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SO,* + H,O —> H,S0;
H,S0; + NOy* —> HOSO,ONO
HOSO,ONO —> H,804 + HNO;
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Abstract

The formation of smog was studied on the basis of the following hypothesis: when sulfur dioxide
and nitrogen dioxide react each other in the atmosphere, nitrosyl-sulfuric acid will be formed at
the initial stage by solar radiation in the presence of moisture or fog and then sulfuric acid will be
formed by the decomposition of nitrosyl-sulfuric acid. That is,

SO.* + HyO —> Hy80;
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H;SO3 4 NOs* —> HOSO,0NO

HOSO,ONO ——> H,S0,4

HNO,

The nitric acid generated by the above reaction will react with organic peroxide and forms nitro

peroxide compounds. Finally, the mixture of sulfur oxide, nitrogen oxide, organic peroxide nitro—

compounds and oxidant will cause the formation of smog. A series of experiments have been perf-

ormed and the results supported -the above hypothesis as expected. In addition. a separate study

has been carried out with regards to the air pollution in Seoul to confirm that sulfur oxide was more

serious than nitrogen oxide.

1. Introduction

Major air pollutants emitted into the atmosp-

here are nitrogen oxides(NOy) and sulfur oxides
(SOy). Atmospheric pollution occurs mostly by
the interaction of nitrogen dioxide, oxidant and
sulfur oxides in the air. Sulfur compounds of
major interest in air pollution are sulfur dioxide,
sulfur trioxide, sulfurous acid, hydrogen sulfide,
sulfuric acid and sulfate salts. The sulfur oxides
are produced mainly by the combustion of fuels,
particularly in fossil-fueled power plants, and
are also emitted from motor vehicles.

Several studies on the interaction between sulfur
oxides and other pollutants were made and it was
reported that the smog formation or aerosol
phenonzenon in the atmosphere would occur by
the interaction among sulfur oxides, water vapor
and coagulated solid particles under solar irradi-
ation. That is, sulfur dioxide in air would un-
dergo a slow reaction under sunlight to form
sulfur trioxide or sulfuric acid which would eve-
ntually contribute to the haze as well as the
reduced visibility.

Various reaction mechanisms described by sc-
veral authors for the generation of sulfuric acid
by the oxidation of sulfur dioxide in air are
mostly that these reactions will occur by sunlight
and atomic oxygen or ozone. Gerhard and Joh-
nston? confirmed that sulfuric acid is formed

through the interaction between sulfur dioxide
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and oxygen and steam under sunlight. He also
reported that existence of nitrogen oxides in the
reaction system did not show any effect on for-
ming sulfuric acid.

The present author proposed that conversion
of sulfur dioxide to sulfuric acid would take pl-
ace through the formation of intermediate nit-
rosyl-sulfuric acid and the final product, sulfuric
acid, would be formed by the decomposition of
this intermediate, A series of experiments showed
that the result confirmed the proposed mechanism,

Additionally, other experiments were carried
out with regard to the air pollution in the me-
tropolitan area of Seoul, Korea and it was noticed
that the degree of contamination by sulfur oxides
was more intense than by nitrogen oxides or

other oxidants.

2. Nitrosyl-sulfuric acid and
sulfuric acid formation

The reaction involved with SO, in the atinosp-
here could be anticipated in several ways. Th~
ough ozone (O3) or excited oxygen (0.,*) may
be formed in the atmosphere under solar irrad-
difficult for SO, to combine

with ozone or excited oxygen under the presence

iation, it is very

or absence of moisture due to strong electronic
bond in SO,». The dissociation energy of SO,
into SO0 is 135kcal/mol (21004 )and SO, will
absorb 1950A line easily to form excited sulfur
dioxide (SO,*).
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Through the decomposition of sulfur dioxide
by ultra violet light Hill® oserved the formation
of elemental sulfur and concluded that 94% of
the decomposition was due to the 3130A line.
Photochemical studies of SO0,+0,
was also reported by Blacet¥ who obtained
a quantum yield of about 1X1073 from the
decomposition of SO, by the 3130A line. A pr-
obable reaction mechanism has been proposed by
Blacet.

mixture

Johnstone” asserted that SO, changed into
activated SO,* under solar irradiation and finally
sulfur trioxide was formed through the interaction
between oxygen and SO; which was generated
from the interaction between SO,* and O,. That
is,

S50, + hv —> SO,* oY)

S(b* + (h —_—> ék)4 (2>
SOy + 0, — SO3+03 (3>

He ascertained that based on the data of 10~20
ppm SO, the percent conversion of SO, per hour
was essentially constant and averaged 0.68%
under artificial sunlight and that 0.1~0.2%
of SO, was changed into SO; under natural
intense solar irradiation in his experimental
He also confirmed that the presence of
approximately 10% of NO; would not effect the

additional conversion of SO, into SO;. However,

runs.

he explained that smog phenomenon was caused
by SO; formation under the presence of water
particles or fog when SO, was irradiated by
sunlight.

Until now, a satisfactory research result has
not been obtained with respect to smog pheno-
NOx,
oxidant, hydrocarbons and water particles in

menon caused by reaction among SOy,

the outdoor atmosphere. It is merely recognized
that metallic oxides such as Al,O3, CaO, Fe,Oj,
and V.05 would promote the catalytic action of
SO, with oxygen. Uronetal® verified catalytic

oxidation of SO, by metallic oxides and eventual
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formation of sulfuric acid in the presence of
moisture in the atmosphere. However, it is di-
flicult to consider the presence of sufficient qua-
ntity of metallic oxides in the atmosphere to
oxidize the SQO,. Particularly, it cannot be ex-
pected that there exists a powerful oxidation ca-
talyst, such as V;0s, in the atmosphere.

It can be easily understood that sulfur oxides
or sulfuric acid will react with reactive ammonia
when it exists in the atmosphere to produce
ammonium sulfate salt.

H,S0, + 2NH; —> (NH,);50,

When the isolated atomic oxygen exists in the
it will react with SO, or SO,*
requires the presence of a third

atmosphere,
easily but it
compound.

SO, + O+ M — SO, + M
Atomic oxygen will be formed preferentially
when a photochemical reaction occurs on the
surface of the earth caused by nitrogen oxides?.
In this case the formation of SOs is facilitated.
The present author predicts that nitrosyl-sulfuric
acid will be formed from the mixture of sulfur
oxides and nitrogen oxides at the initial stage
under solar irradiation in the presence of mois-
ture and fog.

In general SO, would react with water part-
icles either in the gas phase or in the liquid
phase. When nitrogen oxides are present, the
postulated mechanism includes the following set
of reactions.

SO, + H,0 —> H,S80; 4

H,80; + NO, —> H,SO,NO (5)

The end product of reaction(5) is a violet acid. 1§

However, violet acid will be immediately cha-

nged into nitrosyl-sulfuric acid HOSO,-ONO 1}

due to its instability!®
2H,SONO. + 1/20; + NO, '
~—> 2HOS0,-ONO + H,0(NO) 6)
Once a nitrosyl-sulfuric acid is formed, sulfuric

acid would be produced continuously by the

HWAHAK KONGHAK Vol, 15, No. 6, December 1977
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following reaction.
2HO0S0;-ONO + SO, + 2H,0O
—> 2H,SO,NO + H,S0, s
Continuous production of H,SO, will be expected
by recycling violet acid that is formed by the
reaction (7).

Particularly, the solubility of SO, gas in the
liquid phase reaction mixture will be increased
with a decrease in the sulfuric acid concentration
and that of nitrogen oxides will be reversed. Ho-
wever, it is difficult to expect such a liguid
phase reaction in general in the atmosphere.

Nitrosyl-sulfuric acid consists of NO* and
H,SO," and a mixture of structural isomers,
HOSQO,-ONO and OHSO,-NO,, which are in

equilibrium as follows:
OH O
/ e I
SOZ\ONO P SOZ\O /NOH

The nitrosyl-sulfuric acid is stable in dry air
but decomposes by moisture or water particles.
{cf. reaction(7)] Probability of reactive collisi-
on between SO, and NO, in the gas phase reac-
tion under the presence of moisture is not sign-
ificant.

In general, formation of nitrosyl sulfuric acid
isexpected under the following conditions:

1. Liquid N,yO, concentrated

sulfuric acid at room temperature.
2. N;04 gas reacts with concentrated sulfuric

reacts with

acid.

3. 80, reacts with concentrated nitric acid at
room temperature.

4. Concentrated nitric acid reacts with conc-
entrated sulfuric acid.

5. NOCI reacts with concentrated sulfuric

acid.

These reactions cannot be expected to occur in

an ordinary atmosphere. However, once comb-

ustion flue gas is emitted into the atmosphere,

NO would be changed into NO, immediatly!D,
2NO + O, —> 2NO; (8
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The association of NO, would be accelerated
at low temperature and high pressure. For ex-
ample, 50% of NO, associates at ~10°C and 4
atm.

2NO; —> N,O, + 12.8kcal
Therefore, this reaction will not be expected
to take place in the atmosphere. NO was rep-
orted to change into NyO; in the atmosphere!?
by the following reactions:

NO, + NO —> N,0;

N,O; + 0; —> NyOs
and NyOjs converted into NyO, through the rea-
ction with the atomic oxygen!®,

NOs + O —> N;O4 + 1/20,

McHaney insisted that NO, would react with
HyO to produce nitric acid in the gas phase
under the presence of water particles when NO,
is present in the atmosphere,

3NO, + H,O —> 2HNO; + NO ®
and equilibrium constant for the reaction was
reported® as

(K) 3000k = -[EN‘ O“‘ o ENO'i
(NO I3 H,0]

He also found out that 0.5% of NO, had been

converted to HNO; under high concentration

of water particles in the reaction system and

=0. 004atm (10)

at room temperature.

On the other hand, nitric acid will be formed
by the following reaction.

NO, + —OH —> HNO, (11)
NO," is formed by solar irradiation in the atm-
osphere when NO, becomes activated!®, and
—OH is formed by the following reactions'®.

HS + O — —OH + HS 12)

O + H,O —> 2(—~0H) (13)
The reaction mechanism concerning the formation
of HNO; and its decomposition in the atmosp-
here have been also studied by Sohn!?,

The following reaction will be expected to
take place easily by O, O*, NO* and N,0, pro-
duced by each of the above reactions.
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H,S80; + NO;* —> H,SO,-NO (14)
N0y + H,SO, —> HO-SO,-ONO
+ HNO; (15)

Formation of the nitrosyl-sulfuric acid by pho-
tochemical reaction in the atmosphere will be
expected mainly from reaction(14). On the other
hand, nitrosyl-sulfuric acid hydrolyzes to sulfuric
and nitric acids in water solution.

HO-S0;-ONO, + H,0O

—> H,S0, + HNO; (16)
Therefore, sulfuric acid will be formed by nit-
rosyl-sulfuric acid decomposition reactions(7)
and (16), and those reactions occur in the at-
mosphere where there exist moisture and water
fog.

The formation of sulfuric acid in the atmos-
phere as stated above is very important in foggy
weather, and those reactions occur in the upper
zone of fog by photolysis; the photolysis prod-
ucts would cause the production of nitrosyl-
sulfuric acid after diffusing to the surface of
the earth. In general, when we observe the smog
phenomenon, it can be recognized that the smog
particles diffuse to the surface of the earth from
the upper zone of fog and thus the visibility
is gradually reduced. The smog phenomenon
does not become severe under overcast conditions
because the sunlight will be intercepted by clouds
and consequently the photochemical reaction
caused by oxidation of SO, will not take place
even if the relative humidity is very high in
the atmosphere.

3. Aerosol smog formation

When alkyl radicals or unsaturated hydroca-
rbons exist in the atmosphere, they may produce
the nitric esters and peroxy nitric esters with
NQO,. Subsequent reaction of these ester with
SO; or H,SO, would produce sulfonic compounds

or sulfates.

CH;-CH;-CO00- + S03

—> CH;-CH,-COO0OSO;H an
CHg'CHz - CH—CHs + H2S04
— CHg‘IC’H_CHz'CHg (18)
0-SO;H

These products, especially sulfonic compounds,
would act as surface active agents for hydroca-
rbon, water particle and peroxides. Promotion
of dissolution and emulsification by these agents
would facilitate the diffusion of dusts within the
mixture. This is equivalent to the formation of
aerosol-type smog.

Coagulated aerosol smog particles are formed
by the above reactions and the state of resulting
emulsion caused by surface activity of sulfonic
acid will not be destroyed and these particles
will float in the atmosphere as long as contact
with the earth surface or any other obstacles is
maintained. In this case, however, the action
of sulfonic acid will be effective after an intense
solar irradiation is applied to the hydrocarbons;
in other words, after much photochemical
reactions have resulted. Theoretically therefore,
the aerosol smog phenomenon cannot be expected
at dawn or midnight. It would be expected

during the day time only.

4. Experimental apparatus

The reaction chamber was made of glass and
lined with polyethylene film inside, having a
volume of 20 liters with a plexiglass window.
The gas inlet and outlet tubes were made of
polyvinyl chloride (PVC).

It was assumed that the plexiglass transmitted
most of the ultra violet above 2950A and the
absorption of SO, gas by PVC pipes were neg-
ligible. In order to take the gas sample from
the chamber a sampling pipe was attached to
the side of the chamber.

The aerosol sample was drawn out by a vacuum

HWAHAK KONGHAK Vol. 15, No. 6, December 1977
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pump. In order to chill the steam in the reaction
chamber a cooling pipe was installed at the bo-
ttom of the chamber, and both the temperature

and humidity were measured whenever desired.
5. Experimental procedure

At the beginning of each test, ‘ﬁltered air
was passed through the reaction chamber for 10
minutes. In this case, the filtered air was pre-
pared by passing air through the activated cha-
rcoal bed in order to remove acid and alkali
substances, and then passed again through the
cellulose—asbestos type filter paper to absorb the
aerosol.

Provision was made for preliminary photoch-
emical reaction by adding the desirable amount
of NO, gas into the chamber and then applying
the sunlight irradiation on the air-gas mixture
with the inlet and outlet pipe closed.
 Steam was finally injected into the chamber
to obtain the saturation humidity. The steam
caused the expansion of the balloon that was
attached to the top of the chamber. The balloon
shrunk when the moisture was condensed in
the chamber.

If the fog disappeared during the reaction,
steam was added again into the chamber and
the condition was controlled to form a fog by
cooling, and then photochemical reaction proc-
eeded continuously. The amount of NO, gas
was adjusted in terms of the quantity of NO,
gas for producing nitrosyl-sulfuric acid in this
experiment, because it seldom contained over 1
ppm of NO, gas in the actual atmosphere. In
other words, a theoretical equivalent quantity
of NO, gas for 1 ppm of SO, gas is 0.72 ppm
when a chain reaction is not considered.

The reaction time was adjusted every 30 mi-
nutes. After the reaction proceeded, the reacted
gas was drawn out from the chamber and pas-

Bpataet M5 M 6% 1977 123

g

B

sed through water to collect the sulfuric acid,
and to sum up the sulfuric acid drops which
were deposited on the walls of the vessel by
rising with water, and then the total acid co-
ntent was analysed. The quantity of the sulfuric
acid was determined by acid metric procedure
using a methyl red-methylene blue as an indi-
cator.

The aerosol was drawn into water in order
to detect the nitrosyl-sulfuric acid, and analysis
was made to detect the HNO; and H,SO, produced
by decomposition of nitrosyl-sulfuric acid with
water. The composition of the nitrosyl-sulfuric
acid was determined by comparing the ratio of
HNO; and H,;SO, contents.

In this experiment various runs were made
by changing SO, content under the presence of
NO; and water fog, and the result of interaction

with respect to time changes were investigated.
6. Results and Discussions

Data obtained from the reaction of silfur di-
oxide-air mixtures containing 1, 5, 10, 20 ppm un-
der the presence of 1ppm NO; and fog are sh-
own in Fig.1. Duplicate runs showed a maxi-
mum deviation of 20-30% from the average due
to the difficulty in controlling the humidity and
forming a foggy condition. The results showed
a slow reaction rate during the first one hour
which can be considered as the induction period,

There is an approximately linear increase in
sulfuric acid aerosol formation with time for a
given SO; concentration after the induction pe-
riod, although the reaction rate slowed down
again after 4 hours of reaction time. This
indicates that there exist limitations for the
formation of HySO,; through

reaction. The percent conversion per hour is

photochemical

essentially constant and averages 53% during

the period of photochemical reaction.
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A typical natural water fog contains about 300
mg of water per cubic meter with an average
particle size of 20 microns, or only about 70
particles per cubic centimeter.

1 ppm SO, concentration can be denoted as;

1 ppn=2860ug/m3(0°C, 760mmHg)
Therefore, the chances for the reactive collision
among SO, NQO; and water particles are expe-
cted to be high if SO, gas were completely diff-
used in the atmosphere in water fog. However,
the aerosol mass concentration was caiculated
Under
these conditions both the photochemical acid

to be 20-30mg/m3 in this experiment.

fog and the natural water fog would have app-
roximately the same liquid surface area per
cubic centimeter of air. Thus, if the total am-
ount of SO, aYsorbed controls the rate of reac-

tion in the liquid phase, a larger rate of reaction

Fig. 1 The conversion of sulfur dioxide to sulf-
uric acid in solar irradiation

| |
| —0— n,l,||.‘-.:—<
s Ew=THALY

\
S kot CVERUAST o]

\
Wi
#

/

Wt 1

, NUEA
l S AN

. dEEARN

Tolative nn

.
B
N
Y

A

9 T N 12 1 B
TN Er

Fig. 2. Ultraviolet intensity in sunlight

would be expected for a natural water fog than
was found in the artificial photochemical fog.
In the case of natural fog, the photochemical
reaction would receive the influence of interce-
ption of the ultra violet line by fog. The vari-
ation of ultraviolet intensity from 9 A. M. to 5
P.M.

in summer was shown in Fig.2. Fig.2. shows

for typical clear, hazy or overcast day
that the ultra violet intensity of a foggy day is
about 60% of that of the clear days, and is
about 30% in an overcast day. Thus, the smog
phenomenon would be expected on a foggy day,
but it cannot be expected on an overcast day.
A series of runs were carried out to investigate
the influence of NO; quantity to the photoch-
emical reaction in which 1,2, and 4 ppm of
NO; were added along with 1,5,
SO,, respectively. The results of the photoche-

and 10ppm

mical reaction data are shown in Fig.3. Fig.3
shows that, although the process of sulfuric acid
formation is similar to that shown in Fig.1,
the sulfuric acid formation rate is increased as
much as the concentration of NO; gas. However,
the rate of increase is about 509 compared with
each line shown in Fig. 1. If there are relatively
large amounts of SO, and NO, existing in the
atmosphere, the air pollution would be expected
to be serious.

Fig. 4 shows the results of sulfur oxides(SOy)
concentrations measured in Seoul, Korea, from
1975 to 1976. The result of observing the air
pollution phenomenon in Seoul varies with sea-
son, and the SOy concentration is higher in
winter than in summer, and the SOx contami-
nation is more serious in the downtown areas
than in suburban areas.

These research results cannot represent the
entire condition of the Seoul area because the
data were obtained in the Hannamdong district,
but it shows that the SOy concentration appro-
aches the public nuisance level. However, the

HWAHAK KONGHAK Vol. 15, No.6, December 1977
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Fig. 4. The concentration of sulfur oxides in the
atmosphere of Seoul, Korea

smog phenomenon is not severe in Seoul during
winter because the solar radiation intensities are
not significant and the relative humidities are
not high in the winter season, and the diffusion
of air contaminants is more rapid in the
winter season due to the north wind. The solar
radiation intensities are very high and the smog
phenomenon occurs frequently during the sum-
mer season, but the pollutants would have been
removed by the rain during the rainy season.
Therefore, the chances of occurrence of smog

phenomenon in Seoul are not very frequent.

Conclusions

The results of the photochemical reaction of
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sulfur oxide in air at a concentration of 1 to 20

ppm under the presence of nitrogen dioxide are

summarized as follows;

1. When air contains NO,, SO, and water pa-
rticles, nitrosyl-sulfuric acid would be initially
formed, caused by the photochemical reaction,
and then the sulfuric acid would be produced
as a result of decomposition of the nitrosyl-
sulfuric acid by water.

2. The sulfuric acid formation rate increased
with reaction time when the photockemical
reaction proceeded at varied SO, corcertrations
under fixed NO, concentration. The principal
reaction to produce the sulfuric acid took place
over the period from two to four hours of
reaction time and then the rate decreased
after four hours.

3. The sulfuric acid formation rate increases
with increase in both the concentrations of
NO, and SO,, respectively.

4. The sulfuric acid formation rate is faster at
a foggy state than at the steam saturated
conditions where water droplets are absent.

5. The air pollution condition with respect to
SO, in Seoul, Korea has approached the sta-
ndard condition of public nuisance and shown
a tendency of increasing the SO, concentration

annually.
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