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ABSTRACT

Some recent laboratory results relating to the conversion of gaseous sulphur dioxide
and nitrogen dioxide into particulate material and the implication of these results on
the atmospheric chemistry of these gases is discussed. Homogeneous oxidation of SO,
by photochemically initiated reactions may occur at a rate ranging from 0.1 % hr—*
in clean air to a 0-10 % hr—! in urban air. The oxidation rate of NO, is more raped
(up to 259% hr—!) but may be effectively less due to the reversible nature of the reac-
tions. Theoretical and experimental results suggest that the rate of formation of H,SO,
in urban air (from SO,) is sufficient for heteromolecular nucleation to form aqueous
sulphuric acid aerosols but in background areas condensation on the existing aerosol
is the main fate of the SO, oxidation products. Sufficient gaseous HNO; for nucleation
is unlikely to be produced from NO, in the atmosphere and condensation on aerosol
particles, particularly hygroscopic particles, is an important removal mechanism for
HNO,. - :arge effeet of relative humidity on the rate of the nucleation and condensa-

tion processes is demonstrated experimentally.

1. Introduction

The chemical transformation of gases into
particles is an important factor in the life-cycles
of traces gases in the atmosphere (Robinson &
Robbins, 1968) and also in its influence on the
size distribution of the atmospheric aerosol
(Junge, 1963). The formation of particles when
air containing small amounts of sulphur dioxide
is irradiated with U.V. light is a well known
phenomenon, although the factors which govern
this process have only recently begun to be
understood. Particle formation from atmos-
pheric nitrogen dioxide is inferred from the
presence of particulate nitrate in the atmosphere
but no clear picture as to the nature of this gas-
to-particle conversion has yet emerged.

The physico-chemical processes involved in
gas-to-particle conversion are (@) chemical con-
version of a gas to a produet which is super-
saturated with respect to the condensed phase
in the atmospheric environment, and (b) nu-
cleation and condensation of the product either
homogeneously or with the aid of existing par-
ticles or ions.

In the first part of the present paper the
homogeneous oxidation of the two trace gases
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SO, and NO, to the low volatility products
H,30, and HNO, respectively is discussed. In
the second part some experimental results re-
lating to nucleation in the H,80,H,0 system
are presented and the role of the SO, and NO,
oxidation in the formation of new particles in
the atmosphere is assessed.

2. Oxidation of sulphur dioxide and nitro-
gen dioxide

Photo-oxidation of SO,

U.V. irradiation of SO, mixed with O, or air
leads to the formation of sulphur trioxide which
reacts rapidly with water vapour to give H,S0,
molecules. At high concentrations of SO, the
photo-xidation proceeds by the reaction

380, +80, 80, +S0 (1)

where 380, represents excited triplet SO, mole-
cules which are formed following excitation of
80, within the first allowed absorption band
(260-330 nm). 380, is also quenched by colli-
sions with the other atmospheric gases and
therefore at the SO, concentrations encountered
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in the atmosphere (510! ppm) reaction (1) is
negligible. However, reaction of 380, with at-
mospheric O, may lead to oxidation:

380, +0, >80, + 0 (2)

In this case the maximum photo-oxidation rate
of atmospheric SO, computed from laboratory
data for *SO, quenching 1s 2.19 hr-! (Side-
bottom et al., 1972).

From quantum yield measurements for SO,
formation in the photolysis of SO,-air mixtures
made in this laboratory, a photo-oxidation rate
of 0.03+0.0189% hr-* has been estimated for
low concentrations of SO, at 23 +2°C (Cox,
1972). This value, which is considered to be an
upper limit for atmospheric SO,, is lower than
previous experimental estimates of the rate
(Bufalini, 1971); evidently reaction (2) is very
inefficient if it occurs at all.

Ozidation of SO, tn other photochemical systems

The photo-oxidation of SO, is known to be
accelerated in the presence of oxides of nitrogen
(NO,) and olefinic hydrocarbons (Leighton,
1961). In laboratory experiments (Cox & Pen-
kett, 1971) it has been shown that the addition
of as little as 0.03 ppm NO, and 0.10 ppm
pentene-2 increased the rate of photochemical
aerosol formation from SO, by a factor of at
least 10 compared to pure air. Extrapolation of
this data to the atmospheric conditions indi-
cates an SO, photo-oxidation rate of 1-109, hr—1
in polluted atmospheres, under atmospheric
conditions.

Further studies have shown that the enhanced
oxidation is primarily due to a reaction involv-
ing ozone which is produced in the NO,-hydro-
carbon photo oxidation (Cox & Penkett, 1971,
1972). 8O, does not react directly with ozone
either in the dark or under irradiation. In the
presence of ozone and unsaturated hydrocar-
bons, however, a rapid thermal oxidation of SO,
to H,SO, aerosol occurs. The olefin promotes
the oxidation by its reaction with ozone, form-
ing oxidising intermediates which react very
rapidly with SO, to form H,SO,.

The nature of the oxidising intermediate is
not known with certainty. It may be an ozone-
olefin complex or zwitterion or, alternatively,
a free radical formed by decomposition of the
latter. A possible free radical intermediate is
HO, which has recently been shown to react
rapidly with SO, (Davis et al., 1973).
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Table 1. SO, oxidation rates

Conversion
rate ( % hr1}

H,S0,formation
rate (ppb hr—1)

Back- Back-
Urban® ground® Urban ground
Direct photo-
oxidation 2 %1072 2x10-% 0.02 0.0002
Photo-oxidation
with NO, and
hydrocarbon 1to 10 - 1-10 -~
Thermal with
ozone and
olefins 1to10 ~0.1 1-10 0.001
@ 80,=10 pphm. 2 SO, =1 ppb.

Summary of homogeneous oxidation rates of SO,

The oxidation rates of SO, estimated on the
basis of the laboratory data are given in Table 1
for both urban and unpolluted air. The figure
for thermal oxidation in unpolluted air was
calculated for concentrations of ozone and olefin
of 30 ppb and 5 ppb respectively. A similar
result {~0.19% hr-1) is obtained if the major
homogeneous oxidation path in eclean air is

S0, +HO,—+S80,; +OH (3)

and the daytime HO, concentration of 5 x 10-8
molecules em~3 calculated by (Levy, 1973) is
used together with the value k3 =3 x10-1% em?
molecule~? see~! (Davis et al., 1973).

Oxidation of atmospheric NO,

Three processes have been considered as pos-
sible routes for the oxidation of NO, in the at-
mosphere. It will be noted that, unlike the
oxidation of SO, to H,S0,, the processes lead-
ing to the formation of the oxyacids from the
oxides of nitrogen are reversible and extra-
polation of data to atmospheric conditions is
difficult on account of this. The processes are:

(o} Reaction with water vapour according to
the overall eq. (4)

SNO, + H,0=2HNO, +NO (4)

The rate equation is complex (England, 1970)
and takes the form

_d[NO,]

= ZkA[NOz]z[HzO]

— 2k [HNO,][HNO,]
Tellus XXVI (1974), 1-2



CONVERSION OF GASEOUS SULPHUR DIOXIDE AND NITROGEN DIOXIDE

The initial reaction rate (i.e. in the absence of
the reverse reaction) is 0.029% hr—* at 509
relative humidity (R.H.) for an NO, concentra-
tion of 40 ppb; the process is therefore rather
slow at normal atmospheric concentrations.

(b) NO, undergoes a rapid reaction with OH
radicals:

OH +NO, ~HNO, (5)

Using (Levy’s, 1973) calculated value for the
average daytime OH concentration (3 x10¢
molecule em~—3) and a recent estimate of k; at
atmospheric pressure (Morley & Smith, 1972),
(ks =1.2 x 10~ ¢m?® molecule—! sec—1), an oxida-
tion rate of NO, (to HNO,) of 13% hr-! is
obtained.

(¢) NO, is oxidised to N,0; by ozone in a two
step process.

NO, +0,+NO, +0, (6)

NO,; +NO,=N,0, (7

Reaction (6) is rate determining and consistent
values of the rate constant (at 25°C) have been
determined independently at both high (John-
son & Yost, 1949) and low coneentrations (Ford
et al., 1957; Cox, unpublished results, ks>
3 x 1017 cm?® molecule-?! sec~!) at normal atmos-
pheric ozone concentrations the conversion rate
of NO, is 189 hr-1 at 25°C and about half this
value at 10°C.

It appears therefore that both processes (b)
and (c) may be important oxidation paths for
NO, in the lower troposphere. Process (b) is
restricted to daylight hours whilst (c) may also
occur at night. The latter reaction has generally
been assumed to go to completion because, al-
though the reaction forming N,O; is reversible
(N,O; dissociates to NO, and NO; with a half
life of 3 sec at 25°C), N,0, was believed to react
_ rapidly in the gas phase with water to produce
HNO,

N,O0; +H,0 - 2HNO, (8)

Results obtained in this laboratory (Cox, un-
published results} and also by Johnson {1973}
show, however, that N,O; vapour at low con-
centration is apparently stable towards water
vapour. It is, however, rapidly absorbed by
surfaces. Thus when NO, (1.6 ppm) was allowed
to react with ozone (0.7 ppm) most of the NO,
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Fig. 1. Formation of nitrogen containing oxidation
products (expressed as ppm NO_) in the gas phase
reaction between NO, (1.5 ppm) and ozone (0.7 ppm)
at 24 +2°C. O, no aerosol present; the NO, concen-
trations refer to the total gas phase water soluble
oxides and oxyacids of nitrogen except NO,. @, am-
monium sulphate aerosol present: NO, concentra-
tions refer to the total oxides and oxyacids of
nitrogen (except NO,) in the gas phase and absorbed
on the aerosol. Measurements made with a chemi-
luminescence NO,, analyser and by analysis of chem-
ical samples for NOy ion.

oxidised disappeared from the gas phase under
conditions where HNO, vapour, if formed,
would have remained in the gas phase. Similar
observations have been made by (Gay & Bufa-
lini, 1971). When the reaction was carried out
in the presence of an artificial aerosol (ammo-
nium sulphate or ferric oxide), nitrate was col-
lected on the aerosol particles. At high r.h.
(709%), when the ammonium sulphate aerosol
consisted of droplets, the incorporation of the
NO, oxidation products in the aerosol was par-
ticularly efficient; most of the oxidised NO,
appeared in the aerosol whilst the extent of
absorption of NO, (in the absence of ozone)
both on the dry and the wet aerosols was very
small. Fig. 1 shows a summary of these results.
The kinetics of ozone removal were not signifi-
cantly affected by the presence of the aerosols
indicating that the homogeneous reaction (6)
was still operative and that a heterogeneous
oxidation process was not being observed. No
spontaneous aerosol formation was observed
from low concentrations of NO, either alone or
in the presence of ozone.

The consequences of these observations on
the behaviour of NO, in a real atmosphere, i.e.
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with natural ozone and a low specific surface
area, are interesting. In this situation the con-
centrations of NO,, NO, and N,0, may approach
a pseudoequilibrium. The loss mechanism for
NO, will be by attachement to particulate where
conversion to nitrate occurs. Similarly the major
loss mechanism for HNO; produced in reaction
(5) 1s likely to be by attachment to particulate
aerosols. Typical NO, concentrations in non-
urban air are 5 ppb and in urban air a factor
of 10 or more higher. Thus typical HNO;
formation rates in the lower troposphere are
1 and 10 ppb hr—! respectively for these local-
ities.

3. Nucleation of the oxidation products of

NO, and SO,

Having established approximately the rates
of chemical conversion of NO, and SO, to HNO,
and H,S0, respectively under atmospheric con-
ditions, it is necessary to examine whether these
rates are sufficient to supply enough of the
oxidation products to nucleate homogeneously
in the presence of water vapour to produce a
droplet aerosol under the prevailing tempera-
ture and humidity.

Theoretical calculations have been made by
Doyle (1961) for the nucleation of the two com-
ponent system H,SO,~H,O at 509% R.H. and,
more recently by Kiang & Stauffer (1973) for
the H,80,~H,0 and HNO,H,0O systems. The
latter authors adopted the title “heteromole-
cular nucleation’ for the process and the fol-
lowing general conclusions result from these
theoretical investigations:

(a) H,SO, partial pressures of the order of
10-8-10-*° torr (10-* torr =1.3 x10~2 ppb) are
predicted to give rise to heteromolecular nuclea-
tion at 509 R.H.

(b) The heteromolecular nucleation rate and
also the subsequent heteromolecular condensa-
tion process governing the growth of the nuclea-
tion embryos depends greatly on the water
vapour activity (i.e. relative humidity).

(¢) Whereas H,SO, seems a prime candidate
for nucleation in atmospheric air, rather high
vapour pressures are required for HNO, aerosol
formation even at >909% R.H.

Laboratory experiments

In the present experimental work, no aerosol
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was formed when 15 ppm HNO, was present
in air at 75% R.H. Since this concentration is
unlikely to be achieved by the reactions dis-
cussed it is unlikely that fresh aerosol particles
can be produced directly from heteromolecular
nucleation of HNO, under ordinary atmospheric
conditions. Aerosols do, however, play an im-
portant role in the oxidation of atmospheric
NO,. Thus ammonium sulphate droplets at
70% R.H. absorbed up to twice their mass of
nitrogen pentoxide (which presumably forms
nitric acid in the aqueous phase). On the other
hand, absorption on dry particles at lower
humidities was rather inefficient. This large
effect of relative humidity suggests that hetero-
molecular condensation is the controlling factor
in determining the incorporation of the NO,
oxidation products into aerosols.

In all experiments in which the homogeneous
oxidation of SO, was examined in the labora-
tory, rapid self-nucleation of the sulphur con-
taining products was observed. Experimental
work has been carried out to investigate the
effect of relative humidity on the production
of aerosol particles in the photo oxidation of
S0, and to estimate the concentration of H,S0,
necessary to achieve nucleation (Cox, 1973).

Fig. 2 shows the formation of aerosol both
in terms of mass of H,SO, and number of con-
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Fig. 2. Formation of sulphuric acid aerosol in the
photolysis of 80, at 185 nm as a function of water
vapour concentration. O, percentage of SO, oxidised
which appeared in the aerosol collected in the effluent
from the flow reactor. x, number of condensation
nuclei (cm=3) in the effluent stream.
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densation nuclei as a function of water vapour
concentration when SO, (11.5 ppm in N,) was
photolysed in a flow system. Short wavelength
radiation (185 nm) was used and this gave ap-
proximately 109% conversion of the 8O, to SO,
with reactor residence time of 12 sec (i.e. ap-
proximately 1 ppm of SO,; was produced by
photolysis). 380, was used to measure the mass
of H,S0, aerosol formed.

At low R.H. (50.259%) very little acrosol
formation occurred in terms of mass or number
of particles. Above this R.H. the nuclei count
increased very rapidly (at 2.5% R.H. the con-
densation nucleus counter was saturated) but
there was still very little aerosol in terms of
mass of SO, converted. The mass of aerosol
formed then increased with water vapour con-
centration up to approximately 50% r.h. This
experiment demonstrates clearly the critical
effect of relative humidity both on the nuclea-
tion process and on the condensation process
in the formation and growth of a stable H,SO,
aerosol.

An upper limit estimate of the concentration
of H,80, required for nucleation was obtained
in similar experiments using longer wavelength
U.V. radiation (290-400 nm) when the photo
oxidation rate of SO, is much slower. SO,
(5-1 000 ppm) in high purity N, and O, (4:1)
was passed through a 5 1 spherical pyrex flow
reactor irradiated with a medium pressure mer-
cury arc. The residence time in the irradiated
volume was 2.5 min and the average H,30,
concentration in the reactor (assuming complete
mixing and no losses) was estimated from the
light intensity and the quantum yield (0.3 x 10—*
as discussed above) to be 10-% x 8O, ppm.

Fig. 3 shows the effect of SO, concentration
on the number of condensation nuclei in the
effluent stream at four different humidities. At
the lower humidities the particle formation rate
(as measured from the condensation nucleus
count) increased with 8O, concentration in the
range 5-100 ppm. At the lowest humidity
(s19%) the particle formation rate was slow
(2 x 102 particles em=3 in the outlet stream) at
80,~5 ppm whereas at 80¢ R.H. the counter
was saturated at the same SO, concentration.
At 249 R.H. particle formation was already
rapid (10¢ em—3) at 5 ppm SO, (i.e. 5 x 10~* ppm
or 4 x10-% torr H,80,). Thus the threshold
H,SO, concentration for nucleation at this
humidity appears to be of the order of 10-8 torr
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Fig. 3. Nucleation of Hy,80, from the photo-oxida-
tion of 8O, at 280-400 nm. Plot shows the number
of condensation nuclei (cm—3) in the effluent from
the flow reactor as a function of SO, concentration
at four different humidities.

and at higher humidities it is probably consider-
ably lower.

These results confirm the theoretical predic-
tions of Doyle and Kiang and Stauffer that
heteromolecular nucleation in H,80,~H,0 sys-
tems occurs at an appreciable rate at partial pres-
sures of the order of 10-° torr H,80, provided
the water vapour content is high enough. The
predicted large effect of relative humidity on
the nucleation rate is also confirmed qualita-
tively.

Particle formation in the atmosphere

From the SO, oxidation rates given in Table 1
it is seen that the rate of H,SO, production
from SO, in sunlight in urban atmospheres is
1-10 ppb hr-. This rate is sufficient to produce
H,30, concentrations of the order of 10-* to
10-2 ppb in the time scale of a few minutes.
Thus it seems very likely that fresh aerosol
particles will be produced from SO, in the at-
mosphere in this situation. In clean air with
1 ppb SO,, a time scale of hours would be re-
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quired to produce 10-* to 10-? ppb H,S0,.
Since it is doubtful whether free H,SO, mole-
cules would have a lifetime of the order of
hours with respect to collisions with existing
aerosol particles, a rapid production of new
H,S0, particles by SO, oxidation in unpolluted
air does not seem likely.

In the above discussion nucleation has been
considered only for systems containing pure
acid gases (H,SO, and HNO,). If these gases
undergo further chemical reaction to yield pro-
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ducts of lower volatility the conditions for
heteromolecular nucleation will change. For
example, the addition of ammonia (0.5 ppm) to
HNO; vapour (0.1 ppm) gave rise to a rapid
formation of particles at 20 % R.H. presumably
due to the formation of ammonium nitrate
which has a much lower vapour pressure than
nitric acid. The role of other components in
atmospheric particle formation requires further
experimental and theoretical evaluation.
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OBPA3OBAHUE YACTUII ITPU TOMOTEHHBIX PEAKIIUAX
(IBYOKMCH CEPBLI I IBYOKHUCH A30TA

OGcyskaloTcs HEKOTOpHEe HefaBHUe Jgabopa-
TOpHBIE Pe3YAbTATH, WMeMollue OTHOUIEHWe K
IpeBpAllleHNI0 Ta3000pa3HEIX ABYOKHCeil Cephl
M asoTa B TBEpAble YACTHIEI, M CIENCTBUA U3
ATUX PE3YNbTATOB XJIA aTMocdepHO# XUMHUKT
HTHX rasoB. ['omorennoe okucienne SO, nmyreMm
$OTOXHMMYECKM HHUNUUPYEMEIX peaknuii Mo-
EeT UATU CO CKOPOCTBIO, MeHsAwmeitca ot 0,1 %
B 4ac B YUCTOM BO3OyXe, Ko 1-109, B Boanyxe
ropoga. Cropocts oxkuciaesuda NO, Gruictpee (7o
25 % B 4ac), HO OHA MoKeT OBITH MeHee sder-
THBHA, OjaromapA oOpaTMMoOii IpUpoje peax-
nuit. Teopernyeckne M dKCIepUMeHTAILHEIE Pe-
3yJABTATH I[TOKA3BIBAIOT, YTO CKOPOCTH 006paso-
panus H,S0, B ropoackom Bosayxe (m3 SO,)

TOCTATOYHA AJIA TOT0, YTOOR MHOIOMOJEKYJIAD-
HafAg HyKIeauns o0pasoBaza BOJHHE a’P0O30JH
CepHOll KUCIOTH, ONHAKO, B OCTAJIBHHX 006ia-
CTAX KOHAEHCAIMA HA YMe CyNecTBYIOIUX
a’po30JAX mpencraBiasger co0o0it  OCHOBHYIO
cynp6y mnpoaykros owumcinenusa SO,. Bpax an
KOJN4eCTBO razoBoit kuciaorsl HNQO, npousso-
oumoe u3 NO, B armocepe, MOCTATOUHO JJIA
HYKJIEAIWM, IIOPTOMY KOHIEeHCAIlMA Ha a’po-
B0JIBHBIX YacTUIAX, OCOO0eHHO, HA THUTPOCKO-
MHYECKNX YaCTHULAX, ABJIAETCA BaKHBIM MeXa-
HnaMoM BeBoga HNO; m3 atMmocdepsl. OKc-
TepUMeHTANBHO IOKasaH 6onabmiolt apderT oT-
HOCHMTEJBHOM BIMKHOCTH HA CKOPOCTH NHpPOIEC-
COB HYKJIeallMy ¥ KOHIEHCAL M.
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