June the plume contained more particulate sulfur
(~2%) and the fraction remained constant with downwind distance for about
the first two hoursﬂof‘plume age (before 0700 hours). For the data taken
after.0700 hours, a sharp increase in the fraction of sulfur in the
particulates occurred after the first 10 minutes with values reaching 3% or
" more within the fifst hour. Although sulfuric acid analysis was thought
to be of Tow accuracy, the ‘authors found that in February the pe}centage
~of sulfuric acid in the particulates was high and constant, while in June
the acid was neutralized downwind of the stack. Particle size analysis
showed that near the stack almost all of the particulate su]fhr was in'
the sub-micron range, whereas metals (Mn, Al, V) were associated with

particTes having a mass median diameter of about 3 um.

The authors reported the presence of an ozone "bulge" in the plume during
June flights; 03 was depleted near the stack due to chemical scavenging by
NO, while downwind an excess had formed, up to 10 ppb above thé background

level.



Page 98

The results of the study suggested that in the absence of sunlight hetero-
geneous catalysis in aerosol droplets or on particulate surfaces was not
important (Foster, 1969; Freiberg, 1975; Newman, et al. 1975a, b; Forrest
and Newman,,1977). Conditions of the study such as high particulate load-
“~ing and . high relative humidit%es should have led to high oxidation rates
if the heterogeneous mechanisms proposed by Foster (1969) and Freiberg
(1974) were important. The authors found no evidence that essentially all
of the oxidation occurs within the first few ki]ometehs (Newman et al.
1975a, b; Forrest and Newman, 1977) after emission or that heterogeneous

processes are important.

The authors felt that the data, while not conclusive, did support a

_photochemical mechanism for the oxidation:

1) Spectral measurements supported the hypothesis that significant
S0 oxidation occurred in June after 0700 hours due to photo-
chemical processes.

2) The observed ozone "bulge" was evidence of photo-chemical activity
(Davis et al. 1974, Gillani et al. 1977). The bulge was explained
as the result of turbulence during the afternoons in June mixing
the NOyx in the plume with lTow level hydrocarbon emissions from the
refinery.

3) There was no evidence- for the dependence of conversion on aerosol
pH, based on sulfuric acid data, if heterogeneous mechanisms were
important.

4) There was no evidence for the temperature and relative humidity
dependence which might be expected to occur if a heterogeneous
mechanism were important (Foster, 1969; Freiberg, 1974).

The authors pointed out that during all of the runs when appreciable 502
oxidation rates were observed, part of the plume was diffused down to
ground level within a few kilometers of the stéck, which suggests that
sulfate which was removed from the plume by dry deposition at a different

rate than SO, could affect the apparent oxidation results. However, rough



Page 99

calculatinre using a well-mixed Langrangian box model with sulfate and 302

dry deposition velocities of less than 0.1 cm/sec and 1.5 cm/sec, respectively,
showed that the rate of change of the sulfate to ‘total plume sulfur ratio

due to dry deposition was less than 0.5%/hr. This conclusion was also

Supported by the work of Gillani et al. (1977).

4Sour Gas Plant

Sour Gas Plant, Calgary, Alberta

Rowe et al. (1977) studied the oxidation (from 0.1-4 km downwind of stack)
of 502 in a sour gas plant plume near Calgary using gold as a conservative
tracer. Gold chloride was impacted as a fine spray at the base of the
'sfack (30 gm/hour). The gold solution was evaporated by the incinerator

temperatures producing gold particles in the range 0.1-1 um.

A helicopter was used to maximize plume sampling time; the aircraft was
equipped with SQ2 bubblers, millipore teflon membrane filters (47 mm
diameter, 0.5 um pore size) to collect the gold particles, and a sign-X
502 analyzer for Tocating the plume. The vertical wind velocity and

vertical temperature profiles were obtained each day.

The flight sampling pattern consisted of multiple passes through the plume
at fixed downwind distances. The total mass of 502 and gold were calcu-
lated assuming that the initial mass of 502 and gold in the bubbler and
blank filter were negligible and that background concentrations of 502 and
gold were constant. The ratio of chemically transformed S0, to total
diffuséd SO2 was determinéd from the mass calculations for gold and 502

emitted from the stack which were measured instrumentally. The data for
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two days S~pt. 3 and Nov. 2, 1976, are summarized. September 3 was
characterized as a warm cloudy day with RH = 50-60%, strong winds, and

a ground based invefsion of 150 m. Nov. 2 was characterized as a cool,
sunny day with RH = 30-40%, moderate winds and near neutral stability.

The auﬁhors indicated there wasno:significant chemical transformation of
502 within the first 4 km downwind of the sour gas plant stack. A major
problem with this study was that the fraction of unreacted SO2 was greater
than one; the authors felt that some of the‘gold was being depleted some-
where between the incinerator and the stack; The gold tracer method may
not be valid after the point of the first plume contact with the ground

because of possible difference between gold and 502 uptake by the ground.

Urban and AreakSources

Los Angeles Basin

Roberts and Friedlander (1975) determined atmospheric conversion rates and
mechanisms in the Los Angeles basin using measurements of the particulate

to gas phase sulfur ratio and air trajectory analysis. Ground level total
“filter and cascade impactor aerosol samples were analyzed for sulfur;

sulfur dioxide was also measured. Depending on source and wind direction,
S0, to total sulfur ratios ranged from 0.88 to 0.98. A pseudo first order
rate constant, which depends on the deposition velocities of 502 and sulfate
aerosol, was calculated. Data from three days Tisted in the papers gave

1

rate values from 1.2 to 12.8%/hr ~. Meteorological data was not included

in the report.

Tennessee Valley Area

Meagher and Sharma (1977a) reported on TVA point source and area source S0,
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conversion studies.

The regional transport emissions study encompassed an 800 x 500 km
rectangle in the Tennessee Valley. About 50% of all 302 emission within
the Tennessée Valley originated here. Ground level measurements near the.
entry and exit boundaries indicated that 504= concentration increased 25%
and total suspended particulates increased 36%. Aircraft measurements
indicated that 504= flux in air masses leaving the study area was 16 mg/m2

sec greater than 504: flux in air masses entering the study area.

St. Louis Urban Area

Wilson et al. (1976) reported on EPA urban and power plant plume mapping
studies in the St. Louis area whi;h were desigﬁed to overcome problems of
earlier studies by Gartrell et al. (1963), Newman et al. (1975 a, b),
Stephens énd McCauldin (1971) and others. ‘The field studies were conducted
during July and August and September of 1973, 1974, and 1975 using two
aircraft, an instrumented van and three mobile single theodolite pilot-
balloon units. The parameters measured included gases (03, NO, NOy, 502),
aerosol (condensation-nuclei, light scattering coefficient and aerosol

change), particulate sulfate and meteorological parameters.

The flight pattern consisted of horizonté] traverse§ made in the plume
perpendicular to the plume axis at three or more e]e&ations and at

several distances downwind of the plume. A van equipped with a correlation
spectrometer (COSPEC) made lateral traverses under the plume and measured
the integrated burden of 50, and NO,. The pbwer plant plumes were measured
to 60 km and S0, conversion in the power plant plumes.was reported to vary

from 1.5%/hr"1 at 10 km to’4.9%/hr"1 at 45 km. Conversion waé found to be
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slow in the.early part of the plume close to the source. As the plume

air and ambient air mixed the rate of conversion increased.

The “urban plume" was mapped using the same technique as for the power plant
plume. The plume was approximately 40 km wide and 150 km long. The urban
plume included the emiséions from the Labadie and Portage des Sioux

power b]ants and from a refinery complex near Wood River (I11.),in addition
to emissions from industry and automotive traffic o% the St. Louis-East St.
Louis urban areas. The urban plume on July 18 was found to have a maximum
sulfate concentration of 20 ug/m3; on July 29-30 the plume was followed for
18 hours and AM and PM measuremenfs were made; the maximum sulfate concen-

tration measured was 60 ug/m3.

The authors reported thét sulfur dep]etion‘in the urban plume appeéred to
be equiva]ent'to an equnentfa] decay rate with a characteristic (é& decay
distance of 90 km. New sulfate aerosol formation was not detectable up

to 50 km and only about 1.3 of original emissions were transported beyond
a radius of 100 km. It apbeared the sulfate formation in the urban plume

- began after 1 to 2 hours plume aging time.

The study demonstrated that sulfate may be transpofted hundreds of km
and may cause problems far from sources of po]]ution.' Conclusions drawn
about the effect of tall stacks were that tall stacks reduce ground Tevel
concentrations of SOZ'but increase sulfate aerosol formation by reducing
surface losses of SO2 and increasing atmospheric residence time which
increases SO2 conversion. In urban plumes which are well mixed to the

ground, 502 may be removed by reaction with plants and by deposition.
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Alkezweeny and Powell (1977) estimated the S0, transformation rate of the.
St. Louis urban aréafby following a tetroon northeast of St. Louis, Mo., on
August 10 and 11, 1975. An airplane was equipped with a flame photometric
detector for measuring 0p concentratjon and IPC filters (flow rate 50 cfm)
were used to determine total sulfur in the aerosol by x-ray fluorescence.
Conditions on August 10 were clear to scattered cumulus in the AM and broken
altocumulus in the PM; mean wind speed was 7 m/sec; mixing depth was 1400 m;
average termperature was 219 C and average RH was 60%. On August 11 the
weather was clear; wind speed was 6 m/sec; mixing depth was 2400 m; average

temperature was 260 C and average RH was 53%.

The data were analyzed assuming that the reaction was first order, that
the pollutant was distributed evenly vertically through the mixing layer,
and that S0, and 504= diffusion was' the same. The authors calculated

the transformation rate by combining the equation for the conservation of
sulfur and sulfate masses (method similar to Robers and Friedlander, 1975).
The calculated transformation rate was assumed to be independent df time,
or averaged over the time period T, and depénded upon the deposition

velocities of SO2 and SO4=.

‘lAssuming a deposition velocity of 1 cm/sec for 802 and 0.1 cm/sec for
sulfate, the transformation rates for the urban plumes were 14%/hour and
10%/hour for August 10 and August 11, respectively. August 10, the day with
the highest transformation rate, had the highest RH and lowest temperature.
If catalytic oxidation is assumed in the plume, then -these results are in
agreement with RH and f dependence postulated by Freiberg (1974). However,
confidence 1imits for the rate constant show that the two values could

have been equal. Confidence 1imits place the rate constant between 1O%/h1r"1

and 12%/hr'1. Background corrections result in a rate constant of 9.3%/hr'1,

assuming the rate is the same for both days.
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The rates measured in this study are comparable to rates estimated by
Roberts and Friedlander (1975) but are higher than rates estimated by
Wilson et al. (1976). Neither of the last two studies included sufficient

metéorologica] data to allow further comparisons.

Western Europe

E]iaésen and Saltbones (1975) estimated the 502 transformation rates over
western Europe using daily SO2 and 804= values from a network of ground
based sampling stations, emissions data and trajectories. It was assumed
that a parcel of air followed an isobaric trajectory and that decay
processes of deposition and chemical transformation were linear. Rates

of decay and transformation were estimated from the best agreement between
observed and computed concentrations. First order transformation rates

1 to 1.7%/hr'1 (average 0.8%7hr’1) over 11

were low, ranging from 0.28%/hr~
runs from 6 stations. The estimated SOZ.decay was about 7%/hr"1 corres-

ponding to a residence fime of about 12 hours.

Atlantic Qcean

Prahm et al. (1976) estimated deposition and transformation rates for S0,
and sulfate during atmospheric transport over the Atlantic Ocean using

) ground level aerosol, 802, precipitation measurements and air trajectéry
calculations. Measurements were made at Faroes Islands during a 4-day
period period with clean Atlantic air and during aA4~day pericd with long
range (1000 km) transport of atmospheric pollutants from the British Isles.
The SOé to sulfate transformation rate was about l%/hr”1 which corresponds
to a half life of 60 hours. The.deposition velocity for 502 was estimated
at 2 cm/sec + 50% and 0.4 cm/sec + 50% for sulfate. These estimates are
average values based on several assumptions including constant decay and
transformation rates during transport. The decay rates agree with the data

of Eliassen and Saltbones (1975).
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North Sea

le

Smith andldeffreyﬂ(i975) investigated the long range transport of S0, and
sutfate over the &orth Sea using air trajectory analysis. An airplane
equipped with a high—vo]ume sampler filter pack was used to obtain 502

and sulfate data. The results of seven flights from October 1971 to
Septémber 1973 showed an increase in oxidation rafe with relative humidity
above 70% (RH values below 70% were not measured); the rate varied from
about 1%/hr™" at 70% RH to 12%/hr™L at 88% RH. The relationship appeared
to be roughly linear between 70 to 88% RH. The authors found that most

of the sulfate was produced close to the source and that sulfate correlated
poorly with distance or time of travel. A dry deposition velocity of 502
was estimated to be between 0.8 and 1 cm/sec over land and between 0.6

and 0.8 cm/sec over the sea. The authors found that approximately 75%

of the sulfate produced was removed by rain.

Smelter Studies

Nickel Smelter, Sudbury, Ontario

* The most extensively studfed smelter plume is the Sudbury, Ontario nickel
smelter p]umé. Investigations of this smelter began with a study by Katz
-‘ in 1950. Katz (1950) studied the atmosphere around the nickel smelter

by simultaneously measuring SOZ (electroconductivity method) and total
sulfur contaminants (starch-iodine method). Total sulfur contaminants were
defined as sulfur dioxide, sulfur trioxide and sulfuric acid or sulfates.
Katz categorized the data by heavy, medium and mild smoke fumigations. He
found that the precenf SO2 in total sulfur contaminants was highest in the
heavy smoke fumigation or condition of highest gas concentration. The
ratio ranged from 95% in 2 hours residence time to 65% in 12 hours
residence time. Under certain conditions, he found that sulfate ranged as
high as 35% of total sulfur contaminants. The data developed by Katz

showed qualitatively that sulfur dioxide was oxidized in the atmosphere

e A Ll e Vo Tlom v man dvmmimndt o mmT ity mad WU aum 10N
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stuaied the data of Katz (1950) and found that over the narrow range

of conditions studied, the rate of decrease in the ratio of'SO2 to total
sulfur contaminants appeared to be independent of concentration of
contaminanté, temperature and time of day‘when measurements were made.

A calculated rate was determined to be about 2.1%/hour. The data were
biased by {nterferences in the experimental method and the possiblé

effect of contribution from other sources during ground level measurements.

The oxidation rate developed from Katz's data is much smaller than the

rate reported by Gartrell et al. (1963) and may be accounted for, in

part, by the fact that Gartrell et‘al. (1963) had a more efficient sulfuric
acid collection method by different atmospheric conditions, and by higher
concentration of particﬁiates in the p]uﬁe thaf Gartrell et al. (1963)

studied.

Lusis et al. (1974) determined the rate bf‘SO2 oxidation in the plume

of the INCO nickel smelter superstack (1200 ft) at Sudbury, Ontario using
an airplane equipped with é filter pack-high volume sampler and a sign-X

* electroconductivity 802 analyzer. The>filter pack consisted of a glass
fiber (Whatman 81) pre-filter to remove aerosols, followed by two chemi-
cally treated cellulose filters to trap 502. Conversion of SO2 to sulfate
on theAce]]u]ose filters was not considered to be a problem; less than

1% conversion was found when filters were tested befbre the aerial study.
The plume was characterized by 502 concentrations ranging from 7000-8G00
ppm, a water content of 3.5% by volume and Tow NO, concéntration (20 ppm);
the effluent also contained iron (40 mg/mB) énd other metals such as

manganese,copper, nickel, and lead.
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The flight path consisted of collecting the first sample within 5 km of
the stack, the second at 20-30 km and the third at 60-100 km; four cross-
wind passes followed by four oxidation passes were made at eacH sampling
location and background samples were also collected. Data showed that
near the stack about 2-3% of the sulfur was in the form of sulfate and

at distances up to 100 km, no more than 10% of the sulfur was in the form

of sulfate.

Oxidation rates were calculated by dividing‘su1fate concentration by plume
age intervals. The average conversion rate was found to vary between 0 and
.9%/hr'1. These values are lower than values reported by Gartrell, et al.
(1963), Weber (1970), and Stephens and McCaldin (1971). The low values were
sﬁrprising in viéw of the catalytic potenfia1 of particulates and'the water .

vapor content'of the plume.

Although the data showed that oxidation rafe appeared to decrease with

plume age and to increase with relative humidity and temperature agreeing
with other investigators (Gartrell et al. 1963; Stephens and McCaldin, 1971),
the authors did not feel these relationships were well defined. The data,

in general, did not follow a first-order rate relationship.

Lusis et al. (1975) further analyzed the 1974 data to determine possible
sourceﬁ of error and to determine the extent of sulfate formation due to
502 adsorption and reaction on the gTéss—fiber filter. The authors found
that the amount of sulfate formed on the glass figer filters at a given
humidity was independent of the amount of SO2 passed over the filters
which is consistent with a mechanism which defines a small number of

active sites for sulfate formation on each filter paper which become



Page 108

deactivated once the 50, molecule is absorbed and converted. The amount of
sulfate formed was found to increase slightly with increasing humidity.
About 0.1 mg per filter formed at <50% RH and an‘average of 2 mg formed

at >50% RH. Polystyrene filters were also examined. Aythough they did not
convert as much 502’ they were rejetted for use because of the high and
variable sulfate content of the filters. The authors concluded that sulfate
formation on glass fiber filters could have made an appreciable contri-
bution to total sulfate on some of the flights (high humidity). The 1974
data were recalculated, but the main conclusions of the 1974 report were
found to be valid; that is, the oxidation rate in the plume of the INCO

- super stack is low (O~6%/hr-l). The reevaluation lowered some concentra-
tions: Close to the stack about 1% of the sulfur was in the form of sulfate
compared to 2-3% repoktéd in 1974; conversion rates were found to be 0-6%/
hr'l-compared'to 0—9%/hr'1 in the 1974 report. The decrease in conversion
rate with plume age disappeared. The reported'va1ues should be considered

a maximum due to conversion of SO2 when the glass fiber filters.

Expanding on their work in 1974, Lusis and Wiebe (1976) reported s0,

. oxidation studies in the plume of the INCO nickel sme]tef superstack for
the period June, 1975, in addition to the September, 1977 period. The
same sampling protocol was followed. The authors again found that in the
first 10 km, usually less than 10% of the sulfur in the plume was in the
form of sulfate. Oxidation rates for the 1974 and 1975 studies were
similar. The range of values (-1.2%/hr'1 to 7%/hr'1) showed considerable

1 and the average was about

scatter but most values were less than 3%/hr~
1%/hr'1. No temperature or humidity effects were found in the range of

-5 to 219 C and 40-90% RH. The data did show a slight decrease in oxidation
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rate with plume age but no definite conclusions were drawn. The oxidation
rate values reported in this paper were lower than those reported in the
two earlier papers (Lusis et al. 1974 and 1975) but they compared well to
the 2-3%/hour value calculated (U.S. Department of Heath, Education, and

" “Welfare, 1969) using the data of Katz (1950).

Lusis and Wiebe (1976) stated that the most likely ﬁechanism was the
oxidation of S0, in dreplets or liquid film surrouﬁding particles. The
authors explained that the low rate values could have been due to high
concentrations of SO2 and HC1 which would lower the pH causing a decrease
in the oxidation rate. The authors acknowledged that the Tack of tempera-
ture and humidity dependence presented a problem in interpreting the
‘mechanism as heterogeneous. Foster (1969) and Freiberg (1974) both
reported that oxidation rate is directly propbrtiona1 to relative humidity

and indirectly proportional to temperature.

Lusis and Wiebe (1976) offered the explanation that the INCO plume aerosols |
could be too acidic initially or that the ranges of temperature and humidity
in the study were too narrow to see the effects. The authors also iﬁdicated
that .the efficiency of the electrostatic precipitators improved and 1975
emissions could have been as much as 50% lower as 1974 emissions and that

the composition of catalytic particles in the plume could have changed.

Lusis and Wiebe (1976) felt that the hbmogeneous gas phase oxidation
suggested by Davis et al. (1974) would be of Tlittle importance in the INCO
plume because of low levels of NOx in the plume (20-30 ppm in stack compared

to 8000 ppm SOZ).
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Forrest and Newman (1977b) commented that Lusis and Wiebe's (1976) inter-
pretation of conversion rates can be misleading. A conversion rate
implies constant chénge per unit of time but this was not verified when
the rates were determined by finding the difference in percent conversion
between two points. Forrest and Newman (1977b) examjned the data of Lusis
and Wiebe (1976) and found they did not fit a first-order rate mechanism
but they did fit a pseudo second-order mechanism arising from a first
order dependence on S0, and a first order dependence on particulate. The
1

authors suggested a new rate order constant of 0.2 ppm"1 hour™ ~.

Acceptance of the pseudo second-order conversion rate would also show that

" oxidation rate decreased with dilution. Forrest and Newman (1977b) agreed

with Lusis and Wiebe (1976) that a heterogeneous catalytic mechanism
accounted for the oxidation in the Sudbury plume; they also suggested that
the Tow conversion rates could be due to the relatively low particulate

loadings with respect to 802(0.04 g particu]ate/soz).

The authors concluded that repetitive and multiple runs would be required
to compile adequate statistics before generalizations on plume behavior
could be made based on a comparison with data from an oil-fired power

plant (Newman et al., 1975).

.

Forrest and Newman (1977b) investigated the oxidation of.SO2 to sulfate in

the Sudbury smelter plume using the methods previously outlined by Newman

et al. (1975b). During two runs, the percent 802 converted, based on
concentration, ranged from 1.8 to 2.7% during run number 1 (5 points) |
to 5.2 and 4.7% during run number 2 (2 points). The higher values on the
second run cou]d presumably have been due to the result of interaction

between fog at ground level and smelter operations using large amounts
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of air. Lusis and Wiebe also made a run at the same time and the two
measurements taken resulted in percent converted rates of 1.4 and 1.2%

which compare favorably with the data of Forrest and Newman.

Non-ferrous Smelter, Puget Sound, Washington .

Larson et al. (1975) sampled and analyzed a rainstorm to determine the
influence of a non-ferrous smeiter on regional prebipitation chemistry
in the Puget Sound region of Washington. Fgrty-three rain sampling

stations were eStablished; a total of 0.1 m? rain was collected at each

station. Parameters analyzed included: pH at the time of transfer,

A S0,~» NO3™, €17, Na, K, Ca, Mg, Zn, Cu, Cd, As, Sb, and Bi.
Oxidation of 302 occurred in solution and it was assumed that much of the
sulfate was collected as dissolved 502. Plume ‘deposition of 504= was
determined for a 60° sector extending radially 60 km NE of the smelter.

A background value of 1.5 mg/m2 SO4= was subtracted from the measured values.
The smelter accounted for over 90% of the 502 emitted into the sampling

area and it was assumed that the sulfate in the rain samples were emitted

as SOZ; about 8% of the total SO2 in the smelter plume wés removed as
sulfate by rain in the test sector. The pH and sulfate isopleths indicated
a correlation between H' and sulfur ion concentration in rain. It appeared

that As and Sb were good tracers of the influence of the smelter plume on

rain chemistry.
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PLUME CHEMISTRY MODELS

Ideally, a model of‘p1ume chemistry identifies the chemical changes
occurring in the plume and exp]ains'the rates of change of the concentra-
tions of the chemical components. A major problem in the development of
workable and sufficiently detailed models is the lack of a well-defined
experimental data base which describes the complex chemical system.
Research efforts have focused primarily on detailing individual conversion
mechanisms and an inclusive chemical reaction dispersion model has not

been developed and verified.

Most modelling efforts in the past have concentrated on describing the
dispersion and deposition of 302 and particu]afes. The most

frequently used approach has been the Gaussian diffusion formulation (Stern,
1976) whére the crosswind plume concentrations are taken to be Gaussian

in form. In its basic fdrm, for a continuous point source at height H and

a receptor at ground level- (z=0), the Gaussian diffusion formulation is

" given by: « y2 + he
: Q T =2 T o2
e 20y 202 (93)

X (x.y) = T gy oz U

where X is the time-averaged ground level.concentration at horizontal
coordinates (x,y), Q is the continuous source strength, u is the time-
averaged magnitude of the wind velocity in the X direction and gy and gz
are the dispersions in the vertical and cross-wind directions. The

variables oy and oz are usually taken to be functions of downwind distance
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g_ahd are in the form
oy % axP A (94)
0Z= de (95)
where the constants a, b, ¢ and d depend upon atmospheric stability and
are derived empirically. The basic disadvantages of the Gaussian plume
approach are:
1) Concentrations are not time-dependent

2) Spatial variability in meteorological parameters are difficult to
incorporate

3) Light and il1-defined winds are problems

4) The approach does not apply for reactive or secondary pollutants.

The Gaussian model has been validated, however, and is useful for many

practical app]ications.'

The basic Gaussian equation has been modified to incorporate the pseudo

first-order oxidation of SO2 in the fo]]ow{ng equation:
X ( _ -kt
r (X5¥,2,t) = X (x,y,z)e (96)

where X (x,y,z) is the basic Gaussian formulation given by equation

and k is the postulated rate constant.

This formulation implies that dispersion and oxidation are independent of’
each other and relies on a postulated value of the rate constant, k. The
functional dependencies between k and other parameters has not been

elucidated.

While the gaussian model can be used to predict the fate of emissions at
relatively short distances from the source (<20 km), the dispersion of
pollutants over longer distances (>20 km) are better approximated by box

nodels.
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Y

A modification of this model has been used to characterize sulfur dioxide
loadings in the Upper Great Lakes Region (Acres Consulting Services, Ltd.,

1975) and in the Sudbury area (Kramer, 1976; Huhn, 1976).

The basic geometry of this model is given by Figure 2.

Figure 2. Basic Geometry of the Box Model

H v —> PROFILE
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Source
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The concentration of pollutant j, at receptor r, is given by Xr:

, QDW
X, = (97)
] (d)rty)H ’

where

Q = source emission strength of j

decay enroute by dry and wet scavenging and chemical
reaction,

o
L]

= fraction frequency of the wind direction,
= average wind speed

= distance from source to réceptor
diameter of the source region,

= miXxing height,

= dispersion angle.

o+ e T <K 5 cC =
1

= time of travel.

The Box model assumes that the source emissions are uniformly distributed
throughout the box from the source to the receptor. Chemistry has been
‘simplified as a first order reaction approximation with specified values

for the oxidation rate constant, k.

More complex formulations which consider plume chemistry along with
diffusion have been presented by Baes, Jr. et al. (1976), Freiberg (1976,
1977), Lusis (1976) and Lusis and Phillips (1977).'

Baes, Jr. et al. (1976) presented a computer model for power plant plumes
that models: 1) the rapid reaction of S0, with aerosoi droplets to

produce the dissolved sulfite species HZSOB’ HSO3' and SO, , 2) the rapid
reactions of 503 to produce the dissolved sulfate species HSO4~ and SO4=,
3) the neutralization of the acid by atmospheric ammohia, 4) the formation
of particulate ammonium sujfate, 5) the oxidation of'SO2 to sulfate by

hydroxyl and 6) the oxidation of SO2 in aerosol droplets to sulfate by
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dissolved ozone and 6xygen. The model useé averaged concentrations based
on the Gaussian plume model and calculates deposition rates for gases
and particu1ates as‘a function of several variables (distanée from source,
wind speed, temperature, relative humidity, meteorological stability
class and the ambient concentrations of OH, O3 and NH3. The model has not

been validated with field data.

R Freiberg (1976) developed a plume model which describes the heterogeneous
catalytic oxidation of SO2 to sulfuric acid in dispersing stack plumes.
Freiberg used a Gaussian plume model in which the plume was divided into a
number of concentric e1]§ptica1 rfngs (Figures 3a and b). Each ring was
‘considered to be a homogeneous gas phase chemical reactor. The rate of
chemical reaction énd dfspersion 1n‘eachlring Qas assumed to be uniform.
It was assumed that no communication of pollutants occurred between the
rings. Thé model is a valid approxima%ion when concentration changes in
the plume due to chemical reactions are very small compared to changes due
to dispersioh. Chemical reaction in the model is described by Freiberg's
(1974, 1975) second order rate reaction of iron catalyzed oxidation of

502.

The variation of concentration with radical position and plume travel time
is accounted for through the Gaussian distribution equation in terms of

elliptical coordinates by:

, (-2r2)
- e
olr) = 2n gy oz (98)
where 2 . y2 Z2
- + ’-.“2 ‘ (99)
oy2 ‘oz : : )
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Figure 3. The elliptical ring plume model.
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"a. The plume model.

b. A transversal section through the
plume depicting the elliptic rings.
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Each ring i has the same amount of SO2 such that:

27 . ' !
: i
f f fr) oyoz rdr doe = — (100)
0 ry N

"mwﬁen N is the total number of rings.

The surface area of each ring, Ai, is given by:

N-d+1
Ai = 2r oy oz 1In N - i : (101)

where the surface area changes with oy and oz as they change with time

- which depeﬁds on meteorological conditions.

The reaction rate in droplets are coupled with the gas phase parameters in
the expanding p]umevand the amount of HZSOA formed (SO2 converted) is
given by a first-order, nonlinear, ordinary differential equation which mUSt

be numerically integrated:

J nn(l-rh)dna (102)
102
_ = Y
Ai? K K52 B S2 (ncAc * nala)3

The model allows the computation of the extent of SO2 to H2504 conversion,

the pH, the concentration of 304= in air and the amount of droplets contained
in the air and the depehdencies of these quant%ties on the variables of
temperature, RH, and mean wind velocity. Freiberg's results show:

1) That the rate of oxidation is strongly influenced by temperature and
relative humidity. 2) That not aT] of the 502~which is emitted is converted
to H2504. 3) That most of the oxidation occurs within the first hour of
plume travel. (The work of Gartrell et al. (1964), Weber (1970) and

.
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Stephens and McCaldin (1971) agree with statements 2 and 3, 4) That a

maximum 504= is obtained at a downwind distance which depends on

atmospheric parameters. 5) That ammonia from air acts as a buffer to

__enable oxidation to continue in the droplets and that oxidation does not

occur to an appreciable extent below pH = 2 as observed by'Junge and Ryan (1958).
6) That relative humidity, temperature, ammonia conéentration, iron (III)

concentration and wind velocity have a selective influence on the oxidation. 7)That

SO2 influences the oxidation regardléss of other factors and iron oxides
influence the oxidation depending on other factors; this point has

implications in the control of conversion.

Lusis (1976) and Lusis and Phillips (1977) presented two models for esti-
'métfng SO2 concentration changes in a p1ume.. The first model, based on
the work of Friedlander and Seinfeld (1969), considers the Gaussian plume
with slow chemical changes. It is assumed that the concentration C of
any reacting constituent in a chemical reaction is given by the Gaussian

equation:
Q 2 2

exp | — + — (103)

2w oy oz U oyz 5z

A basic assumption of equation (103) is that the fractional rate of change
of concentration due to chemical reaction s small compared to the frac-
tional rate of expansion of the plume (Friedlander and Seinfeld, 1969);

i.e., chemical reaction processes are slow compared to diffusion processes.

Considering mass conservation, the variation of Q with time is related to

1 dQ f j r dy dz (104)

the reaction rate, r, by:
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For a given r , equations (103) and (104) can be used to determine the
-variation of Q with plume age and finally the concentration of the reacting
po]]Utant. Lusis uéed field data taken in 1974 and 1975 (Lusis and Wiebe,
1976) to theoretically predict the observed oxidation rates. Since iron
was'the predominant metal emitted from the Sudbury stack, the reaction

rate expression proposed in Freiberg's (1974, 1975) kinetic model for the
iron-catalyzed oxidation of SO2 was used in the calculations. According

to Freiberg's model, the rate of 802 conversion to sulfate at any point in
the plume is given by: |

3

Bn Kn Aa
ro= K Bsz KSZ | c?¢ ¢3 (105)
2(1 - RH) Ky

where C. C. C. refer to concentration of sulfur dioxide, catalyst (Fe™)

and ambient ammonia respectively, RH is the relative humidity; the K's and
B's are rate, equilibrium and Ostwald constants; Ay is the vapor pressure -

lowering coefficient of sulfuric acid.

It is assumed that C, is constant throughout the plume and equal to

7

6 x 10° mo1es/m3.

Equation 105 is then rewritten:

K 2
ro= e C. Cs (106)
1 - RH ‘ -
Bn Kn Az |3 : :
where K = Kk 82Kk Z | —" Cn3 (107)
: 2 Kw
3+

Equation 103 gives the concentration distribution of both 502 and Fe
catalyst. If Q¢ is the emission rate of catalyst which is not a function
of plume age and Qg is the emission rate for SO2 then substitution of

Equations (103) and (106) into equation (104), followed by integration of
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the expor-r*ial term gives:

d K Q
L S = Q¢ (108)
dt 12 (1 - RH)3 (n oy oz U)2 ‘

By integrating equation (108), the fraction of SO2 remaining in the plume

at age ty, (QS/QSO)Z, can be related to the fraction remaining at tj,

(Q5/Q5°); :

Qs° Qs° K Qc Qs° % at (109)

6 /2 \og [ 1 12(1 - RH)® (nu)? (oy o0z)°

where Q.° is the emission rate of S02 at the stack.

The model requires as ihput a known amount of SO2 converted at some close-in

location as a starting point.

A comparison of the predicted and experimehta] conversions for the INCO

smelter plume agree qualitatively in that both predicted and observed

-. francions of sulfur as sulfate are low. However, a major discrepancy exists

" between the observed data and the model. The model predicts significant
oxidation rates only within the first few minutes of plume age and for low
temperatures and/or high relative humidity; however, the field data

suggested that the rate is independent of plume age and temperature, humidity

effects were not evident (Lusis and Wiebe, 1976).

The authors comment that errors in the predicted values may be due to
uncertainties in sensitive input parameters or that Freiberg's kinetic
model may not apply to the high pollutant concentrations and wide range of

values encountered in the Sudbury plume.
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Table 11 provides a comparison of predicted and observed conversion of

SO2 to sulfate.

Table 11. Comparison of predicted and observed conversion of 50, to sulfate.”

Date Temp RH Plume age %sulfur as sulfate
(Sept) (°C) (%) (min? observed predicted
17 1 ~ 40-60 18 1.2 -
38 1.1 1.2
L 107 1.3 1.2
18 ‘ 0 50-80 18 1.2 -
' 56 1.1 1.3
250 3.2 1.3
21 1 70 7 1.5 -
' 110 2.3 2.0
. 300 4.3 2.0
22 - - =5 50-70 3 0.7 -
67 3.3 6.6
167 2.8 6.7
25 3 90 2 1.5 -
| 38 3.3 5.3
‘ 120 6.5 5.4
26 3 70-80 - 17 0.9 -
117 - 3.9 0.9
6 80-90 3 1.2 -
53 7.0 1.9

*extracted from Lusis-and Phillips (1977)
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o
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Freiberg (1977) déve]oped a general model of SO, oxidation in expanding
plumes for 3 cases:

1) A first order direct homogeneous oxidation;

.2) A heterogeneous catalytic oxidation; and

3) A second order homogeneous oxidation.
The model predicts that the first order direct homogeneous reaction proceeds
to completion but that for all other oxidation reactions, the conversion
proceeds to a fractional asymptotic limit. This phenomenon has been
observed by Forrest and Newman (1977) and others in field investigations.
The values of the 1imit and the half Tife values depend on the ratios
of chemical parameters to dispersion parameters. The model predicts that the
half life of the reactions are bounded by limits which are constant for
any dispersion pattern rather than dependent on rate constants and other
chemical parameterst' The model also predicts that most of the oxidation

will occur early in the plume's 1ife; this has been observed in field

studies.

- The model and results are based on the assumption that ammonia concentra-
" tion 1is constant during plume expansion. In reality, the ammonia
concentration is not constant. If the [NH;] is large (Tittle or no NH3
penetrating the plume) and the oxidation process is dependent on the
buffering influence of NH3, the oxidation will occur only on the periphery
of the plume (Wilson, .et al. 1976) and the model wi{l not apply. If,

“however, NH3 plays only a small role in buffering the oxidation, the model

will apply regardless of the magnitude of the NH3 gradient.
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Chemical Submodel

1st order catalytic oxidation | = ' 3{]
of S0, in a buffered, a [50,7]  ka [tps03] [re (110)
t

oxygenated aqueous solution d [ﬁ+:] buff.

1st order homogeneous

oxidation | d——g—?ﬂ;l k' [_7502] (111)

2nd order homogeneous _ éj

e | a [so,”

~ oxidation —_—
dt

=k Eoz_) 2 (112)



Table 9. Summary of SOZ oxidation field studies.

Comments

Investigator, Year  Source, length Period of  Meteorological Rate of Degree of Mechanism;
of Publication of Plune Study Plyme, conditions Oxidation Oxidation oxidation rate.calculation
Gartrell et al. coal-fired power 5-6) < 70% RH 34/hr no mechanism
(1983) plant, Colbert, 8 days = 7545 RH 120%/hr during 1lst rate calculated by
Ala. 9 mi 12 min decreasing to dividing % oxidation by
s/hr during next travel time
84 min
slight mist 30%/hr over 108 min
Weber (1970) Power plant, 4 y=ar 18-18b%/hr averall no mechanism
Frankfurt/Main, period, corrasponding to a rate calculated
Germany 3 sites Toss of 50% during from ratio of
20 1min te 3 hrog €02 to SGp
) 70% of initial SOy
lost in 1st 17 min
of travel - 250%/hr
Stephens and Power plant, 12-19-68 atm stable 1st order mechanism
McCaldin (1971) Crystal River, 1-243-69 Tow Rl 35% RH 0 rate calculated from
Fla. med RY 50% RH 28%/hr ratio of particulate
35-80 km high RH 80% RH 59%/hr tracer to SO7 over
strong inversion plume travel time
on all the days
5.8 to 7.2 m/s .
- WS '
very cohesive :
plume
Davis et al. Power plant, 10-73 to 0.5 ppm KO " 4,2-8.3%/hr homogeneous gas phase
{1974) Morgantown, Va. ‘8-74 2.8 ppm SO proposed free radical oxid;
96 km ' 1.4 ppm KO not measured (2) Oit+ S0, ™ HS03
Davis and 10-73 to (3) HSO3 + 02+ HSOg
Klauber (1975) 11-74 (4) HSO5 + O - HSO4 + NOp

(5) HSO4 + 0, ™ HSOg

(6) HSOg + NO+ NO2 + HSOg
(7) 202 + 2hv »2NO + 20
(8) 20 + 20, ™ 203
terminating steps

(9) HOp + HSD4 - HpSO4 + O2

(10) HSO4 + HSO4~ H2S208
alternate steps

(11) HS0g + SOp - HSO5 + SO3

(12) 503 + Ha0 - HpS04
(13) 03 + hv - 0 ('D) + 02
0 ('D) + Hp0 20H

helicopter study, strong deperdence on RH;
data showed that under mist.initfal rate is
slower, but higher rate is sustained; hewmin
(1975b) suggested high rates due fore to
concentration of particulate rather than RH.

ground based study, increase in rates with
higher RH; longer travel time caused by

slover wind speed or greater distance cr high-
er stability clacs reculted in higher cxi-
dation rates; assumnticn that ground t2sed
station is recording COy + S0» peaks duz only
to power plant is questioneble.

airplane study; problems: 1light scatter
counter was humidity deperdent (Lundgren ard
Cooper, 1968) & cculd explain differcnce in
SO ratios observed; particulates cannot be
used as conservitive tracer (Frisnd 1972});
rubber tubing for probe; data in general
supports Gartrell {1663).

03 is generated by proposed mechanism of 502
oxidation; last 2 steps would produce 1 03 and
1 HpS04 molecule; during daytire surrer fiights
03 depletion and buildup observed; at night

no excess 03 out to 43 km; during daytire
winter excess Cy observed but at lgcwer levzls
and longer deve?o;#ent timas than in surer;
authors believe seasonal and diurnal variazions
are due to changes in QH free radical concan-
tration resulting from step 13.

0 ('D) + Ny~ 0 (3P) + N,
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Investigator, year Source, length Period Meteorological, Rate of Degree of Mechanism;
of Publication of Plume of Study Plume Conditions =~ Oxidation Oxidation axidation rate caleulation Comments
, _ - -1 )
?ig;g:)Et 2 ??:ngggﬁeﬁil1ant Sa;fgj]y ;;iecgzgliggngf 1 ppm-1 hr measured Pproposed heterogeneous airplane study; authors felt sulfate data were
25 m 1974 * RH: 40-95% data: pseudo 2nd order mechanism not precise enough (h1gb background comsarsd ty
l T: 7.210 ¢ 0 to 18% dependent on S0z and particu- measured).to use as valid % of SCp-eonverted
p]dme height late; vanad1um as catalyst. and used isotope data for fgrther W3rk; no
350-900 m isotope ratg ca]culat1qns: 32 dependengy on RH was found in the range §3-55%
morning & evening data: 1) isotope ratio of 325 to 343 §H.‘dfzexgerg §1976) feanalyggf.datz and found
N umidity dependence when stability anc terceri=
2-28% 2) ?SaEUYEd conc. of 502 and ture were accounted for; vanadium as catalyst
4 is doubtful. Corn and Cheng (1572).
. < 5% Heterogeneous pseudo 2nd order airplane study, measured sulfate data of ques-
?§;?gg)et al. ;%Zzgone power varied : limited by particulates; SOp tionable use in calculating ¥ SQp converted
- 16 - km dissolves in HZO associated with because of large variation in backgreund (4-34
particulates, 1t is oxidized and pg/m3); at times the not measured sulfate was
. possibly neutralized by NH3 and < 0.1 of bkg values; proble~s with isptira data
additional SOp dissolves. Some were that the 325:33S not constant in co2l &
observed oxidation could be due changes in flight patterns; x-wind travel
to ambient particulates & photo- showed decrease in SJp with distance tut circu-
oxidation mechanism proposed by lar pattern did not; because of preble-s
Sidebottom (1972). authors did not calculate specific ratss; vari-
. rate calculation: ation in % oxidation cculd be due to variaticn
1) isotopic ratio of particulates in plume (factors of 2-3); lcwer
2) sulfur hexafluoride tracer oxidation rate of ceal-fired plant cocrpzred to
3) measured concentration of oil-fired plant attributed to particulate
S0 and S047 loading; reasurement methods criticizea by
‘ Wilson (1976) and Jates and Foster (1975).
Dittenhoefer Keystone power Flight 4- 0.5%/hr authors suggest that more than airplane study; authors feel that the mechanism
and de Pena plant merging plume; one mechanism 1s at work; for - at work depends on meteorslogical 2nd plume
(1977) 50 km clear - some near neutral stability and .conditions; the fact that the highest rate of

ground fog;
16.8% C; 95% RH
7.5 m/s; stable

intense solar radiation, the
mechanism is homogeneous; for
the merged plume conditions of
high RH and stable conditions;
growth of droplets is favored
by absorption and oxidation of
S0

rate calculated using simulta-
neous pairs of plume data as a
function of plume travel time

particulate growth occurred on the day with the’
lovest termperature may support tke wark of
Freiberg (1974), but the data are irsufficiert.



Table 9 (contd.) Summary of 50, OxIdatfon‘fieYd studies.

Investigator, Year
of Publication

Source, length

of Plue

Ursenbach
et al. (1977)

Pueschel &
Van Yalin (1977)

Whitby et al.
{1977)

Four Corners
power plant
65 km

Four Corners
power plant
8-80 km

Labadie
power plant,
St. Louis,
Mo.

2-45 km

Perfod Meteorological,
_of Study Plume Conditions __
7 days 26-51% RH
1975-76
Summer
1976
10/8 --1.9 m/sec,
7.80C, 20% RH
at 32 km
10/9 - 1.5 m/sec,
12.20 C, 12% RH
at 80 km
10/10 - 2.5 m/sec,
14,40 ¢, 12% RH
© at 80 km
‘ © 7 10/11 - 7.0 m/sec,
12.20 C, 10% RH
Summer
1973-74

ZARELLY

takes to travel the
distance between the
points:

%/hr = 4 S0p

At
s Fv MW SOp
= Pp_____=
At HW S04

)

Rate of Degree of Mechanism;
Oxidation _ Oxidation oxidation rate. calculation Comments
hanism i ]
individual distancess no mec P airplane study; conversion vs. distance did rot show
0.21%/hr at 1.5 mi rate calculation: a conclusive trend; low rates may be related to
(0.24 hrs) Part 5047 particulate size range examined corpared to gross
to 4 chemical analysis; data does not include conversion
.0.84%/hr at 16 mi 502 on surface of fly ash or soil dust particula‘es.
(0.9 hrs) reaction time Othertsinks ;uchfas dry dep.in.éqil 5 vesataticn
; expected to be of greater significance than $21%
g;gﬁegigc$a§e§¥%22 corrected for conversion in removing S02 in arid western states;
background the study is important because conversicn rates ire
0.30%/hr between derived from direct sulfate enalysis rather than
1.5 and 40 mi. deduced from a comparison of SO2 loss with plure
0.69%/hr between ° . tracers
1.5 and 16 mi
range: 0.8-5.5%/hr 2507 + 02 2503 airplane studies; highest rate cbserved at highest
ave: 2.4%/hr S04 + Ho0 = HoSO RH and lowest temperature, RH all < 20%; clizatiz
3 2 2594 implications of CCN formation are modifications
10/8 -~ 5.5%/hr liquid phase oxid. of in the amount, frequency and acidity of rainfall,
: Scott & Hobbs (1967)
rate calculation:
10/9 - 0.8%/hr . -Difference of SOy
fluxes through plume
- x-section and ground
10/10 - 1.8%/hr A S0p
/ reac =
10/11 - 2.0%/hr at
FLl - FL, - Fg
Rate varied from at 45 km, rate calculated using Conversion rate calculation assumes aerosol is
1.5%/hr at 10 km 8% 02 change in aerosol flow  HzS04 in equilibrium with Ho0 vacor at ambient
to 4.9%/hr at conversion from one x-sect to the humidity; conversion rate increases with distance;
45 km (3 hr period) to aerosol next & the time it

contrasts to Newnan's findings (1375a) who
estimated a constant conversion rate.

Whitby concludes that conversion rate is in range
0.5-5%/hr up to 50 km but that dependence of rate
on distance is not solved.



Table 9 {contd.) Summary of S0, oxidation field studies.
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Investigator, Year Source, length Period Meteorological Rate of Degree of H

of Publication of Plume of Study Plume conditions Oxidation Oi?dat1on ﬂiﬁg:@:gﬁ'rate calculation Corments

Qagtreil and Labadie Summer July 5 - daytime; 0.41 + 0.2%/hr no_mechanism Pluries of 5th and 14th had different meteorology and
whitby (1977) power plant, 1976 51% RH uniform to 1.7 + 0.4%/hr <idation rat dispersion characteristics; S0z flow was ccrpared to

July 5: 0.75 32}?0;?123Y;clea over 2 hr period ga]cu]atedrase1n emission & 1t was being accounted for; uncertainty of

: r . + 20%; 4 crpared; 1674 stuz

IR July 14 - night t 0.4 : Whitby et al. (1977) Med sarssen érégz.h b e Ay s

hrs day transitions A AP RH in 1976 was lower (753 vs. 512).

45 km inversion, cleér period General increase in conversicn rate with increzsing
plume age under the relatively unifcrm retecrolcgical
conditions observed in 1974 and July 5, 1876. Cl.uring
July 14 (transition period), no increase w2s chszrved
due to rapid dilution frea chenje in wiich ratecrolegy

- suppresses volume forration, therefore tne conversicn
rate; authors suggest that rates b2 reportec for
" individual plumes or similar conditions & trnat
dispersion must be taken into account; rzasurerents
along plune centerline alone could give errcnecus
results.
Gillani et al. Labad{e 7-9-76 July 9 - weakly ‘ ' ’ z
July 9: 1.6 + 0.4 Data appear to favor A plot of Sp/STot vs. plume age showed that < Sp
(1977) ggge;mpiant 7-18-76 unstahle A% & PM; 1% Al 1 0.4%/hr . photo~gsidation as reached a mgximum of 122 on ngy 18 after 6 hcurs

6-8 m/sec, WS
increasing to 20
m/sec; 1250 m
mnixing height;
July 18 - strong
tu mod unstable
wall-mixed Tayer
carped by inver-
sion; 3-7 m/sec
1S increasing to
15 m/sec; 1800 m
mixing height;
cooler (30 C);
less humid (by

= 20%); less haz
(3-4x less bscat

< 3%/hr in PH

July 18: 2.4 + 0.6%/
hr in AN
< 1%/hr in PM

rate controlling
mechanism, but other
mechanisms cannot be
ruled out due to
insufficient data.
Entrainment of
ambient air with the
plume appeared to
occur on July 18;
oxidation rate
calculated as in
Whitby et al. (1977).

transport & 12% on July 9 and then levels declined;
authors attribute this to the fact that lst 6 hours
were daytime and remainder evening and night; linzar
relationship exists between % sp and reliaticn dese
on both days. Authors suzgest relaticasnip between
03 & S0 oxidation; 03 higner en July 13; n2t
production of 03 observed beycnd 30 km frow si.rie
on July 18 and 100 km on July 9. Same phenuiecnot 4
observed by Davis et al. (1374). N
Leads to conclusion that 03 and SOp belong to scre
chemical system; day with the highest rate had

Yower temperature, less humidity, less haze, and

had higher 03 & more intense mixing.



Table 9 {contd.). Summary of S0 oxidation field studies.

Investigator} Year - Source, length Period

‘ Rate of

(21 abed

Meteorological, Degree of Mechanism;
of Publication. of Plume of Study Plume Conditions Oxidation Oxidation oxidation rate calculation Comments .
Forest and 4 coal fired Summer 1974 RH: 32-85% no rate .calculated < 5% for Heterogeneous mech- airplane study; SOp conversion on filter not a
Newnan (19772) power plant July-Deé T: 10-26° C travel times anism with consumption  problem; background correction minimal; data
plumes; most 197§ o up to 2 hrs. or poisoning of indicated that almost all oxidation occurred in
work on available catalyst 1st few km of emission; contrasts with findings
Labadie rate calculated: of Wnittby et al. (1977) and Husar e% al. (137£);
60 km 1) isotope method supports Freiberg's m2del in terms of rezction
used but not occurring near stack; ro correlaticn of 3 £97
applicable conversion with tercerature, Rd, AM & B, travel
2) plume concen- time, distance or atmaospheric stability; a
tration of SOz slight indication that unstable ccrditicns
. and S047 might yield higher rates; tested pluT2 drecpeut
. and fcund that sulfate level under plumz was
607 higher than background and attrituted it
: to sulfate drecpout; reproducibility of tech-
nique + 20%; authors did not feel integraticn
method of sarpling (Wilson, 1976) is recessary
for SOp oxidation studies; altnough the isatope
¢ technique was not used for Lazadie, the cthar
power plants showed good corparison betwezn
the direct measurerent method & the isotcze
.. technique. R
Meagher et al. coal-fired 8 flights RHI33 to 65% average ratio Mechanism for produc-  airplane study, no correlation was observed
(1977b) power plant, fall-winter, T 510130 C of S04~ to S02 tion of S04 before 1st between S ratio and plume tracer tire;
Cumberland, 1976’ ’ was 1.42 S as - sampling point at 10 maximum oxidation occurred within 1st 10 km
Tenn. . . \ aerosol for the km postulated by: of plant. Biased data due to instrument
10-105 km

plume and 0.25%
S as aerosol for
the stack.

1) presence of
particulate
surface or metal
(at Newman et al.
1975b)

2) S047 is controlled
by reaction
between S0 and
species in back-
ground air
resulting in fast
rate near the
plant & undetect-

. able conversion
downwind.

rate calculated:
[SOLf] at each

(502}

downwind distance

response time and narrow plume not included;
variability of method + 13%.

Data of MNewman et al. (1975b) with plume S04~
concentration of 1.8% are in same range.
(tiH4)2 S04 dominant in background but less in
plume; no observable correlation betwezn
NH3*/504™ and plume age indicating aerosol
accumulates HH3; process is slow.



Table 9 (contd.) Summary of SO, oxidation field studfies.

Investigator, year Source, length

Period

Meteorological,

Rate of

Degree of

Mechanism;

0€1 abed

of Publication . of Plume of Study Plume Conditions Oxidation Oxidation oxidation rate calenlation Comments
Dana et al. Power plant, 5 periods rain 278%/hr mechanism ground based sarpling during rainfall;
(1975) Centralia, Wash. Feb-March predicted values 1) In-plume oxidation: authors developed model (EPAEC) for
. 4% mi. to last 1972 of 400-570%/hr. ali $04= is farmed from predicting reversible washout of $0p; in
sanpling line S02 as it disperses before plume oxidation proceeds rapidly as plure
being scavenged by rain; leaves scurce and rate decreases as
qualitative agreement with distance increases; linuid nluvz oxidatica
data cannot be excluced; high measured rate may
2) Liquid phase (raindrops) oe artifact.
oxidation: S02 does not
react in plume but waits
until it is incorporated
‘ into a falling raindrop
) before oxidation begins
- rate calculation:
comprison between field
scavenging rates and
model calculations; .
model assumes lst order
oxidation
Lusis et al. GCOS power 2-717 Feb.:2,3%C, 79% RH Feb. range: Feb, photochemical oxidation afrplane study, very little oxidation
(1977) plant, Alberta, 6-77 -1.2%/hr to 2.4%/hr 1.3% for gostu]ated obsgrved in Feb. oryeaer A {n June;
Canada . ave.of 0.26%/hr 1hr . no correlation to temperature or RM;
55 km . . rate calculation: O s AR )
June:- 15.40 ¢, June range: June % oxidation between .oxidaticn did not occur in first few kr
61% RH -0.24%/hr to 9.3%/hr 2% for two points ¢ plume from stack; ozone bulge present dcuring June
ave. of 1.4%/hr 1st 2 hrs- travel time flights; probable rmechanism phetochenical
, which oxidation (Davis et al. 1974, Gillani et
increased al. 1977) rather than hetercgenzcus
to 3% catalysis (Foster 1959, Freibarg 1374,

Rowe et al.
(1977)

Sourgas plant, 9 runs
Calgary, Alberta 9-3-76
0.1 to & km 11-2-76

Sept. 3. warm,
cloudy day,
50-60% RH,
ground based
inversion of 150
m

Nov. 2. cool
sunny day, 30-40%
RH, moderate
winds, near
neutral stability

no significant
ox{d measured
from 0.1-4 km

no mechanism

rate calculation based

on total mass of SO0p

and gold; ratio of oxidized
502 to total diffused SO,
is calculated from the

mass calculation.

Newran et al. 1975a,b, Forest and Ye~ran
1977)

helicopter study; major problem with
the study is that the fraction of
unreacted SOp was greater than onz; the
authors felt that sore of the gold was
depleted somewhere betwean the
incinerator and the stack.



Table 9 (contd.). Summary of SO, oxidation field studfes. ) ‘

. Investigator, Year Source, length

Period

Mechanism;
oxidation rate calculation

167 abed

Comments

Meteorological, Rate of Degree of
of Publication of Plume of Study Plume Cond{tions Oxidation Oxidation
Rokerts and Los Angeles 3 days 12-12.8%/hr
Friedlancer Basin July 1973 :

{1975)
“eagher and TVA areas Feb- .
Sharma (1977a) 500 x 800 km March, 1976
rectangle
Wilson et al. St. Louis, July 18 . . July 18:
{1976) Mo. urban July 29-30 max S04 was
plume } 20 pg/m3
150 km ! . " July 29-30:
max S04 was
60 ug/m3

pseudo 1st order mechanism;
dependent on other parameters
such as 03, free radicals,
olefin & RH
rate calcuation:
pseudo lst order rate
calculation which depends
on deposition velocity
of S02 & sulfate aerosol;
particulate to gas sulfur
ratio & air trajectory

ground level measurements
Jdndicate that S04~ increased
25% and TSP increased 36% from
entry to exit boundaries;
ajrcraft data shows that S04~
flux leaving area is 16 ng/m2/
sec greater than airmass
entering

ground based study

afrplane and ground based study

afrplane and ground based study; S
depletion = to : decay distances of 90
mi.; new SO4 formation not cetectable
up to 50 km and only about 1/3

emission were transported beyond 100

km radius

Daytime formation begins after plume
aging time.of 1-2 hours.

Tall stacks reduce ground-level
concentrations of S8) but increasing
S04 aerosol by decreasing surface losses
of S0p and increasing atmasgheric
residence time which increases SQp
conversion; in urban plumes $J» removed
by reaction with plants and deposition.



Table 9 (contd.). Summary of SO, oxidation field studies.

Investigator, Year
of Publications

Source, length
of Plume

Period
of Study

Meteorological,

Plume Conditions

Rate of
Oxidation

Degree of
Oxidation

Mechanism;
oxidation rate calculation

Comments

Alkezmeeny

and Powell (1977)

Eliassen and
Saltbones
(1975)

. Pram et al.
- {1976)

St. Louis, Mo.
Urban plume

Western Europe
area source;
quadratic grid
of 127 km at
600 W

Atlantic
Ocean,

1000 km
transport
distance from
British Isles
to Faroes
Islands

8-10-75
8-11-75

.2 months
of data

in 1973,
11 periods
each

4 days
for clean
and dirty
air

Feb, 1975

Aug. 10: clear to
scat clouds AM & PM
7 m/sec ws, 60% RH,

210 C, 1400 m
mixing ht.

Aug. 11: clear,

6 m/sec ws, 53% RH,

260 C, 2400 m
mixing ht.

no precipitation;

stable mixing
layer

Aug. 10: 14%/hr -

Aug. 11: 10%/hr

ave rate after

background

subtracted:
9%/hr

range:

ave:
0.8%/hr

1%/hr

0.3-1.7%/hr

3-11.7%

catalytic oxidation mechanism.
results agree with temperature
and RH dependence of Freiberg
(1974). conversion rate
calculated by combining equa-
tion for conservation of mass
for S02 and S047; rate is
assumed independent of
temperature and depends on

deposition velocity of SOz & S04~

assumed 1st order deposition

and oxidation.

rate calculation:
used emissions data, air
data and trajectories;
obtained best agreement
between observed &
calculated data

assumed 1st order oxidation

and deposition

rate calculation:
trajectory analysis and
from deposition velocity
of S07 and S04~ and
measured data

airplane study, day with highestyratio

had highest RH and lcwest temperature.
Confidence limits on oxidation rate ¢o net
distinguish between the 2 days. Rates are
comparable to Rchberts & Friedlancer (157%)
but higher than Wilson et al. (157€}; 03
increased slightly with distance; assured
deposition velocity of 1 cm/sec for 502

and 0.1 cm/sec for S04°.

s

ground based study, decay and transformaiion
rates showed some variation; the transfor-
mation rate was about 1 order magnituce
smaller than decay rate; mean residence time
for SO2 from decay rate is about %; day
(crude method); depositicn velocity of

2 cm/sec calculated for SQ2.

ground based study, decay data agrees with
Eliassen & Saltbones (1975); results are
one of the 1st direct measurerent of

decay during distant sulfur transport;
deposition for SOp greater than Smith &
Jeffrey (1975); calculation of 2 cr/sac

+ 50% for SO deposition velacity and 0.4
cm/sec + 0% for S047 depositicn velocity.
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Investigator, Year Source, length Period Meteorological, Rate of Degree of Mechanism;
of Publication of Plume of Study Plume Conditions Oxidation Oxidation oxidation rate calculation Comments
Smith and North Sea of 7 flights near neutral, 1%/hr at 70% RH - no mechanism airplane study, data show increase {n oxidation rate
Jeffrey {1975) the east coast 0ct.1971 slightly unstable to 12%/hr at 88% oxidation rate independent of emissions with RH-above® 702 PH; rost
of England Sept. 1973 RH calculated from of the oxidation occurred close to scurce within
160 km air air data, emissions 1st 50 km; oxidation did not correlate w2ll with
mass sampled & trajectory distance or time; in rain oxidaticn high and about
analysis 75% of sulfate removed by washout.
Results imply that abcut 30: SO lost by dry
deposition; 50-607 emissions leave as S0p &
reinainder as sulfate. Calculated 0.8-1 cn/sec.
S0 deposition velocity over land and 0.6-0.3
- cm/sec SO2 deposition over sea
Katz (1950) nicke! smelter, June-Aug., heavy, med, and ¢ ratio of S02/ ° Oxidation cata- ground based study, % S02 in total S was hichest
Sudbury, Ontario 1946 mild smoke ’ © total sulfur - lyzed by sun and in heavy smohke fura; shewed qualitatively tnat S0z
fumigations 4 ranged from fine particles is oxidized in air; factors that were irportant:
95% in 2 hrs (metal oxides) duration of exposure and nurber of oxide particles;
residence time high RH; weaknesses of study: interferences in
to 65% in 12 analysis; contributions of other ground level
. hrs. under some sources.
conditions
sulfate was up
to 35% of total
sulfur
U.S. Dept. nickel smelter, ‘ 2.1%/hr . analyzed data of Katz (1950) and found that over
of Welfare Sudbury, Ontario : ’ narrow range of conditions studied, the ratio c¢f
(1960) - data of Katz S0, to total S contaminants appeared to be
1ngependent of concentration temperature and time
of day.
Rate less than Gratrell et al. (1953) and may
be due to greater HzS04 collection efficiency;
different atmospheric conditions; greater concen=-
tration of particulates in plume in the Gartreil
study
Lusis et al. INCO nickel Sept., variable; 40 to 0-9%/hr . near stack 1st order mechanism Conversion of S02 to S04 on cellulose not
(1974) smelter, 1974 90% RH, -5 to 69 C average 2-3% S as S04™ assumed although considered a problem; less than 1% conversion
Sudbury, Ontario temp.; 30-100% at distances data did not, in found when filters tested tefore study.
cloud cover up to 100 km general, follow a Low oxidation rates surprising in view of cataiytic
less than 10% 1st order relation- potential of particulates and water vapor content
S as SOy ship of plume although data shcwed that rate apreared

rate calculation:
[504‘] : plume age

to decrease with RH and temperature. Authors
did not feel relationships were well defined.
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Investigator, Year Source, length Period Meteorological,’ Rate of Degree of  Mechanism;
of Publication of Plume of Study Plume Conditions Oxidation Oxidation  oxidation rate calculation Comments '
Lusis et al. IKCO nickel recalculated near stack, Further analyzed 1974 data to_determine sources
(1975) smelter, rate of 0-6%/hr. 1% S as of error & extent of S04™ formaticn due to $7y
recalculation R S04~ absorption and reaction on glass fiker filters;
of 1974 results S04~ formation is limited by nurter of sites on
filter and increases slightly with RK; 2% less
than 50% RH - 0.1 mg sulfate/filter; at grzater
than 507 RH - an average of 2 rg sulfate/filtor;
main conclusion is that 1974 data were vzlid
(oxidation rate of 0 to 62/hr); the decrease in
. conversion rate with plure age disappesres;
. reported values are maximum due to any ccnversion
. of 502 on filter.
Lusis & Wiebe INCO nickel Sept. 1974 -5 to 210 C range - 1st 10 km: most 1ikely mechanism {s Oxidation rates for 1974 and 1975 similar; ne
(1976) smelter, June 1975 40-90% RH 1.2 to 7%/hr " less than oxidation of S0 in drop- temperature or humidity effect found in range
Sudbury, most values < 3%/hr 10% S as lets or liquid film studied; data did show slight decrease in rate
Ontarie ave: 1%/hr surrounding particles; low with plume age; data compares well *o U.S. Dapart-
rates may be due to high ment of Health, Education, and Welfare (15%59)
- S02 & HC1 which would calculation for data of Katz (1850): 2 to 3%/hr.
Tower pH causing decrease Authors feel that hcrogeneous gas phase oxidation
in oxidation rate; authors suffested by Davis et a. (1974; not inzorsant.
acknowledge that lack of Forrest and Mewran (1577) corrent that Lusis
temperature or RH depen- & Wiebe's interpretation of conversicn raza can
dence presents problem in be misleading ~-- ccnstant change per unit tira;
heterogeneous interpretation;  propose a 2nd order rechanism dependent ca )

‘ authors explain that INCO & particulates and suggest a naw rate ccnstant
plume could be too acidic of 0.2 ppm -1m -1; new rate also shows decrezse
or that ranges of tempera- of rate with distance; authors agree that hetaro-
ture & RH were too narrow; geneous mechanism at work and sLggest th*t lcw
also 1975 emissions may rates could be due to low partxcula loading
be 50% less than 1974 and (0.4 g part/l S02).
composition of catalytic

s particles in plume may have
changed.
rate calculated as Lusis
et al. (1974)
. Run 1 rate calc. based on Higher values on Run 2 could be due tc inter-
;g:;:it(igg7) ixg?321fke] ?ﬁ?ci'fggzazﬂ' 1.8-2.72 measured % of S02 action.betwegn fog at ground level and smelter
Sudbury, ground with (2 2-67 operation which uses a lot of air; data of
Ontario 99% RH minutes) Lusis & Wiebe (1976) compare favorably.
Run 1 - 8 km £$}6 18
Run 2 - 1-8 km Run 2
Run 3 - 3-11 km 578 4.7%
(2.7-13.3
minutes)
(1.6-8 km)
Run 3

Tusis & Wiebe
1.4 and 1.2%
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