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ABSTRACT
A review is given of the actual knowledge of SO- atmospheric
processes gained from laboratory and field experiments. Implementation is described of the instrumentation, operational
prodecures and analytical methods in connection with a field
study of the conversion and dispersion of SO- in an oil-fired
power plant plume. Furthermore, the preliminary results are
included of five experiments performed until the end of 1976.
Measurements were performed from an aircraft and included
continuous registration of NO , S02r SFg, and particle concentrations, as well as temperature and humidity. It was planned
to label sulphur from the source in question with sulphur-35.
However, this part of the experiment had to be abandoned because
of public opinion on the use of radioactive tracers. Sulphur
hexafluoride was used as an internal tracer for the plume. A
half-life for S0 2 of about 30 min was determined from one of
the experiments. In this connection the possibility of using
NO as a conservative tracer is shown. Possible ways of removal
are discussed and the rate of two of the processes is calculated
by means of a model describing the chemical conversion in a
dispersing plume.
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- 7 PREFACE
The present study was carried out within the framework of the
Danish contribution to the European project on "Research into
the physico-chemical behaviour of SO, in the atmosphere", which
was initiated in November 1972 by the European Cooperation and
Coordination in the Field of Scientific and Technical Research
(COST project 61a). The aim of the project is stated as follows:
"The project is concerned with the clarification of the
physico-chemical behaviour of sulphur dioxide in the
atmoshpere. The term "physico-chemical behaviour" is
taken to mean all reactions occurring in the atmosphere,
which lead to a change in the state of sulphur dioxide,
or in the course of which sulphur dioxide is converted
in a manner which decisevely influences its future
behaviour or the behaviour of its reaction products".
The Danish contribution is entitled: "A study of the changes
with time after release of the concentration, physical and
chemical form of sulphur dioxide released from a single power
station" and it is based on field experiments carried out in a
plume from an instrumented aircraft.
The work reported here was primarily concerned with establishing
aircraft operation and developing techniques for sampling S0 2
and sulphates on filters, measuring S02r ^ v ' °3» relative
humidity and temperature, and the subsequent laboratory analysis
of the filter samples. Until the end of 1976 five airborne experiments proper were performed.

1. INTRODUCTION
Technological development and energy production cause increasing
air pollution levels. The amounts of sulphur dioxide emitted to
the atmosphere are large and still growing. In 1970 about 40-70
million tons of anthropogenic sulphur were emitted to the
atmosphere: Western Europe accounts for 30-50% of this and Denmark
for 0.4-0.7%. Major sources are industrial and domestic heating
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units that utilize fossil fuels.
In the atmosphere, sulphur dioxide reacts in a variety of
ways leading in most cases to particulate products such as
sulphuric acid and sulphate; therefore its impact on the
environment is very wide. The nucleation of conversion products
from the oxidation of SO, produces aerosols, which significantly
affect visibility and cloud formation; sulphur aerosols can
penetrate into the lungs and cause respiratory difficulties.
SO- and sulphuric acid can cause acidification of air and
precipitation, and be harmful to vegetation and materials. The
emitted sulphur dioxide and its conversion products can be
transported over great distances by air movements, and thus
pollution is "exported" far from the source of origin.
The effects of emissions are currently only being indirectly
combatted, e.g., through more widespread dispersion by the use
of high stacks and by the use of low-sulphur fuels for heating
and power generation. In order to assist the authorities in
deciding the extent to which desulphurization processes are
required, it is necessary to acquire knowledge of the nature,
intensity and site of the effects of sulphur dioxide and its
reaction products. The following factors must therefore be
studied in detail:
the conversion reactions of sulphur dioxide;
mechanisms of removal of sulphur dioxide and its reaction
products from the atmosphere;
distribution of sulphur compounds in the atmosphere.
Much of the knowledge necessary can be gained from experiments
carried out under controllable conditions, but laboratory
attempts to reproduce a situation similar to that in a polluted
atmosphere have not been entirely satisfactory. Definite conclusions can only be obtained from "in situ" observations. On
the other hand, the complex nature of the polluted atmosphere
makes it extremely difficult to understand chemical interactions
in air. Interpretation of the phenomena is additionally limited

- 9 by the fact that only a few aspects of the problem can be
studied in an individual experiment* and that studies are
carried out in a unique situation that will never recur in
exactly the same way.

2. LITERATURE SURVEY
There is a large amount of literature on the behaviour of sulphur
dioxide in the atmosphere. Summaries of the data can be found
in the reviews of, e.g., Urone and Schroeder (1969), Buffalini
(1971) and Granat (1975). From all these reviews it appears that
the oxidation of SO- in the atmosphere occurs in homogeneous
gas-phase reactions initiated by light, or in heterogeneous
systems involving water droplets or aerosols. Laboratory experiments give detailed information on the individual processes
and the main paths of the atmospheric removal of sulphur dioxide,
but field experiments are necessary to judge how well results
of these studies correspond to actual conditions in the atmosphere.
Although there is a wealth of monitoring data, only few field
experiments give the conversion rate directly. But even from
this limited number of studies, it is clear that conversion
velocities and mechanisms depend strongly on the actual meteorological situation. Therefore the forces governing the transport
and dispersion of airborne pollutants must be studied side by
side with chemical processes.
Complex interactions in the atmosphere can be explained to a
certain extent by laboratory simulation of the plume conditions.
Unfortunately, such an approach usually fails because of lack
of information on the history of the plume and its content of
important species. However, formulation of a proper mathematical
model may be expected to allow an explanation of the field
observations in the light of laboratory results. As such a model
is always based on a limited number of details, known from well
controlled experiments, its validity must be tested in different realistic situations. Recently, Freiberg (1976) formulated
a model for chemical reactions in a dispersing plume, which
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treats the plume as a large reactor with expanding volume where
the reaction rate is a function of expansion velocity.
According to the picture outlined above* the present survey is
divided into three sections: Laboratory experiments, field
observations and a description of the model of reactions in a
plume. In the section dealing with laboratory experiments an
attempt is made to give a general picture of the present knowledge of SCK-conversion mechanisms in the atmosphere. The section
describing conversion studies carried out directly in the field
comprises the measurements in well defined plumes. This part
also includes a very brief description of some important
features of atmospheric diffusion. The last section of the
survey presents the already mentioned mathematical model of
chemical reactions in a dispersing plume.
2.1. Laboratory studies on SOj conversion rates
Very many laboratory investigations on sulphur-dioxide reactions
in different kinds of systems have been reported. Therefore only
papers that give a more general picture of the actual state of
knowledge of SO, oxidation paths in the atmosphere were chosen
for the present review.
Homogeneous gas-phase oxidation
Since Leighton in 1961 published his very comprehensive work on
the photo-chemical aspects of air pollution, much effort has
been devoted to photo-chemical reactions of SO,« As a consequence, these processes are the best examined so far, but still
our knowledge is far from complete.
Gas-phase oxidation of SO- in air manifests itself by the production of particulate matter. In the dark no production of
significance is observed (Bricard et al. 1972), but irradiation
of an S02/air mixture leads to appreciable amounts of the
sulphate aerosol.
The simplest photochemical reaction of S0 2 that can take
place in the atmosphere is direct photo-oxidation. From the
solar spectrum penetrating to the lower atmosphere (A > 2900 A),

S"-,

ibnorbr. ir. t h e rar.gc 30C0-4C00 A, w i t h maxima a t ~- 3840 and

2940 A (Lt'itihtnn

1 9 6 1 ) , and f o r n s two e x c i t e d s t a t e s : a s i n g l e t

\SO, ar.d a t r i p l e t

SO-,,

-> 1 S 0 2 ,

SO-, • h.

3

(1)

S02.

Tho s i n - j l e t can then c o n v e r t i n t o a
^C^

•

3

triplet:

S02.

(2)

Investigations (Buffalini 1971) show that only

S 0 2 is a reactive

species in the reactions following light absorption. The excited
molecules can be deactivated in collisions with other molecules:
•S0 2 + M

• S02 + M
(3)

(M = 0 2 , N 2 , etc).
Or they can react in the subsequent primary photochemical
reactions, as e.g. the following (Leighton 1961, Smith and
Urone 1974):
3

S02 + 0 2

S0 4 + S 0 2

• S04
• 2 S03

(4)
H?0
—=-* H 2 S 0 4 .

(5)

Studies of the overall quantum yield of the system (Cox 19 76)
led to the conclusion that the direct photo-oxidation of SCK
is of no importance in thf> atnoRphere, and that the oxidation
process must involve other components. The most obvious of these
are atomic oxygen and ozone. As both are produced during the
photolysis of NO- (eq. 6 ) , much attention has been paid to the
effect of nitrogen oxides.
Photolysis of N 0 2 is a chain process:

hv

(6)

.».• >i*.' r i c 'ixv.ien and o z o n e n r o d u c e d c a n f u r t h e r
So2 • o

r e a c t with SO-,:

* SO,

(7a)

ana
S02+ 0 3 — — •

SOj + 0 2 -

(7b)

SO , reacts immediately with water vapour to sulphuric acid.
An appreciable enhancement of the oxidation rate in the presence
of nitrogen oxides, in comparison to the reaction in pure air,
was observed by Bricard et al. (1972). It was also observed
that the degree of this enhancement depended on the ratio
S02/NO (Smith and Urone 1974) . Nevertheless, a reaction between
S0_ and atomic oxygen (7a) can be excluded in the atmosphere
because the molecular oxygen, present in much higher concentrations, would consume all the 0-atoms (cf. eq. 6). Additionally,
investigations of the reaction with ozone (7b) (Becker et al.
1975) showed that the velocity of the reaction is too low to make
the reaction important in the atmosphere. Other possible reactions
in the S02/NO /air system need to be extensively investigated before
a quantitative assessment can be made. Meanwhile, we must search
for other reactants that could t2 responsible for this removal.
Many investigators (see e.g. Smith and Urone 1974) have observed
that the addition of olefins to the SO^/NO /air-photochemical
system speeds up the rate of oxidation by several orders of
magnitude. Similar to the SO-/NO /air system, the rate at which
the SO- disappears depends strongly on the ratio of the reactants:
Smith and Urone (1974) noted that low S0 2 /N0 2 ratios inhibited,
but high SO2/N02 ratios increased aerosol formation. The production
also depended on the order of addition of the components. The
authors could not give any simple explanation, but obviously
SO- and the products of olefin-NOv reactions take part in some
competing processes.
The mechanism of the reaction is not completely understood,
but it is commonly believed that the process goes through intermediate products of the ozone-olefin reaction, such as the alkyl,
peroxy-alkyl or peroxyacyl radical:

R

(RO , ROO ) + SO^

- RS02

(ROS02,

ROOS0 2 >

(8)

ur
RO* (ROO*)

+ S02

» S 0 3 + R*

(RO*)

(9)

The results available on removal rates in the SO2/NO /air/hydrocarbon system vary by some orders of magnitude: Thus, Gerhard
and Johnstone (1959), who made some of the first observations on
the photochemical oxidation of SO,, found the removal rate in
natural light to be 0.1% • h , and independent of relative
humidity (r.h.). Much higher rates were found by Renzetti and
Doyle (1960) , who, for the same system, observed rates between
0.8 and 4.9% • h , depending on the S0 2 concentration. Similar
values were obtained by Cox and Penkett (1972), who calculated
the rate of removal in the polluted atmosphere (ozone and S0 2
concentration - 0.1 ppm, olefin - 0.05 ppm, r.h. - 40%) to
3% • h~ . They also noted that the aerosol formation rate
decreased with increasing humidity at all SO, concentrations.
In addition, the preliminary calculations (Cox 1976)
indicate, that the oxidation of S0 2 by an ozone-olefin mechanism
is likely to be significant only at olefin concentrations typical
of urban atmospheres or of the surroundings of industrial sources
of hydrocarbons (> 0.1 ppm).
Investigations of the SO^/NO /hydrocarbons systems showed the
importance of free radicals for the photo-oxidation of S0 2
and accordingly in recent years more and more attention is paid
to these processes. A number of organic and inorganic radicals
are formed during photochemical episodes (e.g. Kerr et al. 1972),
and there is now weighty evidence that OH* and 02H and the
correponding organic species play a dominant role in the atmospheric
chemistry of SO-.
The hydroxyl radical is produced in various secondary photochemical reactions as for example (Leighton 1961);
CH3* + 0 2
RCH.,00' -•-*

• CH20 + OH'
RCHO + OH'

(10)
(11)

-

o,
and

(Lew

dation

* 20H*

Derwent
by

(13)
hv
- 2HONO — * NO + OH *

(1976)

suggested

the

following

(14)

steps

in

S02~oxi-

OH-radicals:

HO* + S 0 2

followed

(12)

1971)

+ NO + H 2 0

Cox a n d

-

no' + o 2

O + H20

N02
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• HOSO* -^-*

HOS0 2 0*

^-*

H0S02O*

+ N02

(15)

by:

HOS020" + RH

• HOS02 OH + R*.

(16)

R-radicals can carry the chain further (see e.g. eq. 10).
Many other reactions are also possible, but their common
feature is that, in the presence of water, an aerosol containing
sulphate and nitrate is produced (Cox and Derwer.t 1976).
Also O-H' radicals are produced in some photochemical reactions
(Leighton 1961):
OH* + 0 3 — • OAH* + 0 2

(17)

CH30' + 0 2

(18)

• CH 2 0 + O H *

The reaction between 02H* and S0 2 is an oxygen-transfer process:
H02* + S0 2

• HO* + S0 3 .

(19)

The corresponding organic radicals RO" and ROO* are involved in
S0 2 oxidation in the same way as that described by reactions 15,
16 and 19 (cf. also 8 and 9 ) .
The rate of removal by the OH-process was studied by Cox et
al.(1976). They used HONO as a source of OH-radicals and
photolyzed the S02/NOx/HONO-mixture in air. The production of

- 15 sui prut o and nitrate aerosol was observed, and the reaction
rate found corresponds to 4 % • h
under atmospheric conditions.
Sinlar or lower values were found in the experiment aiming at
reproducing natural conditions and conducted by Cox and Eggleton
(1976). They collected samples of amoient air in transparent bags
of inert plastic, "spiked" them with radioactive sulphur dioxide
and exposed them to solar light. The oxidation rate determined
from the production of the 35S aerosol varied between 0.1 and
2.3% • h . The reaction rate constant could be expressed as a
linear function of NO -concentration; from this expression
x
-1
sulphate aerosol production in London was predicted to be 7% • h
in summer and 3 to 5 times lower in winter.
In another experiment simulating atmospheric conditions,
Becker et al. (1975) carried out smog simulation experiments in a
simplified photochemical smog system. Results indicate a removal
rate of 4% • h . Studies of removal in the dark in the presence
of ozone and hydrocarbons at atmospheric concentrations gave
rates between 0.07 and 0.35% • h~ .
Heterogeneous oxidation of sulphur dioxide
In comparison with homogeneous reactions, heterogeneous processes
are not so well understood, because a system operating with
concentrations relevant to atmospheric conditions is difficult
to establish and investigate (cf. discussion in Cheng et al.
1971). The velocities obtained during laboratory experiments
could in many cases not be directly extrapolated to the real
atmosphere, as the minimum concentrations used were much higher
than those encountered even in a plume (cf. Urone and Schroeder
1969). Below are described the few investigations that seem to
have direct connection with conditions in the atmosphere - the
description comprises the effects of oxygen and other oxidants,
as well as those of ammonia and metallic catalysts.
Oxygen gradually oxidizes sulphite solutions exposed to air.
Aerobic oxidation of sodium sulphite solutions was shown to be
one of the first examples of a chain reaction occurring in
solution (Frank and Haber 1931), and hence it was the subject
of a considerable number of studies. Even so, the exact mechanism
is still in doubt, but it is generally believed that it involves

- 16 HSu* or SO * radicals. An example is given by Penkett et al.
(1976), who proposed the following reaction sequence:
HS03"

• HS0'3

HSO"3 + 0 2

(20)
HSO*5

(21)

HSO'5 + HS03~ — - HSO*3 + H S 0 ~

(22)

HS05" + HS03~

(23)

HSO*

2 HS0 4 "

+ HSO*,. - chain termination

(24)

The reaction rate is a function of SO, concentration, and the
velocity can depend on the pH of the solution, as at higher pH's
more S0 2 can be dissolved.
Therefore, ammonia, very common in air, has attracted much attention
(Junge and Ryan 1958, Heuvel and Mason 1963, Tomasi et al. 1575). In
all investigations a strong enhancement of oxidation was observed
in the presence of NH,. Earlier theories (Junge and Ryan 1958,
Scott and Hobbs 1967) ascribed ammonia a catalytic effect, but
from the findings of Beilke (1976) it seems that its role is
more passive, because it just neutralizes the produced sulphuric
acid and keeps the pH high enough to allow more SO-, to be
dissolved. A theoretical model of Scott and Hobbs (1967) predicts
oxidation rates of 2-30% • h
in the pH range 3-6. McKay (1971)
postulates even higher velocities. However, the pH of water
droplets over industrialized areas is often rather low (3-5),
and consequently the process is controlled by other substances most probably catalysts (see below).
Ozone is a much stronger oxidation agent than oxygen. Although
atmospheric concentrations of ozone are much lower, the reaction
rate is fast enough to make the reaction with ozone compete
effectively with oxygen. Penkett and Garland (1974) studied oxidation of S0 2 in artificial fogs by ozone and found a removal
rate of about 1% * h~ at 10°C and pH 4.5. Investigations of the
reaction between ozone and aqueous solutions of S0 2 carried out
by Penkett et al. (1976) showed high dependence on pH and ozone

- 17 concentration: at 25 C rates varied between 0.1 and 300% • h
for a pH in the range 4 - 6 and ozone concentrations of 10 and 50
ppb. To explain their experimental data, Penkett et al. (197b)
proposed a reaction scheme similar to that for oxygen (p.16).
First, the dissolution of ozone in water yields the hydroxyl
radical:
2 0 3 + OH

• HO* + 0 2 * + 2 Oj

(25)

which then initiates the HSC .-chain:
OH" + HS03~

• HSOj + OH~

(26)

and the process continues as shown by reactions 21-24.
The overall reaction rate is directly proportional to the first
power of the ozone and sulphite concentrations and inversely
proportional to the square root of the hydrogen ion concentration
(Penkett et al. 1976).
Hydrogen peroxide was proposed as another strong oxidant for S0 2
in water (Beilke 1976). H20_ has not yet been observed directly
in the atmosphere, but its presence is predicted by computer
modelling (Levy 1973). The experimental data of Penkett et al.
(1976) showed that, at the calculated concentrations, the reaction
is of great importance especially in acidic solutions (pH 3 to
5) where the rate of the ozone process is diminished.
Rain, cloud and fog water, in most cases, and especially over
industrialized areas, contain some amount of dissolved substances
that can act as catalysts for S0 2 aqueous oxidation. Various
elements - e.g. Al, Cr, Fe, V, Mn, etc. - have been identified
as effective catalysts in laboratory experiments (Urone et al.
1968). Oxidation can also proceed on the surface of particles
containing catalytic substances: even at low humidities an
aqueous film is formed on the surface of the solid particle and
the soluble material goes into solution. The mechanism of
oxidation in water droplets containing catalytic ions, or on the
surface of wettable particles, is in principle similar, but in
the last case the concentration of the catalyst is much higher.
It should, of course, influence the velocity of the process.

- 18 Much work has been devoted to the identification of the most
effective catalysts and it seems now that of the metals commonly
present in air, iron (Junge and Ryan 1958, Freiberg 1974) and
manganese (Cheng et al. 1971, Barrie and Georgii 1976) play a
major role. The catalytic effect of vanadium is moderate (Urone
et al. 1968) and copper has no effect in the atmosphere (Cheng
et al. 1971, Barrie and Georgii 1976).It was also observed that
the presence of iron ions promote the catalytic effect of manganese
(Barrie and Georgii 1976).
In general oxidation in water can be written as:
S0 2 + H O, + H 2 0

- H 2 S0 4 .

(27)

Junge and Ryan (1958) found that the overall reaction rate of
(27) was of first order with respect to the SO, concentration in
the gas phase and that it depended on the pH of droplets. In
contrast, Johnstone and Coughanowr (1958) postulated a zero-order
reaction controlled by the liquid-phase diffusion. Work by Cheng
et al. (1971) again indicated that the reaction is of first
order and that the chemical reaction itself is a rate-determining
factor.
The catalytic effect of metal ions was explained by the formation
of an intermediate complex with S0 2 (Cheng et al. 1971):
xS02 + Mn2*

- lMn(S02)xJ2+

(28)

which in further reaccions initiates free radicals carrying the
oxidation (similar to the uncatalyzed oxidation in water, see
reactions 20-26). Barrie and Georgii (1976) proposed the formation
4—
—
of a [MnfSO-jK]
complex t h a t i n i t i a t e s two c h a i n s : the SCK*
(HSOj) and the 0 2 H ' - c h a i n :

A-

Y
.3- *

°2

^ OJ

(29)

- 19 The soX-chain is described above (p.15).
The rate of removal of S0 9 in cloud droplets was calculated to
2% • h-1 or more. The same result was obtained by Cheng et al.
(1971) for the rate of conversion into sulphuric acid in natural
fog in an industrial atmosphere. The rate was about 10 times higher
for a plume, and the reaction is very sensitive to relative
humidity.
These values aro based on experiments with artificially
prepared solutions or aerosols: The catalytic effect of a
natural aerosol was studied by Haury (1976), who examined the
effect of temperature and humidity on the activity of a
manganese sulphate aerosol collected in a coal-fired power plant
plume. He observed strong dependence on relative humidity, but
no effect of temperature in the range investigated (10-50 C ) .
Extrapolation of the experimental data to plume conditions showed
that the oxidation activity of the aerosol decreased strongly in
the first km of plume travel and then levelled off. This result
is in accordance with theoretical calculations of Foster (1969),
who ascribed the decrease in activity to the dilution of dissolved
catalyst because of the uptake of water by aerosol particles.
From these findings it follows that the catalytic process
can be important close to the stack but diminishes with distance.
Removal of sulphur dioxide from the atmosphere by deposition
Besides removal by chemical processes, deposition to the ground
can be an important sink for S0 2 in the atmosphere. The degree
of this removal depends on the deposition velocity and meteorological conditions (degree of turbulence, height of inversion,
etc.).
Abeles et al. (1971) observed that soil can be an effective
absorber of S0 2 on a global scale. According to these authors,
removal depends primarily on chemical action, the character of
which they did not specify any closer.
Deposition velocities (v ) can be obtained from, e.g., the
experiments of Shepherd (1974) and Garland (1977). The first
author measured the direct deposition of S0 2 on to grass and
water by the profile method. Velocities of deposition onto grass
were in the range 0.3 - 0.8 cm • s , depending on the season;
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for water, v

was proportional to friction velocity, and hence
-4
-1
roughly proportional to wind speed, u (v = 1 0
• u, cm • s ) .
Garland (19"7?) obtained a mean v to the ground of 0.55 + 0.16 cm
9
-1
g

• s

from measurements of the concentration gradient correlated

with temperature and wind-speed profiles. The same method gave
deposition velocities to different kinds of surface of between
0.5 and 2 cm • s

, lowest over water. Using these data it can be

calculated that deposition to ground is an important sink for
SO 2 on a global scale, but that it plays a minor role for removal
from a plume over shorter distances.
Recapitulation: The results of laboratory experiments are
summarized in the following scheme:

HOMOGENEOUS
HETEROGENEOUS

PHOTOCHEMICAL

PIRECT

FREE

PH0T0-0XIPATI0N

RADICALS

W0 RH 0
«'
*

fi'ATER PHASE

02,HH5

urumpontant

max.2 - 4%>h~1

4%-h'

2 - 3c%-h~'

AEROSOL

c

Vwf(,Z

1 - 3cc|-li"'

pH dependent # <**"*«*

Cataly&t

2 - n-h'1
distance.
de.fznde.nt

- 21 Homogeneous reactions, proceeding mainly by free radical chain
processes, account for about 4% • h
removal. The oxidation
rate in the case of heterogeneous processes is much more uncertain, although it seems that heterogeneous oxidation on
the surface of aerosol particles can account for the removal
of a great part of the S0 2 from the atmosphere, especially at
high humidities. The actual meteorological and geographical
situation has strong influence on the mechanism and velocity.
Removal by dry deposition is important on a regional and global
scale, but has minor influence on removal from the individual
plume over shorter distances.
2.2. Field observations of S0-> conversion in a plume.
Dispersion of a plume
Laboratory experiments give important information on possible
interrelations in the atmosphere, but final conclusions on the
chemistry of power plant plumes can be drawn only from investigations conducted directly on these. Reported here are groundbased and airborne measurements in which attempts were made to
determine parameters important for the removal of sulphur
dioxide from and its residence time in a plume. Further, the
influence of atmospheric dispersion on the observed concentrations
is described.
As long as the types of atmospheric reaction are unknown,
it is difficult to harmonize the results of experiments carried
out under different conditions. Therefore, the rates cited were
not recalculated to common units.
The decrease in sulphur dioxide concentration with distance from
the source can be ascribed partly to dilution resulting from
atmospheric dispersion and partly to removal by chemical action,
deposition, absorption, etc. The dilution effect can be corrected
for by application of a chemically inactive tracer that disperses
in the same way as SO-/ while the proportion of S0 2 oxidized to
sulphate during the travel of the plume can be determined by
measuring sulphate concentrations at different distances from
the source. The influence of other sources and the background on
these measurements can be excluded, when the sulphur from the
source in question is labelled.
Thus, study of SO chemistry in a dispersing plume requires
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two tracers: one for plume dispersion and one for identification
of the sulphur. However, only in one ox the experiments reported
in the literature (Newman et al. 1975a & b, see below) wero tvo
tracers used simultaneously. Other investigators used only one
tracer; in a few investigations the S02~to-sulphate conversion
rate was determined without use of any tracer. The limitations
in the interpretation of data introduced by such methods are
also discussed below.
Ground-based investigations
Sulphur dioxide and sulphate levels are routinely monitored at a
number of sites, but conversion rates have only been directly
determined in a very limited number of experiments. Thus, Katz
(1950) and Shirai et al. (cited in Urone and Schroeder 1969)
estimated conversion rates in the vicinity of miner smelters.
Katz obtained an SO- conversion rate of 2.1%
h
on the basis
of S0 2 , SO, and H-SO. measurements. He also noted that the
oxidation of S0 2 nwy take place at night as well as in sunlight,
and that fine particles of dust and metallic oxides catalyze the
reaction. Shirai observed much higher conversion rates - of the
order of 12% • min
and dependent upon the amount of moisture.
The observations of Katz were confirmed by Meszaros (1974),
who measured concentrations of sulphate particulates in an urban
area and found no practical difference between night and day or
summer and winter levels. The author suggests that in winter
sulphate particulates are generally formed on the surface of wet
aerosol particles (heterogeneous catalytic oxidation).
In another ground-based investigation carried out in
Frankfurt-am-Main Weber (1970) monitored the S0 2 and C0 2 emitted
from three power stations located in the vicinity of the town.
With (X>2 as an inert tracer, he found half-lives varying between
20 min and 1 hour depending upon meteorological conditions. As
a comment on this result Newman et al. (1975a) pointed out that,
the technique applied does not allow a distinction between removal
by deposition and removal by chemical action, and that some of
the losses observed could be ascribed to the differences in
absorption on surface and to the influences of other sources on
the S0 2 and C0 2 levels. However, in connection with Weber's
results it is interesting to note that Prahm and Christensen
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(1977) obtained the best agreement between the SC^-emission
measurements and an urban dispersion model for rapid SOj conversion. They tested a multiple-source, stationary, Gaussian
atmospheric dispersion model for a variety of dispersion- and
decay-parameter combinations, and obtained the best correlation
for an S0 2 half-life of 1 hour (the shortest tested) and
dispersion parameters representing rapid dilution. On the other
hand, these results should be treated as preliminary because
application of longer removal times only gave a slightly poorer
correlation between the model and the observations.
It seems that the SO- removal rates obtained from ground-based
investigations vary strongly, depending on the meteorological
situation and the site of measurements.
Airborne experiments in a plume
The first investigations involving airborne plume sampling
employed a helicopter equipped with a sampling train for the
collection of sulphate on Millipore filters and of SO, in
hydrogen peroxide bubblers (Gartrell et al. 1963, 1964). The
percentage of oxidized SO, was determined from measurements of
z
-1
sulphate. The reaction rates varied between 2 and 132% • h ,
denending to a great extent upon the concentration of S0 2 and
humidity in the plume.
Rather high removal rates were also obtained by Dennis et al,
(1969), who sampled in a coal-fired power plant plume using a
fixed-wing aircraft. With SF, as a conservative tracer, the
overall half-life for S0 2 was estimated to about 1 hour, but the
results should be treated with caution because of the appreciable
oxidation of S0 2 during storage in Saran bags.
Measurements in a coal-fired power plant plume were also
undertaken by Stephens and McCaldin (1971). Under highly stable
atmospheric conditions they were able to trace the plume at
distances up to 70 km from the source. For plume identification,
continuous S0 2 profiles recorded on an electroconductivity S0 2
analyzer were used. Submicron particles detected by light
scattering were chosen as a conservative tracer for the removal
of SO~i the amount of these particles was compared with the
amount of S0 2 collected and analyzed by the West and Gaeke (1956)
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r.h.) to 7C min (90% r.h.). The authors emphasize that the
results reported are uncertain, as the particle measurements
made by means of light scattering vary with humidity, and that
these variations can explain the observed differences in the
particle/S02 ratios. Furthermore, Friend (1972) noted that
particles cannot be used as a stable tracer because, even when
settling can be excluded, the sulphate particles formed during
oxidation can contribute substantially to the total mass.
Interesting observations were made by Davies et al. (1974),
who carried out airborne investigations in a plume from a power
plant burning a fuel mixture of 75% oil and 25% coal. Levels of
S02» O. and NO

were continuously monitored. During summer the

plume could he traced up to 56 km from the source. At distances
up to 24 km, 0-j-levels in the plume were reduced to below the
background, and beyond this distance an increase in (K was observed. The depletion in O, was ascribed to the oxidation of
NO to NO 2 by ozone while the excess of O-, generated at longer
distances was explained by reactions involving free radicals,
which should result from the chemical interaction of NO

with

SO 2 (cf. p. 12). Although no direct estimation of the SO, lifetime in the plume was made, this investigation gives valuable
information about plume chemistry.
Interesting information can also be obtained from the very
extensive experiment carried out by Newman et al. QL975a t b ) . As
already mentioned, two tracers were used simultaneously in this
34 32
study: SFg was used for plume dispersion and an S /S
ratio
for sulphur from the source in question. This allowed the study
of atmospheric dispersion together with the plume chemistry. The
34 32
S /S
ratio is specific for the source, and changes in its
value for SO- and for sulphate during the travel of the plume
were used to compute the conversion rate. However, the necessary
correction for background influence and isotope fractionation
introduced uncertainties into the calculations. Moreover, because
of small (about 1%) variations in the isotope composition of
sulphur from different sources, the accuracy is low. The removal
of SO,? as determined by isotope ratio technique, was explained
by a pseudo-second-order reaction involving particulates and
with the rate constant of 1 ppm

h" . It is worth noting that no

strong correlation with humidity was observed. The rate constant

.st.iU'a iriciuut.-s a proportionality tern relating the concentration
>f SO., and particles, and this varies with the nature of the
plur.e. The "alue given corresponds to a half-life of 10 h at
0.1 pom and 100 h at 0.01 ppm of S0 2 The nediun-range transport of SD-> and sulphate was investigated
by Baltruch and Bingamer (1976). The industrial Ruhr area was
chosen as an area source and the measurements were performed
from a twin-engined aircraft instrumented with total sulphur
monitor, particle counter and samplers for S0 2 and sulphate. The
boundaries of the plume were determined from particle records.
No inert tracer was applied, but the SO- removal rate was estimated from the material balance. The values varied between 10
and 24% • h

. Distinct S0 2 profiles were observed for distances

up to 50 km from the source. Sulphate records were much more
doubtful and therefore could not be used for estimation of the
degree of oxidation. The authors emphasize that to a certain
extent the estimation may be uncertain because of the interpolation of the few profiles to the entire vertical surface and
the possible cutting off of the plume edges. Furthermore, the
authors assume that there are no other sources of importance
between the measuring point and the emission site. In my opinion,
this can give rise to some underestimation of the S0 2 decay rate.
The results of field experiments are summarized in Table 1.
The great discrepancies observed in the conversion rate values
may be partially caused by the different mechanisms of SOj
transformation in the atmosphere, but they may also originate
from limitations in the measuring and tracing methods.

Table 1.

The results of some field experiments on

S 0 2 conversion in the atmosphere

(units - see p. _'l )

Ground-level experiments
Reference

Description of experiment

Indication method

Katz
(1950)

Measurements in the vicinity of nickel miner smelter

Shirai
et al.
(1969)

Measurements in the vicinity of miner smelters
and in urban area

1
Comparison between 2.1%'h"
S0_, SO. and H.SO. catalytic
2
3 . 2 4
process
concentration
-1
12%*min
Levels of sulphur
moisture decompounds in the
pendent
two kinds of site

-Jftiber
(1970)

Conclusion

Urban area; summer,winter; C0_/S0_ after
2=20-60
in highly
power-plant emission in the excluding influence
polluted atmomiddle of the city
of mobile sources
sphere under
neutral or
stable meteorological
conditions in
winter

*U -

Airborne measurements
Gartrell
et al.
(1964)

Helicopter investigations
in coal-fired power-plant
plume

Comparison between 2-132%»h -1
sulphate and SO.
depending on
collected in 30 min r.h.

Dennis
et al.
(1969)

Coal-fired power-plant
plume

SF and SO sampled T . = 1 h
in Saran bags

Stephens
Coal-fired power-plant
& McCaldin Continuous SO. recording
(1971)
for plume identification

Concentration of
submicron particles
compared with SO.
collected in wet
impinger

T . depends
on r.h.:140 min
for 40-50% r.h.
70 min for 80%
r.h.

Newman
et al.
(1975)

Isotope ratio
technique

Second-order
reaction! k "
1 ppm h"

Oil-fired power-plant
Two tracers: SF and
S /S
ratio 6

Baltrusch
Ruhr area as a source;
& Bingarner inversion situations.
(1976)
SO. and sulphate levels
recording during cross
sections at different
heights

SO. mass balance
10-24%'h
computed from cross
sections

The influence of atmospheric dispersion on concentrations in air
Studies o: sulphur dioxide behaviour in a plume must consider not
r.ly the removal mechanisms but also the mode of dispersion of
SO, and its conversion products.
The distribution and concentration of pollutants are determined
by atmospheric movement, and wind and turbulence are the two main
factors j verning this movement. Wind dictates the paths followed
by airborne contamination and it is described by a vector, the
direction and magnitude of which change with elevation as a result
of friction against the ground. The magnitude of these changes
depends to a certain extent on the surface roughness, described
by a half-empirical value, the so-called roughness length.
The term "turbulence" is here used to describe the mixing
ability of the atmosphere that determines the extent to which
the contaminants will be diluted. Turbulence depends both on
mechanical properties of the air flow and on the thermal state
of the atmosphere. The degree of turbulence determines the
stability of the atmosphere, but because the turbulence is
difficult to measure directly, the temperature distribution with
height is use<! instead. Stability conditions depend on the difference between the actual and the adiabatic temperature gradient
and are described by the so-called stability parameter«
According to its thermal state and to wind properties, the
atmosphere can be divided into stability classes characterized
by different dispersion conditions (Pasquill 1961) .
It is supposed that the most suitable description of the dispersion from elevated sources is the statistical theory concerning
the actual velocity fluctuations of individual particles floating
passively in the airflow (Pasquill 1971). The dominant quantity
in this description is the Lagrangian autocorrelation coefficient,
and one of the major difficulties in the evaluation of theoretical
dispersion formulas is to represent this quantity in the terms
of the spatially fixed coordinate system (Eulerian) . The usual
assumptions for the continuous source diffusion model are that
the effluent is Gaussian distributed, totally reflected from the
ground, and that the height of the plume centreline is the sum
of the physical stack height, h , and the plume rise, Ah. The
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where Q is the source strength, u the mean wind velocity, o

and

the standard deviations in the horizontal and vertical direcz
tions respectively, and H is the so-called e f f e c t i v e stack height
(H = h

+ Ah). The two last terms in eq.

(30) represent the total

reflection of the effluent from the ground, o and o are not
v
**

constant but functions of the distance, and they depend strongly
on the stability of the atmosphere. Values of a and o are
tabulated (Turner 1969), but it must be remembered that their
experimental values can change with the averaging and sampling
time of the experiment.
The plume rise caused by buoyance forces of the hot effluent
is another important feature of atmospheric dispersion. It results
from density differences between hot effluent and cool air and
is affected by the characteristics of the release and the
atmospheric conditions; it is especially important in the first
kilometers of plume travel. This is a very broad subject and
there are many plume rise formulas. Briggs (1968) showed that,
for near-neutral conditions, the plume rise, Ah, is related to
the heat output Q, the wind speed u, and the distance x in the
following way:
2
Ah « (%j) 1 / 3 .
(31)
u
The observations demonstrated that in this case the plume
generally reaches its final height at x = 10 h .
For stable conditions, the rise is characterized by the
stability parameter, s:
Ah «

(fc) 1 ' 3 .

.32,

The importance of the correct estimation of Ah is seen from
eq. (30), in which H = h_ + Ah. On the whole, eq. (30) illustrates

•:.«.• :r,r iutT.jt'

: the stability of

the atmosphere and wind

distribution on the concentration, at the given point. However,
Kisvjuill i 1971 i **nphasizes that the results of calculations
based on vq.

(30) can be 40-50% in error for distances from the

source qreater than 10 km, and that they are even more uncertain
for instantaneous measurements because in this case there is no
fjood prediction of dispersion parameters. The importance of
diffusion studies for plume chemistry will be seen from the
following chapter, where the chemical conversion ii. a plume is
associated with atmospheric dispersion.

2.3. Mathematical model for conversion in a plume (ring model)
Until recently most calculations of S 0 2 conversion in a plume
were based on the assumption that the reaction takes place in a
huge, homogeneous, constant voluiue batch-reactor, and that it
can be described by a general differential equation:
-d[S0 2 ]

r

" so2 =—dT~ - V ( I A ] '

IB]

where [] denotes concentration, k

(33)

>

is the rate constant of the

given process and A, B, ... are the components involved. In fact,
the plume situation is better approached by describing the plume
as a flow system with a constant rate of input and a variable
volume:

r

=

" S0
2

"d(S02)
Vdt

= k

f([A]
x

' [ B l ' •••>

= k

(A) IB)
x f ( V ' V ' ••')
(34)

where (A) stands for the amount of component A in the plume and
V is the expanding reaction volume.
Such a description takes into account the dilution of reactants
and changes in the reaction vo.ume as a result of atmospheric
diffusion. Using this approach, Freiberg (1976) formulated a
model describing chemical reactions in a dispersing plume. All
variables at the right-hand side of eq. (34) depend on the degree
of atmospheric dispersion

(i.e. time) and there is no simple

solution to the problem. But when it can be assumed that the

•:.'•:•:• ». 1 ; rvess is ruch slower than the atmospheric diffusion,
t r. - • or.*-~ic.i. roa c 1i or. sine* dispersion in \ -#-» / can be separated.
:r. *:is -oase (A) , (B), ... depend only on (SCU) » and V is just
a function of the dispersion parameters.
In the nodel the initial conditions are established by
assuring that the reactants in the plume originate from a source
upwind and at the height of the plume centreline. For the purpose
of a description the plume is divided into infinitely thin rings
centered around a meandering centreline. At the same distance
every ring contains the same amount of reactants. Further, it is
assumed that the material is Gaussian distributed, that the
concentration distribution within each "ing is uniform, and
that the rate of reaction is the same everywhere in the ring. This
plume concept is illustrated in fig. 1. As the amount of reactants
in every ring has to be the same at the same distance, the
surface area of the ring A A increases from the centre to the
periphery and can be expressed as a function of the number of
rings into which the plume is divided (N) and the dispersion
parameters a and a :

*i = 2 ™ y o z in ,a=i±i,.

(35)

By substituting the amount of every component by its linear concentration £,in e.g. mol/m
(A) = £ A -Ax

(36)

and the volume of every ring i by its surface A.:
Vi

= A ± • Ax

(37)

where Ax is the infinitesimal thickness of the expanding volume
reactor,eq.(34) can be rewritten as:
d(

SO

-

)

= k f (*.,
dt

X

A

ln,
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(38)

1

and the variables can be separated,as A, depends only on a
o .and L , L , . . .are either constants

or functions of <tg0 ,

and

-

-> I

-

ror the evaluation of eq. (38), \, and ^ have to be
) and
expressed .a explicit functions of time and f ( ' 'a*
k car. be obtained fron laboratory experiments.
The described nodel permits the correction of the results of
laboratory experinents for the influence of atmospheric dispersion,
and therefore gives the realistic, although still simplified
picture of the reactions under actual conditions. Later (chap. 7),
tiie model is used to ascertain the role of two possible
conversion processes in the observed rate of removal of SO2 from
the plume investigated.

Fig. 1. The plume model (ring model) used for the
description of reactions in a dispersing plume.
The plume originates from an imaginary source placed
in the intersection of plume borders and centre-line.
It is divided into concentric rings containing equal
amounts of reactants.

i.

AIM AND SCOPE OF THE PROJECT

In order to control the effectiveness of the countermeasures
against sulphur pollution, there must be knowledge of the
physical and chemical changes with time of S 0 2 as well as the
influence of other components involved in conversion processes.
Furthermore, the observed conversion must be related to the
distribution of a plume as a function of meteorological conditions.

To elucidate these questions, a study was undertaken

of the effluent from a single oil-fired power station at distances up to 100 km (corresponding to an atmospheric travel-time
of about 10 hours). The following parameters, which were considered to be important for SO- conversion in this kind of a
plume, were investigated:
a)

The variation in concentration of sulphur dioxide and
sulphate within the plume;

b)

the concentration of ozone and nitrogen oxides inside and
outside the plume;

c)

the concentration of particulate matter in the plume;

d)

the temperature and humidity of the plume;

e)

the distribution of the plume.

The implementation of such an experiment on the ground would
require a practically unobtainable degree of mobility, number of
staff and number of sampling stations. It was therefore
decided to mount the instruments in an aircraft in which crossplume and upwind traverses would be made.
The effluent from a power station chosen for such experiments
must not be influenced by other sources as conversion conditions
could then differ in different parts of a plume. The size of
the power plant is also important, because the amount of sulphur
dioxide emitted should allow conversion to be studied at the
desired distances. Finally, we wished to be able to reach the
study area within about 1 hour by aircraft. These requirements
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south-west coast of Zealand, and in its immediate vicinity is
a Gulf oil-refinery and the small town of Skslsk0r, which has
no heavy industry. Otherwise the surroundings are rural. The
plant has two stacks, each 130 m high. Oil containing an
average of 2.5% sulphur is used as fuel; at full power (435 Mrf)
the total S0 2 emission is 4500 kg.*h
(see also Flyger et al.
1977) .
Measurements from an aircraft are instantaneous and should
therefore be made in a reasonably concentrated and well-defined
plume, otherwise concentrations can be too low to be detected
and the distribution of the plume can be difficult to determine.
Hence the meteorological conditions preferred for the flights
were: a reasonably stationary wind direction and velocity during
the duration of the flight, absence of precipitation in the
flight area, and stable to slightly unstable atmosphere.
Two tracers are necessary to correlate the conversion of SO2
with the dispersion of a plume - one to follow the plume and
to measure the degree of dispersion and sedimentation, the other
to label the sulphur from the source in question. It was planned
to trace the plume by means of an inactive gas, sulphur
hexafluoride, and to label the sulphur by its radioactive isotope,
35
S. However, so far it has only been possible to use SF,
because of public protests against any release of radioactivity
into the atmosphere and thus the use of a radioactive tracer
has had to be postponed.
The instrumentation in the aircraft comprised devices for
continuous registration of nitrogen oxides, gaseous sulphur,
submicron particles, sulphur hexafluoride, temperature and
humidity. Samples of particulate and gaseous sulphur were
collected on filters for subsequent laboratory analysis. Sulphur35 labelled compounds should have been collected on the same
filters. Samples of SF, were collected in Saran bags. At
distances where the plume was no longer visible, it was identified from sulphur dioxide, nitrogen oxides and sulphur
hexafluoride recordings.
In order to rbtain a useful experimental determination of
the plume pattern, it was necessary to refer the data to a
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smallest plume width (typically 1000 m) observed. This correlation
was accomplished by a special use of the aircraft altimeter and
a very precise navigation system (Decca).
In the laboratory, the amounts of gaseous and particulate
sulphur compounds collected in the plume on filters were analyzed
to give the percentage of S0 2 converted into sulphate. The total
rate of SO- removal was determined from recordings of gaseous
sulphur, nitrogen oxides and sulphur hexafluoride. These recordings were also used to establish the distribution of the plume.
The very low concentrations encountered during the experiments
and the very short measuring and sampling times call for sensitive and selective methods and fast-reacting instruments| furthermore, the equipment must be calibrated in the ranges characteristic of the atmosphere. Therefore, before the start of the
flights, analytical and monitoring techniques were developed
that could fulfil these special demands. The main part of the
work described here was concerned with this preparatory phase
(see chapters 4 and 5). However, the equipment and applied
techniques were also tested in five flights (chapter 6) made up
until the end of 1976. Some preliminary results of these experiments were then used in model calculations (chapter 7) of S0 2
conversion in a dispersing plume.

4. MEASURING AND SAMPLING TECHNIQUES FOR AIRBORNE EXPERIMENTS
This chapter deals with the instrumentation and the operational
procedures during airborne experiments, as well as with the
necessary modification and calibration of commercial instruments
and the testing of 3 suitable sampling technique.
The instrumentation and operational procedures were devised
in close co-operation with all staff involved in the project.
Some of the instruments were commercially available, but needed
modifications to meet the requirements of airborne measurements.
Other instruments and devices were constructed at Risø.
Suitable calibration techniques were worked out for routine
calibration of the instruments. In addition, the sampling
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atmospheric conditions to ensure that the observed differences
in concentrations were genuine and did not originate in incorrect
sampling.
4.1. Implementation of airborne experiments
The airborne instrumentation consisted of devices for the
collection of gaseous and particulate sulphur, and the continuous
registration of gaseous sulphur compounds, nitrogen oxides,
ozone, sulphur hexafluoride, particles, temperature and humidity,
as well as navigation instruments and auxiliary equipment.
Instrumentation
The total weight of the instrumentation for airborne measurements was about 700 kg and the electricity consumption 1500 VA.
This called for a fairly large aircraft, but at the same time
one that was able to fly slowly at low altitude. It was therefore decided to use an aircraft of C-47 type, which is a military
version of the DC-3. This aircraft was kindly made available ly
the Danish Air Force for the individual experiments.

The measuring equipment can be grouped in two categories, one
comprising intake tubes and temperature sensors mounted outside
the aircraft in the undisturbed air flow, and one comprising the
instruments and other accessories placed inside the cabin. All
instruments, except the sulphur collector, were mounted in four
19" racks bolted to the aircraft floor. In the following the
instrumentation is described in the same sequence as it is mounted
in the aircraft.
The scheme of the intake tube system and connected instruments
is shown in fig. 2. The tubes were mounted on a special cockpit
door situated in front of the propellers and protruding about
10 cm in the flight direction. The intake tubes for Low Volume
Air Sample and sulphur analyzer were teflon-coated to prevent S0 2
losses resulting from possible reactions with the tube material.

-

Ambient air

36

-

Crystal
T- meter

•0-

100 l/min
Teflon coated

500 I /min

Humidftymeter

X-tal
T - meter

4

o

Particle
counter

199 '/min

„

I

-0*

SF6- meter

100 l/min
Teflon coated

I
0 3 - meter

1

ø.

Total Sanolyzer

Fig. 2. Scheme of intake tube system mounted on the
cockpit door. P indicates the main pumps; most of the
instruments also have their own pumps.
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Sampler (L.A.S.), in which sulphur compounds were collected. The
whole device is built into an airtight plastic box. The principle
of collection is as follows: Two cellulose filters in series
are exposed to the measured air flow; the first filter (Whatman
41) collects particles, while SO, is retained by the second
filter which is impregnated with 0.5 N KOH (cf. 4.4). The
filters are 6 cm wide bands running from storage containers past
the exposure opening to collection cassettes. Transport of the
filter-paper bands is effected by spring-loaded teflon-coated
rollers that grip the bands at the edges. Exposed filters are
punched out from the tape according to inarV.s i"ade during collection and subsequently analyzed by means of Isotope Dilution Analysis (cf. 5.2). The face velocity of the air through the filters
is maintained at about 70 em-s" , after correction for aircraft
speed and pressure drop in the system.
In the first rack were mounted the relative humidity meter, the
temperature meter and the particle counter. A description of the
relative humidity meter is given in section 4.3.
Temperature was measured by means of a commercial instrument
(Dyr»ec model 2801 A) that detects the frequency drift between
two precision oscillators, one of which is carefully thermostated,
the other exposed to the outside air. The sensor is mounted on
the cockpit door, from which it is thermally insulated. The
monitored temperatures have an uncertainty of about 1.5 C
(Heidam 1977).
Submicron particles (0.005-0 ,2p) were continuously detected
-3
in the range 500-300 000 cm
in a commercial instrument (Environmental One Corporation, Rich-100) working on the principle
of a cloud chamber. In the set-up used during flights, the
instrument has no detectable delay time and its rise-time
(90% of the signal) is 7 seconds.
Nitrogen oxides, sulphur and ozone analyzers were mounted in the
second and third racks. The NO/NO -analyser and the Total
Sulphur Analyzer are described in section 4.3.
The ozone meter, based on the chemiluminescent reaction
between ozone and ethylene, was constructed at Risø. The instru-
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generated by an U.V. lamp, reacts with potassium iodide and the
colour development is measured spectrophotometrically. The
overall sensitivity of the set-up was found to be about 0.01 ppm
of ozone.
The last rack contained the instrument for continuous registration
of the sulphur hexafluoride released into the plume for its
identification (cf. 4.2). The instrument was developed at Risø
(Lund Thomsen and Lovelock 1976); it detects SF, by means of an
electron capture detector, while the interferring oxygen is
removed by passing the air to be measured through a heated
palladium tube surrounded by a hydrogen atmosphere. The water
formed in the reaction between oxygen and hydrogen is removed
by a ceramic filter. The overall sensitivity is 5*10 "' ppm SF,.
The response time is about 18 seconds; the rise-time 4 seconds.
Flight procedure
Navigation is a very important part of the experiment, because
the precise determination of the position of the aircraft is
a crucial point in the data evaluation. The exact position in
the air was determined by means of the special Decca navigation
system that relies on the simultaneous bearing to three points.
The accuracy is within t 40 m. The system is primarily used over
water, but maps for land were computed and prepared by the
Nautical Division of the Danish Water Board from existing sealevel maps. The altitude vas measured by a standard aircraft
altimeter, the accuracy of which is * 10 m.
When choosing a day to carry out experiments two things had
to be taken into account: the weather forecast and the availability of the aircraft. Safety considerations required a
visibility of at least 8 km and a cloud base higher than 500 m.
Experiments could be performed only when there was dry, reasonably
stable weather, and the aircraft had to be reserved at least three
days in advance, and it was not always obtainable anyway. All these
requirements limited the number of experiments that could be
performed.

.".;• ;•: :- *.•.»• ..'art, t::e "Vt "t-ro 1 oaioal Section at Kiss? collected
:i' i :. •.•:•, s: :.,•: LO stabl i itv, wind vector distribution, altitude
•I.'li*: bisr, c] „ids and low-lyina inversion, and calculated
the position and dimensions of the plume. This information was
then iorwarded to a flight operator (the person in charge during
the flight). After arrival at the Stigsnæs power plant, the
air-iait flew parallel to the visible part of the plume in order
to determine wind direction, and the flight operator sketched
a 10 km wide lane on a nan using this direction as an axis.
Further, at least 3 traverses were performed at a distance
of about 4 km from the plant in order to determine the actual
height of the plume and to check the overall performance of the
instruments.
Next, an order was sent to the power plant to inject the
tracer. Before the tracer reached a distance suitable for measurements in the plume, the backgrc . nd was measured during a 30 min
long flight in the upwind direction.
When the aircraft returned to the power plant, the plume
measurements were started. An actual traverse flight was carried
out as follows: from a holding position outside the lane, the
navigator directed the aircraft towards the borderline on a
course perpendicular to the plume axis at a speed of 200 km/h.
At the first borderlinp, the flight operator used a polaroid
camera to photograph the Decca instruments, altimeter, clock and
a counter. At the same time marker pulses were automatically given
to the various instrument recorders, followed by clock pulses
recording the time during the traverse. At the second borderline,
a second picture was taken.
At each chosen distance from the source, three to five
traverses were made perpendicular to the plume axis and at different latitudes. The actual number was a compromise between the
number of distances from the source that could be investigated
during the operation time of about 6 hours, and the possibility
to obtain good

statistics for the measurements at each distance

chosen. A single experiment involved 7-8 members of the
laboratory staff plus the crew.

: '. : ;t>> I s::< »s the iliqht pattern of the experiment carried out
:. -'ur..- - . !<-*75 iCOST 75o7) (cf.chapter 6 ) . On this particular
day tne :x\ir. wind direction was 280 ,18 traverses were made at
three distances ,and the plume could be detected up to 25 km
f m n the stack.

Stort •
End o

Fig. 3. Sampling pattern in the Stigsnæs power station
plume during flight 7507 (9th June 1975).Crosswind
traverses at 4.3, 12.5 and 21.5 km downwind.
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As -cr.tionpii parlier (chapter 3 ) , it was planned to use two
tracers in the experiments: sulphur hexafluoride for plume
dispersion and radioactive sulphur for the source in question.
Sulphur hexafluoride is considered to be especially suitable
for dispersion studies at longer distances because of the ultrasensitive detection by the electron capture detector, great
chemical stability and the usually low concentrations in the
-7
atmosphere - less than 2*10
ppm.
Being a gas, it disperses
.Ln the same manner as the other gaseous components of a plume
and permits the correction for the decrease in concentration
resulting from dilution effects.
Sulphur hexafluoride is a colourless, odourless and nontoxic gas, obtainable as a liquid in pressure cylinders. It can
be either continuously detected "on the spot" (see p. 38), or
sampled in Saran hags and analyzed in the laboratory.
During one experiment, about 40 kg of SF g were injected in
uniform amounts into the effluent on its way through the chimney.
The gas was only added to one of the two stacks, but the plumes
are well mixed before they reach the first measuring point. The
amounts added should result in concentrations that can be detected
up to 100 km away under neutral weather conditions using the
technique available (Flyger et al. 1977) .
Sulphur-35 is a pure 6-emitter and has a half-life of 87 days.
It has been used as a tracer in many studies of S0 2 / for example
in laboratory experiments on photochemical oxidation (Cox and
Penkett 1972), and in investigations of the velocity of deposition on different surfaces (Garland 1974). As it does not occur
naturally and emits only weak radiation, it is well suited for
field studies. It was proposed to use it in studies of the
long-range transport of atmospheric sulphur (Bergstrom et al.
1969). Although only pilot experiments were performed by these
authors, it appeared that the release of 1-10 Ci should allow
determination of the ratio between SO- and sulphate concentrations
at distances of up to 100 km from the source. Analysis of the
radioactive samples, in addition to being specific for the source

ir. •.jut'St i <;n, will al.i:o be highly :'.i r.:u:ivo. It was shown that,
e v n when .issunir.'-s very unfavourable weather conditions, one
experiment would at nost 'jive an individual radiation dose of
1, 10000th of that found permissible by the International Committee
<JT\ Radiological Protection.
At Risø, sulphur-35 free from other isotopes can be produced
by irradiation of amorphous sulphur in a flux of thermal neutrons
13
2
at about 2*10
neutrons/cm «s. It was planned to add, throughout
35
one hour, 8 Ci
S in a CSj solution to the oil on its way to a
burner. For combustion, a small separate burner was to be used
that had no connection with the rest of the power station system.
After the process was completed, the whole system was to be
flushed through with C S 2 to remove any remaining radioactivity.
(The system is fully described in Flyger et al. 1977).
Labelled sulphur compounds were to be collected on filters
in the same manner as the inactive samples (cf. p. 37) and analyzed
according to the procedure described in section 5.1.
4.3. Sulphur, NO/NO

and relative humidity monitors -

modification and calibration
The commercial instruments for gaseous sulphur compounds and
nitrogen oxides purchased for the investigations are intended
for ground-based, long-term measurements and therefore it was
necessary to adapt them to the requirements of plume measurements.
Moreover, during the tests of the airborne instrumentation, it
appeared that the output of the relative humidity meter was not
linear, and it was thus not sufficient to calibrate the sensor at
0% and 100% relative humidity only, as claimed in the instruction
manual. Calibration over the entire measuring range and performance of the instrument are described in the following.
Total sulphur monitor
Gaseous sulphur compounds are continuously monitored by a
Bendix 8300 photometric detector. Detection is based on the
fact

that sulphur compounds, when burnt in a hydrogen flame,

emit light in the range 300 - 450 nm, and this emission is
ascribed to the excited S2-molecules (Brody and Chaney 1966) .

I:. •:.•• • .-s* r ar.-r.t , hydrcv:er. ami sample air are burnt in a
: ••:. *,.M:.:, which shields the flane from the direct view of
i : h< t'\"iul r inl ier tube.

<>r,ly when sulphur is present does the

.>: ission occur above the shielded flame. Specificity is
additionally increased by an optical filter transmitting light
only at 3<»4 nn. This arrangement implies that the sensitivity
(iepends to a great extent on the flame height^ the latter can,
however, be controlled by a proper flow of sample air and
supervised by a thermocouple mounted in the combustion chamber.
The instrument was calibrated for a wide range of temperatures (flame heights) and fig. 4 is an example of such calibration for two selected temperatures. For the high temperature
(325°c), the sensitivity is seriously reduced; at some flame heights
the linearity of the output may also be distorted. On the other
hand, if the sample air flow is too slight, the flame may be
smothered. A temperature of 110°C was found to give a stable
flame, good sensitivity, reproducible calibration and a linear
output over the entire measuring range.
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Calibration curves for the total sulphur monitor

for two different temperatures in the reaction chamber.

The measuring range of the instrument is 0.005 - 1 ppm S 0 ? .
For calibration, routinely carried out before every flight, a
porneation tube system (sec. 4.4) was used. The characteristics
of the instrument in the set-up similar to that used during plume
experiments are: delay time - 10.2 s, rise- and fall-time (63% of
the siqnal) - J.6 s.
During 5n experiment the pressure in the intake system can
vary because of changes in flying speed, height, etc. This influences sample flow to the combustion chamber and consequently the
calibration of the Total Sulphur Analyzer. By appropriate mounting,
drastic changes in the flow could be avoided. Nevertheless, during
experiments, the instrument must be continually manually adjusted
to the preselected flame height.
NO/NOa - Analyzer
A Thermo Electron NO/NO x Gas Analyzer, model 14, was used for
the continuous monitoring of the NO and NO x (NO + N0 2 ) levels
in air. The instrument primarily detects nitrogen oxide in the
reaction with ozone;
NO + 0 3

•* N 0 2 + 0 2 + hv(0.6 - 2.8u) .

(39)

After reduction of NO- in a thermal converter (molybdenum
chamber at 450°C):
2 N 0 2teJS)?-2 NO + 0 2

(40)

the total amount of nitrogen oxides is determined according to
reaction (39). An optical filter placed at the entrance to the
photomultiplier cuts off radiation of A<6100 A.
The instrument can operate in automatic or manual mode.
In automatic mode, NO and NO v are alternatively monitored by
automatically directing the gas flow through the inverter or
bypassing it. The separation time for this alternation procedure
is about 90 s, which makes this mode inapplicable to plume
measurements. In manual mode, the valve controlling the gas
flow is fixed in a selected position (NO or NO x ) . The delay
(time to achieve the signal twice the noise level) is then about
10 s. A further improvement in the performance of the analyzer was
achieved when the PM-tube output was amplified in an electrometer

-
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with a very short- t i n e c o n s t a n t , which was mounted i n s t e a d of the
u n u n a l ->:-.;,ii:u'r. In o r d e r t o c o n t r o l the s i c j n a l - t o - n o i s e
r a t i o and the t i n e c o n s t a n t , a RC-circuit with v a r i a b l e capacity
was placed a t t h e i n p u t to the recorder. With the s e t - u p used in
the a i r c r a f t , the i n s t r u m e n t showed the following s p e c i f i c a t i o n s :
d e l a y - t i n e - 10 s , r i s e - t i m e - 3.4 s , f a l l - t i m e - 3.6 s .
Figure 5 shows t h e c a l i b r a t i o n curve in the range 0 - 0 . 1 ppm
NO.-, o b t a i n e d by means of the permeation tube system ( s e c . 4 . 4 ) .
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Calibration curve for NO-NOx-Monitor.

The limit of detection is 0.005 ppm, concentrations up to 10 ppm
can be measured in 8 ranges, and the output is linear over all
ranges. The stability of the calibration is very gocd. In order
to reduce the dark current, the PM tube has to be cooled for 3
hours prior to measurements. No zero drift has been observed
during at least 3 days. The dark current stability was also inves
tigated over a longer period and proved excellent.
Relative humidity meter
An instrument based on capacity changes in a thin film capacitor
(Vaisala model HMI 11) was used for measurements of relative
humidity in the plume. According to the specifications, the

.:;s-_r^-.«.-.it should react very rapidly to changes in relative
:..;.-.i iity and therefore be suitable for airborne measurements.
The principle of operation is as follows: water vapour from
air is absorbed in a thin layer of a polymer placed between the
two electrodes. The dielectric constant of the polymer changes
with humidity and the capacitance changes are a direct function
of the relative humidity.
The instrument was calibrated for humidities from 0% to 100%.
The calibration was accomplished by placing the sensor over
saturated solutions of different salts and the calibration curve
obtained is shown in fig. 6. The hysteresis observed is typical
for the absorption phenomena and can be explained by two different types of bonding between the absorbing and the absorbed
species.
The instrument reacts very rapidly for about 90% change in
humidity, but the time necessary to achieve the steady state is
long and depends very much on the value of the relative humidity
(r.h.) (e.g., at r.h. = 40% equilibrium is reached in 20 min,
while at r.h. = 80% it takes several hours). This is caused by
steric impediments at higher humidities, where there are several
layers of water molecules on the sensor surface. However, this
drawback was not important because the humidity measurements were
only considered indicative.
The instrument is periodically readjusted to 0% r.h. over
P_0c and to 100% r.h. over a water surface. This takes one day
because of the long settling time at high humidity. The reproducibility of the calibration is better than 5%.
In the aircraft, the humidity sensor was placed about 3 m
from the intake and its readings had to be corrected for temperature differences outside and inside the cabin. For this purpose
a temperature sensor similar to that described on p. 36 was
placed close to the humidity sensor (cf. fig. 2 ) .

- 47 -

Fig. 6.

Calibration curve for the Relative Humidity Meter.

4.4. Permeation tube system for dynamic calibration
A good calibration gas system is characterized by:
1)

stability and reproducibility;

2)

easy and reliable determination of concentration;

3)

flexibility;

4)

short conditioning time for changes in concentration;

5)

ability to produce a wide range of concentrations.

Calibration gas mixtures can be prepared by static or dynamic
dilution. In the dynamic method a continuous flow of calibration
gas is mixed with a continuous flow of dilution gas. By changing
the mixing ratio, concentration over a wide range can be obtained.
The flows are easy to control and, if a constant and well defined
source of calibration gas is ensured, the system fulfils the
demands of stability and reliability.

- 48 .emeat lor tube
The pe m e a t i or. tube (O'Keeffe and Ortmann 1966, Scaringelli et
al. 1970) is a convenient source of gas for calibration purposes.
The principle of operation is as follows: gas with a low
critical temperature (25 C) and pressure

(few atmospheres) is

kept as a liquid in a glass container hermetically sealed with
an inert polymer membrane. Being in equilibrium with the liquid,
the vapour permeates through the membrane with a constant velocity
at constant temperature. The diffusion rate is determined by
noting the changes in weight with time. To maintain the constant
difference of partial vapour-pressure between the outside and
inside of the membrane, the diffusing gas is continuously removed
by a stream of dry and inert gas passing the tube at a controlled
rate.
The tube (Lindquist and Launting 1972) is shown in fig. 7.
The liquid (SO- or N O O

is contained in a sealed gas tube A that

is pointed at one end. The thin end of the tube is tightly capped

T

T

Fig. 7. Permeation tube; A - glass
container? B - teflon capj L - length
of teflon cap, which influences the
velocity of permeation.

by a teflon cap B. The tip of the glass tube is broken by bending
the end, and the vapour begins to permeate out. Diffusion only
takes place through the teflon membrane as glass is impermeable
to SO- and NO-. Different permeation rates can be achieved by
varying the length L of the cap.
One to two weeks are necessary to get a constant output from
a new tube. A conditioning time of several days is also required
when working conditions are altered.
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Filling the tubes
The permeation tube has to be filled with a very pure gas;
however, even in N0 2 and S0 2 of the highest available purity,
traces of impurities were detected and had to be removed.

Nitrogen dioxide was collected in an evacuated container cooled
with liquid nitrogen. Blue crystals indicated the presence of
NO and/or N 2 0,. The original impurity was probably NO, which
reacts with N0 2 to give N 2 ^3 :
NO + N0 2 * N 2 0 3 + 9.5 kcal.

(41)

At temperatures below -10 C, equilibrium shifts to the right.
Impurities were removed by "aciuun distillation at low
temperature until no crystals of N 2 0 , could be observed. The
purity was then checked by mass spectroscopy (limit of detection
1 ppm) .
Sulphur dioxide contained impurities of SO.,, S 2 _ 8 and C0 2 ,
as indicated by mass spectroscopy. The impurities were removed
by distillation under vacuum in the system shown in fig. 8.
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Fig. 8. Diagram of the vacuum distillation system used
for purification of S0 2 and filling the permeation tube.
1. vacuum line; 2. expansion container; 3. connection
to high vacuum gauge; 4. constriction on the permeation
tube; 5. permeation tube; 6. Dewar flask; 7. tube for
collection of impurities; 8. Hg-manometer; 9. ampoule
for collection of non-purified S0 2 ; 10. tube filled with
NaH for removal of water; 11. connection to pressure
flask with SO-J 12. freeze trap; 13. connection to pump.
All operations were done in a vacuum line (1) connected
to a freeze trap (12) and a high vacuum pump (13) . The gas from
a pressure flask (11) was carefully purged through a NaH layer
(10) to remove S and traces of water. The gas was then
collected in an evacuated/ pressure-resistant ampoule (9) , in
which it was kept when not in use. Sulphur dioxide was separated
from sulphur trioxide by fractional distillation at about -15 C
(ice/salt/water bath). In order to remove C0 2 , t n e distillate
was cooled to -78°C (S02 vapour pressure <10 mm Hg) and CC 2
was distilled to another vessel (7) kept at the liquified nitrogen
temperature.
The purity was checked by mass spectroscopy.
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The same system was also used for filling the tubes. Pure SO.,
or N0 2 in a pressure-resistant ampoule (9) was first cooled
to below the melting point and* then the temperature was allowed
to rise slowly until the pressure in the vacuum line (1) and
the expansion container (2)> indicated by a mercury manometer
(8), reached 500-600 mmHg. The passage to the ampoule was then
closed and the gas was condensed in the tube (5). The line was
evacuated (this was observed on the vacuum gauge (3)) and the
whole procedure was repeated until the tube (5) was filled to
about 3/4 of its volume. Then it was sealed at the constriction
(4) with a gas/oxygen burner and cut off.
Pure gases are stored in pressure-resistant ampoules at low
temperatures. No contamination has been observed throughout
more than a year.
Calibration by means of the permeation tube system
The principle of the system used for calibration of the
instruments (cf. 4.3) and for filtration experiments (section 4.5)
is shown in fig. 9. The output from the S0 2 or N0 2 permeation
tube (1) is directed to the mixing chamber (2), where it is
diluted with an appropriate volume of prepurified air (3) . A
part of this mixture is then drawn by a pump to the instrument
in question (12), or through filters (10). If required, the
dilution air can be humidified to a desired value by mixing dry
and moist air in the proper ratio. The moist air is produced by
bubbling the air through two wash-bottles (4) and (5). For high
humidities, wash-bottle (4) is heated a few degrees above
room temperature. Completely dry air is obtained by means of
silica gel, CaO and P2°5 f i l t e r s placed in series (11) . The
temperature and humidity of the calibration mixture are controlled by sensors (9) placed in front of the filters.
For measurements of filter efficiency (section 4.5) below
room temperature, the mixing chamber (2) and filter holders (10)
were placed in a freezer. Prior to mixing, the dilution air was
cooled in a copper helix also placed in the freezer.
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Fig. 9. Diagram of system for preparation of gas mixtures
for calibration of instruments and test of the filters.
1. permeation tube filled with S0 2 or N0 2 / thermostated;
2 . mixing chamber; 3. prepurified dilution air; 4. and
5. humidification of dilution air; 6. regulation of air
flow through filters; 7. and 8. measuring of flow and
pressure drop; 9. measuring of temperature and humidity;
10. filter holders; 11. drying of dilution air;
12. instrument to be calibrated.

•i.") . KincuT.cy ol 0.3 N KOH filters tor SO-, collection*
•_\ Ilt-etion on filters is a convenient method of sampling the
air fron an aircraft (Johnson ar>; -\tkins 1975), furthermore
tins method is advantageous in the case of low concentrations
or small sample volumes. Huygen (1962) described a method for
collecting S 0 ? on cellulose filter paper impregnated with an
alkaline solution. He found that 25% w/w (^ 5 N) K 2 C0 3 in 10%
glycerol in water was most effective. However, this strong
solution of alkali is inconvenient to handle and we have found
tl.at for most purposes 0.5 N KOH can be used instead. Carbonate
is replaced by hydroxide, as the latter contains fewer sulphur
impurities. The use of glycerol, which stabilizes the absorbed
sulphur dioxide as sulphite, is

unnecessary when the sulphur

is determined as sulphate (cf. 5.2). Moreover, contamination from
glycerol can be avoided.
Preparation and testing methods
As described in section 4.1, filters are used in the form of
rolls during experiments and these rolls are impregnated in the
following way: strips of the paper are continuously drawn through
a 0.5 N KOH bath and dried under an infrared lamp. The whole
impregnation device is placed in a plexiglass box in a clean air
room.
After every impregnation, the beginning and the end of the
roll are analyzed for sulphur content by IDA (section 5.2) and the
alkali content is determined by titration with HCl. Some KOH
converts during impregnation and storage to KHC0 3 or K 2 C0 3 ; the
total base content is 17 ueq«cm

and varies ± 10% along the

roll. The sulphur background varies between 0.015 and 0.15 yg
_2
S »cm , and therefore the filter blank is determined for each
exposure.
The impregnated paper rolls are stored in tightly closed
plastic bags and boxes; even after one year the sulphur and the

This chapter constitutes a more detailed version of a
journal article (Lev/in and Zachau-Christiansen 1977) .

L.i~'.' '.'^".tent are unchanged.
The impregnated filter may be considered as an absorber, in
which a snail amount of liquid is finely divided on a solid
sunrort, Therefore diffusion and absorption processes, as well
as chemical reactions with the impregnation medium, can
influence collection efficiency. Thus, the effect of the
following parameters must be examined: air velocity, concentration and amount of S0 2 , and temperature and humidity of the
air.
Huygen (1962), Johnson and Atkins (1975) and others report
that the efficiency of impregnated filters is strongly reduced
for relative humidities (r.h.). below 30%, but as the investigations in question were made at one temperature only, they do
not indicate whether the filtration process is influenced by the
relative humidity or by the absolute water vapour content in air.
The combined effect of temperature and humidity should be investigated to settle this matter.
The collection efficiency of a filter, e, is defined as a fraction
of the total sulphur dioxide retained. It can, to a good approximation, be determined by passing the air containing S(>2 through
two identical filters in series. If m and m, are the total amount
and the amount retained on the first filter, respectively, we
have:

tests it was established that no detectable amount of S 0 2 was
retained on this filter. The amount of sulphur on the filters was
determined by the isotope dilution method (see section 5.2).
Influence of linear velocity
The influence of linear velocity in the range 50 - 90 cm-s
at an S0 2 concentration of 0.01 ppm and loadings (percentage of
the filter's full capacity) of less than 10% was investigated by
changing the flow through the filters. The results are given in
table 2.

Table 2.

The influence of linear velocity on the

efficiency of S0 2 absorption by the impregnated filter
paper. Temp. = 20°C, r.h. = 40%, loading < 10%, S 0 2
concentration < 10 ppb. The precision corresponds to one
standard deviation.

Linear velocity

Efficiency

cm*s

%

54.3

95 ± 5

58.3

97 t 1

61.0

98 ± 1

70.2
80.0

99 ± 1
93 ± 2

91.0

93 ± 2

Influence of SO,, concentration in air
The efficiency was determined for three concentrations: 0.007,
0.062 and 0.42 ppm. The values were chosen so that the effect of
concentrations characteristic of different environments could
be investigated: background air typically contains 0.005 ppm
(^ 15 yg S 0 9 T I ~ " ) ,

on the other hand very polluted urban air
-3
can contain 0.1-0.2 ppm (^ 300-600 ug S0 2 »m ) . The results of
the experiments are given in table 3.
z

TaLK- 3.

T:.e influence of S0_,
concentration on the
i

«.-: f iciency of SO., absorption by the impregnated filter
paper. Tenp. = 20 C, r.h. = 40%, loading < 10%, linear
velocity = 70 crn«s

. The precision corresponds to

one standard deviation.

S0 2 concentration
ppm

Efficiency
%

0.007

98 ± 2

0.062

89 ± 3

0.42

83 ± 5

Influence of loading
The percentage loading of the filter - i.e. the mole fraction
of base consumed to retain SO. as sulphite - was investigated
in the range from 10% to 80% for linear velocities of about
80 cm«s~

and an SO- concentration of 0.3 ppm. The results

are given in table 4.
Table 4.

Influence of loading on the efficiency of SO-

absorption by the impregnated filter paper.
Temp. = 20°C, r.h. = 40%, SO- concentration = 0.3 ppm,
linear velocity = 80 era
cra»s~ . The precision corresponds to
one standard deviation.

Loading

Efficiency

%

%

10
18
45
55
80

89 ±

6

95 ±

2

9 0 + 4
75 t 10
87 ±

4

and ter.pt.'rat ure
filter efficiency was examined at five temperatures: -10,
ant: •25"C, and at all these temperatures the relative
hur.idity was varied between 0 and 100%. The S 0 2 concentration
• u

was 0.05 ppm, and the linear velocity through the filter was
about 70 cm-s

. The amount of S 0 2 collected corresponded

to

less than 5% of the capacity of. the filter. The efficiency as
a function of relative humidity for the five temperatures is
shown in fig. 10. No significant differences can be observed
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Collection efficiency of Whatman 41 filter paper

vs. relative humidity at five temperatures. Points at low
humidities are determined with +10-15% precision, at
high humidities with ± 3-5% precision.

for different temperatures and all data points show the same
tendency: the efficiency for a r.h. of above 30% is higher than
95%, but falls strongly for a r.h. of lower than 30%. It is
interesting to note that the same result was obtained at room
temperature by other authors

(cf. p. 5 4 ) , who used an impreg-

nation containing glycerol. The uncertainty originated

essentially

:r r •:.»• .-:.tT:ioa 1 analysis a.-.d varied between 15« for low
• :: : • :• :;cies ar.d 3« for hi ,h ef f icier.oies. Kor hiyh efficiencies,
tJvere is no temperature effect.
In order to ascertain whether the absolute water vapour
content of air (a.h.) influences filter properties, the
efficiency was depicted as a function of a.h. for the five
terrneratures - fig. 11. (The curve for 0 C is not shown as it

0

Fig. 11.
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Collection efficiency of Whatman 41 filter

paper vs. moisture content of air at different temperatures.

nearly coincides with the -5 C curve). The course of the
efficiency versus a.h. curve is very much like the course of the
efficiency versus r.h. curve. A tendency is observed for the
family of curves to have a decreasing slope with increasing temperature. This indicates that the saturation degree of the air is
a dominant factor in the filtration process.
Recapitulation: Whatman 41 filters impregnated with 0.5 N KOH
can be used for effective collection of SO, from air at linear
velocities between 50 and 90 cm*s

, for relative humidities

higher than 30%, at temperatures down to -10 C and for S0 9
-3
concentrations up to at least 0.1 ppm {^ 300 ug S0 2 # m ) .

K;ll tilt.-r :.u ..icity is about ^00 . •: SO;*cm " and the collection
• •: : i.'HT.cy is hiqher than 90* for loadings below 5C%. Decrease
ir. i'oliocMon efficiency for humidities below 30% was also
>: S'-rved by other authors (cf. p. 54), who used an impregnation
containing glycerol. Hence, it does not appear that the use
of qlycerol in the impregnation improves the efficiency at low
humidities.

5. ANALYTICAL PROCEDURES
This chapter describes methods of analysis of radioactive and
inactive sulphur compounds collected on filters. Further, the
possibility of the application of a gas-gap SOj-sensitive
electrode for air pollution measurements is discussed. This
electrode was developed at Chemical Laboratory A, The Technical
University of Denmark.
Sulphur-35-labelled sulphate and sulphur dioxide were to be
collected on filters, which would have been subsequently analyzed
in the laboratory. The sampling procedure and the method of
analysis that would have been applied allow the conversion to be
followed at distances of up to 50 - 100 km from the source.
The same filter can be analyzed for inactive sulphur, but
as the sampling times in the plume are extremely short, a very
sensitive method is needed. Substoichiometric isotope dilution
analysis provides such sensitivity. The method involves the
addition of

S, but the amount of the radioactive sulphur already

present in the samples is negligible in this connection.
Most methods applied to filter samples determine sulphur
dioxide after oxidation to sulphate. The gas-gap selective
electrode senses only SO- and thus makes it possible to distinguish
between S(IV) and S(VI).
5.1. Analysis of radioactive sulphur samples
Sulphur-35 is a pure, low energy (Emax

~ 0.187 MeV) 8-emitter

and it is therefore best determined by liquid scintillation where
the scintillation agent is in direct contact with the whole
volume of a sample.

Natural radioactivity ir. scintillation vials ard liquids,
o s:; c u y s and

tii«jr factors contribute to the counting

i-ack :rcund and lir.it trie sensitivity- The magnitude of the
Lac.<:round : 1 us

the practical limitations in the counting time

determine the detection linit of the method. To judge the method,
this detection lijnit must be compared with the expected sample
si ze.
Counting efficiency depends on the ccunter as well as on the
character of the sample. In order to exclude the contribution
from the instrument, the counting efficiency of different kinds
of sample was established against a special reference solution.
Amounts of sulphur collected in the plume
In calculations of the amounts of

S expected to be collected

during the experiments, it was assumed that the material in the
plume is Gaussian distributed. Accordingly, this distribution
is described by eq. (30) (p. 28).
The concentration at a point (x,y,z) in a cross section made
at the distance x from the source and at the height of the
plume's centerline z = H is:
X(x,y,H)

=

= o-(2,o y a 2 u)- 1

exp [(-%)(£-)

If Q is in units of Ci's
_3
is expressed in Ci-m

,ov

] {l+«cp[-%(-^) ]}.

and oz

(30a)

in m, and u in m*s

,x

To determine the amount of material retained on a filter,
eq. (30a) has to be integrated within the plume borders, defined
as ±2.IS o , and multiplied by the area of the collection tube.
In the actual calculations, the value of the integral from -°° to
+°° (given in tables) was used, but this introduces only a 5%
overestimation.
After integration, the following expression is obtained
for the total amount of material collected during one traverse:

xtot = K *Q'< /2 "^ Z "J"1 { 1 + e x p['K^) ]}

(45)

where K is equal to the product of the air flow through the filters and the cruising speed.

calculations
-1
*i• )w = 70 lvrun" ,cruising speed = 200 km-h
.' i

ni

i v ) « i .';'•

•n c a i

v a i u e s were u s e d i n

H = 130 m, Q = 8 Ci-h" 1 (of. chapter 3 ) . u as
stated by Thykjær (1970) for five Pasquill weather classes, and
from Turner (1966).
The amounts collected at distances up to 50 km from the
source under different stability conditions, calculated from
eq. (45), are shown in fig. 12. It should be emphasized that
• < values for distances greater than 10 km are extrapolations,
z
and therefore the calculations for these distances can only
yield rough estimates.

1.0
10
DISTANCE FROM THE SOURCE (km)
35 S expected to be collected during
Fig, 12. Amounts of
one traverse under different weather conditions vs. distance
from the source. A
by Pasquill (1961) .

F are the weather classes as defined

M' •:. cis .f dt-tf t.-.i•••.!!.ion
Raui activity collected or. filters can be determined

in two ways:

1> when the sarr.e filter is also analyzed for inactive sulphur
or for other components, its content is extracted to a known
volume of water and an aliquot is taken for counting; or
2) if the filter is analyzed for radioactivity only, it is
placed directly in a vial with the scintillation solution and
counted.
For an efficiency determination

(see b e l o w ) , the samples are

prepared by dropping a known quantity of carrier-free sulphur-35
solution onto a filter

(unimpregnated or impregnated Whatman 41,

5 cm in diameter). The efficiency is established against a
reference, in which a very small volume of sulphur-35 solution
with the same activity as on the filter is added directly to the
scintillation solution - in this way the relative efficiency
is established. Five ml of the mixture described by Bray

(1966)

are used as a scintillator and counting is performed in a Mark I
—9
Scintillator Counter with fully open windows. Samples of 10 Ci
are counted for 10 min, others for 100 min, so the greatest
variations that can originate directly from counting statistics
are about 3% (cf. table 5 ) .

Efficiency of the counting process

Counting efficiency was determined for samples in the range
10~

- 10

Ci, corresponding to the amounts of

during flights

S collected

(see above).

When counting the filter extract, two counteracting effects
must be taken into account:
1)

scintillation mixture

(Bray 1966) used can

incorporate

only moderate amounts of water and too large samples can
therefore cause quenching;
40
2)

naturally occurring

K from the impregnation, or other

isotopes ^resent in the ion-exchanger, can increase the
counting background

for impregnated

filters.

S ..: ••••ssr.v ir.cro-cr.ts -if SO .. 1 of the extract of filter blank
wcrt' atiiie«.: tn -t scir.tiiijtiun solution containing a known and
c r.Ktir.t amount of radioactivity. After the necessary corrections
for counting variations and radioactive decay, it appeared that
the addition of up to 500 ..i of the extract caused no significant change in either direction. Greater volumes of the extract
of the uninprognated filter quenched and those of impregnated
filters increased the counting rate.
For both types of filter, the counting efficiency for the
-12
-9
samples in the range 8-10
-8*10 Ci, established against the
reference, is 95 ? 5%. The detection limit., defined as: blrnk +
2 J, . . , is 5-10" 12 Ci.
blank
During the direct counting of the filter, the type of filter as
well as the way in which it is placed in a vial can influence
counting

efficiency. Thus, Pinter et al. (1963) found that

counting of radioactive sample on a cellulose paper is only about
60% as efficient as counting the same sample, on a glass-fiber
paper. Moreover, Geiger and Wright (1960) noted that a filter
could be placed in a counting vial at any angle without significantly affecting the results.
In addition to Pinter's observations I noted that membrane
filters (cellulose nitrate or acetate) are also more efficient
than paper. This is probably because membrane filter goes partly
into solution in the scintillation liquid while paper absorbs
some photons emitted by the scintillator. However, for practical
reasons, only cellulose filters could be used in our experiments;
efficiency investigations (see below) allow for the correction
of the losses due to absorption. Further investigations showed
that the best results were obtained when the filter was cut into
small pieces. This improvement is not caused by a better elution
of the radioactive material from the filter, as the addition of
a sulphur carrier to the scintillation liquid or to the filter
sample had no further effect on the efficiency. Subsequent
experiments confirmed that practically all radioactivity remains
on the filter. To evaluate the absorbtion effect, filters
prepared as described on p. 63 were cut into pieces, placed in
scintillation vials, and counted. The efficiency, established
against the reference, is given in table 5.

••'• 1 .
:
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: : 1 i:.-.s

v .:.*.s : o r r . i r . j t o '
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.r. • : * ; ; : . ^ : - . s

i:»- t h e

vaLi'S

:-*.-a:. v a l u e s

: the e f f i c i e n c y

'1

ir. t a b l e

5 are

corrected

l i Ve d e t e r m i n a t i o n s .

values

include

The

the v a r i a n c e

from

*:.* .' ur.tir.-: plus the v a r i a t i o n s in f i l t e r s and s c i n t i l l a t i o n
l i : u i J . The d e t e c t i o n
r>-t:. d,

i.e.

5*10

Table 5.
filters

8.4-10-12
8.8«10

-11

8.8-10

-10

8.5«10

-9

i s t h e same as for t h e

extraction

Ci.

R e l a t i v e e f f i c i e n c y of t h e d i r e c t c o u n t i n g o f
containing

Radioactivity
Ci

limit

S, e s t a b l i s h e d a g a i n s t the

Count
rate
Cpm

Counting
time
min

8.4

reference.

Relative efficiency
%
Impregnated
Unimpregnated

100

76 ± 9

80 ± 8

9.4-10

1

100

76 ± 3

76 ± 3

9.5-10

2

100

80 ± 7

81 ± 5

9.5-10

3

10

85+3

5.2. Analysis for inactive sulphur
Inactive sulphur collected on filters is analyzed by means of
substoichiometric isotope dilution analysis (IDA), which ensures
the sensitivity and specificity required for ambient air samples.
Isotope dilution analysis is especially employed in cases where
the quantitative separation of the analyzed species would be
difficult otherwise, for example in the determination of trace
components. When isotope dilution is applied, only a part of the
element determined needs to be separated in a pure state.
The sample is diluted by the addition of a known amount of
the radioactive isotope of the element analyzed and the element
in question is separated by precipitation, electrolysis or other
methods. Before and after separation, the radioactivity of the
sample is measured and, because the specific radioactivity
(Ci»g~ -s" ) must be the same in both cases, the unknown amount
is (Duncan and Cook 1968):

- 6S v.-..•:>•: A
>

i:.d A

arc the activities before and after separation,

,

:-'.s;!tc*ivi'ly; w , w

and w , the separated, unknown and added

weight, respectively; S

and S , the specific radioactivities

-.if th»> added radioisotooe and the isolated sample, respectively.
A'eidht determination step limits the sensitivity and accuracy
>f the iTiOthod. However, greater sensitivities can be achieved by
applying so-called substoichiometric isotope dilution analysis,
developed by Ruzicka and Stary' (1968) . They observed that if
the same amount of an element is isolated from all samples,
that is w
o

= w , the specific radioactivities in (46) can be
c
s

replaced by relative activities measured under the same conditions:
w

=

w

(-2

- i).

To avoid determination of w

(47)
and w , a calibration curve is

recorded in analysis of a number of standards.
The substoichiometric isotope dilution principle was applied
by Klockow et al. (1974) to the determination of micro amounts
of sulphate in water samples. Here sulphur is determined after
precipitation as barium sulphate. The inconvenient separation
of barium sulphate is avoided when the activity of the supernatant
liquid instead of the precipitate is measured after centrifugation.
In the present study the method was adopted for sulphur
collected from air on untreated as well as impregnated filter
paper.
IDA for water samples
The details of the analytical procedure are given by Denzinger
(1975), here only general lines are sketched.
An ammonia/EDTA-solution containing equimolar amounts of
35
barium and sulphate ions and labelled with
S is used as an
isotope dilution agent. The main steps in the analysis are:

-

ot> -

Addition of BaS04/EDTA, NH^-agent to sample
er calibration solution.

Oxidation of S(IV) te S(VI) with H202-conc.

Acidification of the reaction mixture to
pH 2-3 with HC1.

Heating of the sample to 50 C for 20 h;
BaSO. precipitates, the excess of sulphate corresponding to the amount in the sample remains in
solution.

Counting of an aliquot of the supernatant
liquid in the liquid scintillation counter.

To diminish the solubility product of BaS04, absolute alcohol
is used as a dilution agent. The mixture made according to Bray
(1966) is used as a scintillation liquid.
The amount of sulphur in the sample or calibration solution
is calculated as follows:
The specific radioactivities of the precipitate and of
the supernatant liquid are equal, that is:
A
x = —
V —A x
—
x
a-

or

A
x£ - • a
x = -A —-A
0
x

(48)

3
where: A_
and
o and
x A„ are the activities of the added IDA-agent
of the supernatant liquid after precipitation, respectively, and
a and x are the amounts of sulphur in the IDA-agent and in the
sample, respectively. A is found from the sample that was not
acidified.
Theoretically, the line given by eq. (48) should go through
zero but as the solubility product of BaSO. has a finite value,
some activity is also found in the blank sample (redistilled water).

i ^* i .

"cnt for identical precipitation conditions for

all sampies is not strictly observed, because the excess of
sulphate varies from sample to sample. This effect is greatest
for tnc lowest calibration values and can manifest itself by a
concave shape of the curve in this region.
A small excess of sulp :ate makes the removal of barium
more complete, but if there is a great excess, some of the
precipitate is redissolved as a result of the salt effect. This
effect can be eliminated by operating with an IDA agent containing
an appropriate amount of BaSO.. Thus, the amounts added are:
-4
100u 1 of 6*10
M BaSO. for the determination of sulphur in the
-3
range 0.10 - 2 ug S/ml and 100 ul of 3»10

M BaS0 4 for the

range 0.50 - 10 us S/ml, (the sample volume is only 500 ul, so
the absolute ranges are respectively: 0.05 - 1.0 ug S/sample and
0.25 - 5 ug S/sample).
The method is specific, no anions interfere, and of cations
only strontium and lead interfere, but in concentrations much
higher than those expected in the polluted atmosphere.
Figure 13 shows a calibration curve in the range 0.1 2 ug S/ml. Error bars indicate a standard deviation based on ten
determinations of every point. As these determinations were
made on different days, the deviations illustrate variations
between analyses as well as between days. To estimate the
accuracy of the method, the absolute error was calculated from
the analysis of variance.
The absolute error Ax is defined as:
Axi = ± t 95

48»s

where s is the variance about regression and tg-

(49)

48

is the

Student's distribution factor for a 95% confidence level based
on 48 degrees of freedom (corresponding to 50 observations) .
From the analysis of variance, the deviation from regression,
s, is equal to ± 0.03 and this gives:
Ax = ± 2.08 • 0.03 = ± 0.06

(49a)

which means that the relative error in the middle of the lower
range (0.1 - 2 ug S/ml) is about 11% and it is about 3% in the
middle of the higher range (0.5 - 10 ug S/ml). The detection

ti - e l a t e d

r

t o b o 0 .0 i

»^ x a n /\
..-: S, s a n p l e

is

the

- based

standard
on

10

deviation),
determinations,

SULPHUR CONCENTRATION IN
STANDARD SOLUTION (Mg/rpl)

Fig. 13. IDA. Calibration curve for sulphur determination.
Working range 0.1-2 pg sulphur/ml. Error bars correspond
to one standard deviation.

IDA :..r tilter samples
'.'ntreated Whaman 41 filters with the collected sulphate samples
2
urv analyzed directly in the test tubes. The filter (max. 5 cm )
is cut into pieces, the IDA agent, ethanol and a volume of water
corresponding to the liquid sample (500 uD are added, and the
filter content is extracted to the solution by shaking for about
half an hour. During extraction, the isotope exchange between
35
the
S agent and the sample takes place. Further analysis is
carried out as for water samples (see above). The filter content
can also be extracted to a greater volume of water and analysis
carried out on part of the extract.
Filters for SO-, are impregnated with KOH (cf. 4.5), which has
to be removed before the analysis. This is done with an acidic
ion exchanger in the form of H (Dowex-50 X). Tests revealed
that the sulphur blank of the unwashed resin is variable and
high compared to redistilled water; this background is probably
caused by the S0,H-groups of the ion exchanger. Washing with
water alone did not improve the blank, but the impurities could
be effectively removed by washing with 0.1 N NaOH, regenerating
with 0.1 N HC1, and again washing with redistilled water. This
has to be done just before use, as otherwise the blank will again
increase.
For analysis, the filter content is extracted to a known
volume of water (usually 2 ml) containing a small amount of the
freshly washed ion exchanger. The final pH of the mixture is
4.0 - 4.5. After centrifuging, 500 pi is removed for the analysis,
which is carried out as described for water samples.
For samples collected by L.A.S. (4.1), two blanks taken from
either side of the exposure were also analyzed in order to
compensate for variations in the filter paper blank - untreated
2
Whatman 41 filter paper showed blanks of 0.015 - 0.050 ug S/cm ,
2
impregnated paper of 0.015 - 0.15 yg S/cm .
For analysis, the filters (5 cm in diameter) were cut into
four and every part was analyzed directly (sulphate) or extracted
to 2 ml of water (SO -samples). For such a procedure, the

:•••:.s:* iviry is: .'.^

,: S. filter for sulphate and 0.8 .<; S/filter

'• •' :-',. For a collection, time of I nin, which corresponds to
<» J- i traverses at 5 kr. distance, and with ^.n air flow of 70 i/min
(of. 4.1), the linit of detection is about 23 ;.g SCU/m (0.008
3
ppr.) or about 10 ..g SO./m .
Conparison of IDA with other methods
In an intercomparison test carried out by five Scandinavian
laboratories, IDA was compared with the Thorin method (Persson
1966) in which sulphur is determined spectrophotometrically.
For the test use was made of impregnated filters containing
between 0 and 20 ug SO-, dosed from a permeation tube. The
filters were prepared by the Norwegian Institute for Air Research.
All laboratories, except Risø, used the Thorin method. The results
are shown in fig. 14, which also gives regression equations for
every laboratory. As can be seen, IDA gives the best estimation
of the low values and, on the whole, the agreement between the
amounts of SO_ added and the amounts found is very good.
IPA was also compared with proton-induced X-ray emission analysis
(PIXE), performed at the Niels Bohr Institute. For the test were
used dust samples collected in Copenhagen on mounted parallel
membrane and cellulose filters.
PIXE-analysis detects trace amounts of elements, whatever
their chemical state. Under the impact of high energy particles
(ions, protons), vacancies occur in the inner K or L shells of
atoms. The vacancies are filled by one of the outer electrons
and the excess energy is emitted in the form of a characteristic
X-ray photon. The energy of this photon depends on the atomic
number of the bombarded atom. To avoid corrections for absorption
in the background matrix, it is usually an advantage to use a
sample where the dust is deposited on the surface (membrane
filters). When necessary, a correction factor can be established
experimentally, as was done by Kemp (1977) for Whatman 41 filters.
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Results of intercoroparison test for five

Scandinavian laboratories:
a)

IVL - Institute for Water and Air Investigations,
Sweden; Thorin method.

b)

NILU - Norwegian Institute for Air Investigations;
Thorin method.

c)

MISU - Meteorology Institute of the University of
Stockholm; Thorin method.

d)

FMI - Finnish Meteorology Institute; Thorin method.

e)

Risø - Risø National Laboratory; IDA.

The equations given are obtained from linear regression
analysis.

• • .nr.^i •_•! determine whether possible differences between
w.. r.eth'xis could be explained by surface and distribution
*.s. The results of the comparison are shown in fig. 15,
which ilso shows the appropriate linear regression equations and
cor re iation coefficients. For the two samples containing more
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Results of an intercromparison test between IDA

and PIXE on dust samples collected on filters.
Sartorius membrane filters, (PIXE =0.86 IDA + 3.08}
r = 0.99) .
Whatman 41, linear regression

(PIXE =0.94 IDA

+ 11.5-, r = 0.97) .
Whatman 41, best fit of points.
The corresponding equations for orthogonal regression
analysis (Hald 1955) are:
Sartorius:
Whatman 41:

PIXE =0.87 IDA + 2.87
PIXE = 0.97 IDA + 9.86.

*•. ;:. . '

: S, ir;A :avc H:K::I higher results than PIXE, independent

i *;:•> 'liter *"/p»>. In this case the bulk of the dust probably
a**enuatod the X-rays, and

this caused too low values. These

points wore therefore excluded from the regression analysis and
are not shown in the figure.
Another effect had also to be investigated: during PIXEanalysis only part of the filter is irradiated, the amount found
is then calculated for the whole area, therefore an inhomogheneous
distribution of sample on a filter will give discrepancies
between the two methods.
The size of the exposed areas of the investigated filters
was 12.5 cm". Two discs, each 20 mm in diameter, were punched
out, one of the discs was analyzed by PIXE and then both were
analyzed by IDA. Results showed that the observed differences were
caused by the different techniques and corrections involved, and
not by the nature of the sample.
High values of the correlation coefficients (cf. fig. 15)
may indicate a high linear relationship between IDA and FIXE for
both types of filter. On the other hand, the analysis of variance
applied to Whatman samples showed a clear departure from linear
regression. It can also be seen from fig. 15 that the IDA/PIXE
correlation is in this case better described by a higher degree
equation.
Recently, an intercomparison was carried out between IDA
(Risø), PIXE (Niels Bohr Institute) and Thorin (Dansk Kedelforening) . Sixteen dust samples were collected on membrane filters,
half of every filter was analyzed by Thorin, half by PIXE and
then by IDA. Differences between the three methods were less
than 10%.
5.3. Application of an air-gas electrode in air pollution
The recently developed gas sensors (e.g. Orion 1977) have
proved to be simple, rapid and selective measuring tools in
pollution, industrial and clinical analyses. Commercially
available sensors consist of a glass electrode and a reference
electrode connected by an electrolyte solution, containing the
measured ions (bicarbonate, ammonium, sulphite, etc.). The two
electrodes and the electrolyte are separated from the sample

:.•: i : yir^i.r.i bie r.e~brar.e, p e n e a b U ' to the gus but
the ,i-:ue<vus solution. The gas liberated

impermeable

from the sample

diffuses through the membrane and changes the pH of the inner
electrolyte. These changes are related to the concentration of
the gas.
The r.^.ibrane must possess great mechanical strength, but
at the sane time it must be extremely thin and easy to mount.
It must be selective for the gas measured and resistant to the
different impurities likely to be present in the sample. The
sample solution cannot contain any wetting agents.
All these requirements must be simultaneously

fulfilled,

and because this is often difficult another type of gas-selective
electrode was developed at the Chemistry Department A of the
Technical University of Denmark

(Ruzicka and Hansen 1974, Hansen

et al. 1974). In this electrode the hydrophobic gas permeable
membrane of commercial type is replaced by an air gap, which
separates the electrode from the sample solution. The surface
of the glass electrode is covered with an electrolyte layer
containing the measured ions. This layer can be renewed either
continuously or between every measurement. By simply changing
the inner electrolyte, the electrode can be used for other
gases. This electrode has a number of advantages in comparison
with the "classical" membrane sensors, i.e.

(Ruzicka and

Hansen 1974):
1)

its response is much faster;

2)

there is no interference from the other components of
the sample;

3)

the same electrode can be used for measurements of
different gases; and

4)

the construction of the electrode is simpler and cheaper.

As the electrode is highly selective, it can be a useful tool
in air pollution investigations: it allows the determination of
S0_ in the presence of other sulphur compounds and because the
measurements are fast, many determinations can be made in a day.
Filter samples can be determined directly after immersion in
water, which simplifies the analytical procedure as it makes any
pretreatment unnecessary. It was also hoped that the method would

:•
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t •* - a t i . n ,

.ir.d t h u s be a d a p t a b l e

i.-'. .-tT':r.,it: r.r, ir. . u r w u h ^ n f
: il t e r s

r ir. wet

for

direct

p r e v i o u s s a n p i e c o l l e c t i o n on

ir-pinders.

I r.vi's*. i :at i o n s were c a r r i e d o u t by n e a n s of t h e s y s t e m
described

ir. t h e p a p e r s c i t e d e a r l i e r .

Sulphite or

ir. s o l u t i o n was d e t e r m i n e d a f t e r a c i d i f i c a t i o n
convert it quantitatively
used 1 ' 1 0 ~

3

bisulphite

t o pH 1.7

to

i n t o S 0 2 . As i n n e r e l e c t r o l y t e was

M XaHSCK in 20% e t h a n o l , a d j u s t e d t o pH = 5 w i t h

sodium h y d r o x i d e . F r e s h l y prepared NaHS0 3 s o l u t i o n s were used
as s t a n d a r d s , a s samples were used water s o l u t i o n s o r

filters

with a known amount of N a 2 S 0 3 . One ml o f s t a n d a r d / s a m p l e

solution

was used for measurements and t h e c a l i b r a t i o n c u r v e was run
e v e r y day.
An example o f a c a l i b r a t i o n c u r v e i s shown i n f i g . 1 6 . As
-4
can be s e e n , t h e curve i s l i n e a r down t o 1*10
M NaHS0 3 , w i t h
a s l o p e o f 59 mV/decade. In t h e o r i g i n a l paper (Hansen e t
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The resrxir.se of the electrode appeared rather unstable and
therefore sone calibration points were obtained for every 5-6
measurements. Work with the electrode demanded a skilful
operator and special precautions. A single determination
(including renewal of the electrolyte surface) took 5-8 min,
depending on the concentration. Because of the frequent renewal
of the electrolyte surface, there were no memory effects. However,
the electrode had to be conditioned in a NaHSCK solution at
least once a day for 2-3 hours, probably because of the
oxidation of the electrolyte layer, otherwise the response was
very unstable. This limited the number of samples that could
be determined.
Contamination of the electrode surface with the sample
solution can also give rise to erroneous values. In such cases
the inner electrolyte has to be restored.
Taking all precautions, a reproducibility of about 10% could
be achieved.
The main advantage of the method is a possibility of measuring
SO

as such in a comparatively simple way. However, the greatest

problem is preventing the oxidation of samples and calibration
solutions prior to as well as during the measurements. The
addition of organic alcohol to the sample should slow down the
oxidation process, but, for example, samples collected on
K-CO,/glycerol impregnated filters (cf. 4.5) are

stable for

only 2-3 days (Huygen 1966) . Though some alcohol was added to
the inner electrolyte, oxidation also took place here and the
electrode surface had to be reconditioned at least once a day.
Contact with air during measurements, although for as short a
period as possible, could not be entirely avoided and also
influenced the readings. Because of the instability of samples,
calibration solutions and electrolyte, the electrode was not
tested in the newly developed automatized analytical system the Flow Injection System (Ru^icka and Hansen 1975) .

As ruT.ni .r.cd at the beginning of this section, the same electrode
cir. be -Jse-d far the determination of other gases, e.g. NH^, CO2
ar.d H 7 S. The possibility of applying the NH^-electrode to air
Txjllution neasurements was therefore also investigated.
Here the problem of the instability of calibration solutions
was not so severe (the stability of samples between collection and
measurement was not established), but the response of the tested
electrode was again unstable. Calibration points had to be
run every 5-6 determinations to correct for this. The detection
limit was 5«10~ M NH.C1, the calibration curve was linear down
-4
to 1*10
M, and the slope was 59 mV/decade.
If the instability could be overcome, the method might be a
convenient supplement to the colorimetric methods commonly used,
especially if used in the above-mentioned automatized system.
The main conclusions regarding the S 0 2 electrode, seen from the
point of view of air pollution measurements, are summarized
as follows:

Detection limit of the method is 5'10

M.

Advantages: the method is specific for S0 2 and free of interferences; small sample volumes can be used and no pretreatment
is necessary (specially important for filter samples); total
time for one measurement is 5-8 min (which is faster than most
manual colorimetric methods); the design of electrode is versatile
and the same electrode can be used for measurements of different
gasses common in air; the construction is simple and inexpensive.
Disadvantages: the response of the electrode is unlinear below
-4
1*10 M; impurities (very probable in ambient air samples) can
contaminate the electrolyte surface; frequent recalibration and
reconditioning limits the number of analyzed samples; oxidation
of sample and calibration solution can lead to erroneous results.

•. Ri.Sri.TF .F AIRBOR.NI-: ilXPERIMENTS
I:, thf- period June 1974 - December 1976 eight flights were
performed around the Stigsnæs power plant. The aim of the first
flight was to test the equipment and the operational procedure.
Two flights were unsuccessful because of aircraft faults, and
thus the results proper were obtained from the five flights
described here.
Wind directions and the plume-crossing positions for these
five experiments are shown in fig. 17.

Fig. 17.

Simplified map showing the surroundings of the

Stigsnæs power plant with indication of wind directions
and plume traverses for five flights (cf. chapter 6 ) .

The equipment for adding sulphur-35 to oil (cf. 4.2) was complete
by the

summer of 1975, but because the release of radioactivity

was postponed, all the airborne experiments described here were
carried out without the radioactive tracer.

Tr.e <.iewlopr.er.t of a special, continuously registering
ir.strur.ent for SF, detection (cf. 4.1) was finished at the
beginning of 1976, and sulphur hexafluoride was used in :he last
two experiments.
Flight no. 7403, 18th October 1974
Weather: Radiosonde measurements at Jægersborg indicated a
cloud base at 600 m with a neutral stratification below. Wind
direction was SSW, wind velocity about 3 m/s.
Power plant; No data available.
Airborne measurements and results; The plume was detected with
the Total Sulphur Analyzer for a distance of about 18 km. The
instrumentation was checked and various improvements were found
necessary, especially in the case of the NO/NO Analyzer
cf. 4.3). Fifteen traverses were made at distances of 2,9 and
17 km from the source at different heights. Further, the background was measured during half an hour's flight in the upwind
direction. Sulphur compounds were collected on one and the same
filter during all traverses made at the same distance. As the
sampler was "on" during the entire traverse, both the background
and the plume were sampled, but during the subsequent data
analysis an amount of sulphur corresponding to the background
was subtracted from the total amount of sulphur collected. The
sulphur concentration obtained in the background flight was used
for this purpose. The plume width in every case was then determined frcm the Total Sulphur Analyzer recordings and the mean
concentration in the plume calculated. The results of the analysis,
corrected for background, are given in table 6.
The correction for background introduces a considerable uncertainty in the estimation, therefore the values from table
6 should be treated with caution. The sampling procedure was
changed in subsequent experiments making the background correction superfluous.

-

3_ -

LifdlLJl* F l 1 ->*ht 7403. Results of the analysis of
inactive sulphur samples, corrected for background.
2SO 2 c o n c e n - SO 4, c o n c e n D i s t a n c e from No. of
tiio s o u r c e
traverses
tration
tration
for one
-3
ug S*m
s amp1e
km
ug S*m
1.5
8.6
Background

[SO 4 " ] / l S O j

0.18

2

6

359.2

3.9

0.01

5

9

112.7

2.9

0.03

17

4

87.2

4.4

0.50

The particulate matter samples, which were collected on an
impactor (Wåhlin and Zeuthen Heidam 1977) for chemical composition
and size distribution analyses, were below the limits of detection.
Flight no. 7506, 18th March 1975
Weather: According
was neutral with a
The sky was partly
NE wind with 9 m/s

to radiosonde measurements the atmosphere
r.h. of about 30% and temperature about 3°C.
overcast with cumulus clouds and there was a
mean speed.

Power plant: Block 1 was running with a fuel consumption of 18 t/h,
block 2 with a consumption of 56 t/h. The sulphur content in the
oil was 2.6%.
Airborne measurements and results: The plume could be distincly
traced at distances up to 10 km, but at 25 km, where the last
three traverses were made, it was so dispersed because of strong
turbulence that it was very difficult to follow with the
instruments.
Sulphur samples were collected only when the plume was
indicated by the Total Sulphur Analyzer. Particulate matter was
simultaneously collected on the impactor, but these samples
were too small for PIXE analysis (Plyger et al. 1977) . Therefore
the impactor was not used in further experiments.
The results of the analysis of sulphur filter samples are
given in table 7.

:' !• '..

.

•-' '. i :r.t

r.,K-*iVf

sulphur

Distance
fror. the
,.,-, .-„
source
'-u~i
5

No. o f
traverses
<-„
for one
sample
1

7~>r-f-, R e s u l t s

of t h ea n a l y s i s of

sar.ples.

SO ? concen.. ^ .
tration
_,
..g S*m
25.3

SO^ concen, \ .
tration

[SOt

j g S-in
7.8

4

]/[SO.]
^

0.31

5

2

48.2

2.8

10

2

74.1

4.3

25

2

11.8

1.3

0.11

25

1

18.0

3.5

0.19

0.06
0.06

The temperature in the reaction chamber of the Total Sulphur
Analyzer (cf. 4.3) could not be adjusted at this stage and this
affected the instrument's calibration. However, when back in the
laboratory, the instrument was calibrated for every temperature
encountered. In the following flights the temperature was kept
constant by a special arrangement (see p. 44).
Flight no. 7507, 9th July 1975
Weather: The sky was cloudless; radiosonde measurements indicated
an inversion base at 380 m. Under the inversion, the air was
unstable, wind speed was about 12 m/s and direction ESEj r.h.
was about 35%.
Power plant: Only block 2 was running, at full power. It had a
fuel consumption of 58 t/h, and the sulphur content of the oil
was 2.8%. For half an hour (1J30 - 1200) the oxygen supply was
slightly reduced to give a "black" plume, thus facilitating
tracing.
Airborne measurements: The experiment started at 1020 and ended
at 151^ h. The measurements comprised determination of S02» N 0 X '
O, and particulate concentrations,and particulate and gaseous
sulphur wi>s collected on filters. Colore thr plume rpaRurenuints,
*vhe hackgiound w?is measured duri> q haii an hour's flight ir trie
upwind ^irp.cLxon
frem the sourc< . During 'his ^ ckgj u:;d flight.

i •••.-:,(': tfjri' :r jfiio was obtained; this also indicated the
::.•.••>! s i<r. with hase at about 400 n. The plume was crossed at three
distances frur, the stack: 4.3 (6 tines), 14.5 (t, Limes) and 21.5
kr: 4 tines) , with a constant flight speed of 56 m/s. No plume
was detected at distances greater than 21.5 km and above the
inversion, ^he nap of actual traverses is shown in fig. 3 (p.40).
Results; In the experiment it was possible to test the navigation
procedure over water. Sulphur, nitrogen oxides and ozone profiles
showed excellent agreement, but the shape of particle profiles
was in some cases distorted because of influence from other
sources. Figure 18 illustrates an example of a traverse where
all instruments showed reasonable correspondence. The profiles
were corrected for the delays in the monitoring systems.
All ozone profiles indicated the consumption of this gas
in the plume at measured distances; this agrees well with the
observations of Davies et al. (1969) and indicates the photochemical mechanism (see p. 9 7).
The results of the analysis of inactive filter samples are
given in table 8: the value for 30 km is somewhat dubious because
no distinct indication of the plume borders could be seen on the
instruments.

Table 8. Flight 7507. Results of the analysis of
inactive sulphur samples.

2Distance from No. of
SO 2 concenSO.
concenthe source
traverses
tration
tration
for one
-3
sample
km
Mg S«m
ug S*m
Background
4.3

3.1
2

71.0

3.6
7.4

14.5

2

50.9

6.4

14.5
21.5
30.0

1
2
1

61.9
104.7
130.3

0.2
0.2

-

[so42"]/[so2]

1.16
0.10
0.13
-

0.002
0.001

The data from this exptiiinent, allowed the 'termination of
sulphur d'oxide removal xt tvp åii-t: noes i pvestigated. This was
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Fig. 18. Flight 7507. Plume profiles recorded
simultaneously with S 0 2 , NO^, 0 3 and particle monitors.
Distance from the source: 4.3 km, heiqhts 245 m. Records
are corrected for the delay in the intake system (cf.ch. 3
and 4 ) .

:::;••:

ut .is tollcws: tirst an appropriate base line was drawn

::. -•.•' :•• • »-.•«• J profiles, trior, the areas under the profiles were
.->•.is .red with a planirneter. In this way the integrated concentrations of the plume components were obtained.
It appeared that the integrated concentrations of NO
constant with distance and therefore NO

were

could be used as an

inert tracer for S 0 2 removal: figure 19 shows the ratio of the
integrated S 0 ? and NO

concentrations (y) as a function of distance

(x). A linear decrease with distance can be observed and an
analysis of the raw data gave the following regression equation:
(49)

y = 3.86 - 0.12 x.

The level of significance is 0.02, the linear regression
correlation coefficient is -0.84. From the regression equation,
the SO,, loss from 4.3 to 21.5 km, corresponding to a travel time
of air of 24 min, is estimated to be about 50%.

5
10
15
20
DISTANCE FROM THE POWER PLANT (km)
Fig. 19.

25

Flight 7507. Ratio between integrated S0 2 and

NO x concentraticns vs. distance. Wind speed: 12 m/s?
thus 1 km corresponds to a travel time of about 1.4 min.
Another interesting fact was noted in connection with
the integrated concentrations of particles - these values
increased with distance. The implications of the increased amount
of particles for S0 2 conversion are further discussed in
chanter 8.

'••»• i-:.-j:

"':.•• s-;y wis partly overcast with altocumulus clouds with

i : is-' it .»Lout 2 . ri '-.~, the temperature was 6 C. The stability
ir. the fiyin.: area was neutral with low wind velocity (l 4 m/s)
i:.d radiosonde measurements at Slesvig indicated an inversion at
about 800 m.
i'ower plant: Only block 2 was running with a fuel consumption of
r

>S.4 t/h until 1400 h; it was then gradually reduced to 2.8 t/h

at 1500 h; the sulphur content of the fuel was 3.7%. The plume
was labelled with SF & by the release, in uniform amounts, of about
53 kg in the period 1320 - 1420 h.
Airborne measurements and results: The flight started at 1129
and ended at 1530 h. The measurements comprised NO , S 0 2 and SFg
concentrations and aad as cheir main aim the control of the SF^
meter, which was used for the first time, and its comparison
with other instruments. The flight was performed according to
the procedure outlined in 4.3. The plume was first localized in
three traverses at about 4 km, then SFfi was released and a further
7 traverses were performed at distances between 4 and 10 km. The
measurements were then stopped because the wind dropped and the
plume could not be detected.
Plume profiles as registered by NO , SO_ and SF g meters at
10 km distance are shown in fig. 20. The position of the peaks
was corrected for instrumental delay times, and considering that
the three instruments have different time constants (see sections
4.1 and 4.2) the agreement is good.
The analysis of inactive sulphur samples failed and
therefore no comparison could be made with the SF g collected in
Saran bags.
Flight no. 7602, 5th March 1976
Weather: A weak cold front with low-lying clouds passed the area,
the wind velocity was about 6 m/s, direction ESE, temperature
was about 8 C. Radiosonde measurements at Jægersborg indicated
neutral conditions.
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Fig. 20. Flight 7601. Plume profiles recorded simultaneously
with NO , SO„ and SF- monitors at 10 km distance and 430 m
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height. Records are corrected ,eor the delay in the intake
system. The plume was scanned from north (right) to south
(left) with a velocity of 196 km/h.

j 'W;-r ^iar.t: Only block 2 was running with a fuel consumption of
\>o t/h, the sulphur content of the oil was 3.6%. The plume was
label led with SF, by the release, in uniform amounts, of about
33 ky in the period 1250 - 1350 h.
Airborne measurements and results: The flight started at 1100
and ended at 16 30 h. The instrumentation comprised S02» NO

and

SF, meters and sulphur sampler. Unfortunately, the sulphur
detector broke down just before the start. The experiment was
carried out with the remaining two instruments and the collection
of sulphur samples was regulated by NO

signals; SFg was simul-

taneously collected in Saran bags.
The localization of the plume required 8 traverses, after
the release of SF, the plume was crossed 12 times at distances
between 10 and 40 km. The plume could be detected in eight
traverses, then the measurements had to be terminated because
of cloud at the flight altitude and poor visibility.
For the first time, the plume was traced at a distance of
40 km, where both SF g and NO

could be easily detected. The

areas under the sulphur hexafluoride and nitrogen oxide profiles
were measured with the planimeter. The integrated concentrations
of these two compounds were compared and fig. 21 shows the [SFfi]/
[NOxl ratio as a function of distance (hereU-integrated concen1
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F i g . 2 1 . F l i g h t 7602. Ratio between i n t e g r a t e d NOx
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si :r. i: icar.t jrcr^Msr or ir.croar-e et the ratio could

'.»• ••£ s»- r w i , whi^-h fact justifies the assumption of a constant
s." .:.* ••-•: Tiltro ;or. oxides in the plune, at least within the
t i.-.e scale involved. Thus, this confirms the conclusion concernin; the renoval time of SCK reached in experiment 7507.

7. PLUME CALCULATIONS BASED ON THE RING MODEL
In section 2.5 it was shown how the plume situation can be
approximated by a mathematical model, the so-called ring model.
Here an attempt will be made to compare this model description
with the actual situation in experiment 7507.
The model divides a plume into infinitely thin rings
containing equal amounts of different compounds, the reaction
in the i' th ring is described by eq. (38) (p. 3 0), which is the
basic equation of the model.
For the real plume, the function f(A,B,...) of this equation
is a complex expression of several competing and collaborating
processes. As we do not know the exact expressions for the
reactions taking place in the plume, the situation can be approximated by separately considering every possible mechanism and its
relative contribution to the total conversion.
From literature studies (cf. sec. 2.1) it seems that the
most probable paths of S 0 2 atmospheric conversion are: photochemical oxidation by OH radicals in the gas phase and heterogeneous catalytic oxidation on the particle surface. The theoretical importance of these two processes was tested by means of
the ring model: the fractional yield (see eq. 56) reached in
30 min was calculated and compared with the actual removal rate
(50% in 30 min).
To simplify the calculations it was assumed that only one
of the processes was taking place at a time. The necessary rate
constants and initial concentrations were taken from the
literature (see p. 93 and 95). Calculations were carried out
for the meteorological parameters corresponding to the particular
situation in flight 7507 (p. 83).
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To determine

• , it was assumed that it is equal to one

sixth of the mean plume width at every distance. The plume width
was measured from S 0 2 profiles and the average value for every
distance was depicted in fig. 22 as a function of distance. From
the line obtained, a

can be expressed as a linear function of

distance x or time t.

n
y

= a + b,x
i

a

or

(50)

= a + bt

and
t = 2
u
where u is the mean wind velocity. Constants a and b are determined from fig. 22.
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F.r *-..- inversion conditions, as was the case for experir.cr.t. !'•> -7, the vertical dispersion of the plume is no longer
Gaussian and cannot be described by means of the standard
deviation • . However, at the distances where the plume reaches
the jround, it is equally distributed in the entire inversion
height. Therefore, in eq. (38) describing A-, the inversion
height, h, can be inser
inserted instead of o as the plume width in
the vertical direction.
With this assumption and with eq. (50), the surface of the
i'th ring is expressed as
A± = 2Trh(a + b t )

l n ^ ~

= 2irh(a + b t )

lnl

(51)

N is the total number of rings.
Dispersion parameters can undoubtedly be determined in more
sophisticated ways, but the main purpose of these computations
was to test the model for possible modes of S0 2 oxidation and not
to exactly estimate plume dilution. Later, in chapter 8, the
influence of oy and oz on the calculated conversion rate is
investigated.
Application of the ring model to gas phase oxidation by OH
The reaction of hydroxyl radicals with SO2 is a three-body
reaction leading to HS03 radicals (cf. 2.1):
OH + S0 2 + M

• HS03 + M.

(52)

In subsequent reactions involving nitrogen oxides and hydrocarbons, sulphate aerosol is formed.
In air, M = N, or 0-( which are in great excess, and reaction
(52) can be described as a pseudo second-order reaction:
-d[S0?]
d t ~

=

k

l

[S0

2]t0H][M] = k [S02HOH],

For an e x p a n d i n g volume r e a c t o r ,
to

(53) c a n be r e w r i t t e n

(53)
according

(38):
S0

dt

2

k

£

0H £ S 0 2
Ai

k

*OH *'S02
2TTø z (a+bt) l n i

,C/11
(54)

,

Ir. *i:v conpK-x fixture of nitrogen oxides, hydrocarbons,
water, etc., O H radicals are continuously produced and removed,
Lut if it can he assumed that they are in dynamic equilibrium,
and for h = const., the separation of variables in (54) followed
by integration yields:

F

- i-Uit) 1

<55>

where F is a fractional yield:

F =

(SO )

^Tso-ftb
°2'o

= 1-

and z i s defined

as:

'''(SO.;,,

Il

(56)

(SO.,)
2. o

"OH
2rrbaz In I*

(57)

(S02) is the amount of S 0 2 at time t and (S0 2 ) o is the amount of
S0_ at time 0.
The following values were used in the numerical calculations:
i = 1. ..100j
a
o

z

= 380 m;
= 0.15x + 121 (from fig. 22)j

-13
3
-1-1'
k,#M = k = 8*10
cm »molecule >s
, as evaluated by
Davies and Klauber (1975) from direct measurements of the third
order rate constant?
£_,„ = 4*10

molecules»m
, computed from the volumetric
7
-3
concentration of 10 molecules»cm
, the flow rate in the stack
3 -1
-1
of 314 m *s

and the actual wind velocity of 12 m* 3

. (In view

of the complex chemistry involved in the formation and removal
of OH in an irradiated atmosphere, it is not possible to calculate
the OH concentration directly, but densities of about
7
-3
10

molecules»cm

are obtained from computer simulated photo-

chemical models of the lower atmosphere

(Levy 1973)).

- 94 Results: For the above assumptions, the fractional yield in 30 min
is calculated to be about It, that is the reaction with OH radicals
can theoretically explain l/5Cth of the observed rate of conversion
(50% removal in 30 min).
The OH concentration required to remove SO, entirely by this
12
-3
process was found by iteration to be 5*10
molecules »cm , that
is five orders of magnitude greater than values reported in the
literature. For 5% removal (l/10th of the observed rate) a con11
-3
centration of 2• 10 molecules• cm
is required.
Application of the ring model to *ieterogeneous catalyzed
SO- oxidation
Oxidation on a catalyst containing particles can be described
by the following equation (Levenspiel 1975):
-d(SO,)

- W - d f - kcIS02]'

(58

>

where W is the mass of the catalyst and k is the rate constant
of the catalyzed reaction.
The amount of catalyst (here, manganese, cf. 2.2) in every
ring, W., is obtained from:
w

i

=

W

=

WAx

(59)

t is the linear concentration, Ax the thickness of the ring.
The reduction of the available catalytic aerosol, because
of dilution and deactivation, necessitates expressing the ring
area A. not only as a function of the dispersion parameters but
also as a function of the activity decrease factor, e, if the
assumption of an equal total amount of active Mn in every ring
is to be valid. As the value of c is not known, it is assumed
that the amount of active catalyst falls in proportion to the
amount of S0 2 converted, that is:

*Mn

* *(Mn) 0 -

U

( S 0 2 ) o " *S0 2 3

(60)

where «., indicates the linear concentration of A at time 0.
After inserting (59) and (60) into (58), separation of the

- 95 -

variables and integration, the following expression is obtained
for the conversion of S0 2 * F, by the catalytic process:
1

F

-

1

(SO,) " l (Mn)„

~

7iThT\2

<61>

(S0 2 ) o *(Mn) Q ,
where
k(1

z =

(Mn) ~£(S0,> *
O
2ib5
E T li

O

*

(62)

z
The following values were used in the numerical calculations:
*/*« * * 33.56 g-ra"1, calculated from the drift data fro« the
(Su2lø
day of experiment 7507;
k ~ 6-10~3 m3-rag"1 »min""1, as estimated by Cheng et al. (1971) s
c
_^
%(Mn)
. This is a very approximate value
t%m v =0.015 molecules >m
as no data on the actual particle emission are available. Freiberg
(1976) calculated I ,p . * 0.15 mol»rain
for iron as a catalyst
in a coal-fired power ° plant plume. From some measurements in
towns (Flyger, Jensen and Kemp 1976) it is known that the manganese
content of aerosols is about 20-30 times less than that of iron;
on the other hand, the catalytic effect of manganese is higher
(e.g. Beilke 1976). In order to account for these effects - and
for the differences between oil- and coal-fired plants - I chose
a value ten times lower than that used by Freiberg.
Result: With the above assumptions, model calculations showed
that in 30 min about 3% of the S0 2 totally emitted will be
catalytically converted. Theoretically, the catalytic process
can thus explain l/15th of the observed removal rate.

8. DISCUSSION
The data from experiment 7507 allowed us to estimate the average
loss of S0 2 between 4.3 and 21.5 km away from the source. Assuming an average wind speed of 12 m/s, the observed loss corresponds to a 50% removal in 30 min.
Extrapolation of the results of laboratory experiments on
S0 2 oxidation suggests that, for most atmospheric conditions,
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such as, e.g., water phase oxidation by ozone, have higher values
been reported. On the other hand, it must be realized that
laboratory experiments, carried out under well-controlled conditions and with a limited number of components, can only give
an approximate picture of the situation in the atmosphere. Field
observations give results that vary from being almost negligible
(0-2% per hour, Newman 1975, Katz 1953) to being very appreciable
(50% in 20-60 min, Weber 1970). In plumes. Gartre11 (1963) and
Newman et al. (1972) observed a 50% in 1 - 2 hours at high
humidities, but much lower values for low humidities.
Generally, field experiments indicate that the removal of
sulphur dioxide from a plume is very dependent on the prevailing
meteorological situation and on the constitution of a plume.
The removal time obtained in the present work is one of the
fastest observed. Deposition to the ground can only be responsible for a minor part of this removal, as calculations have
shown (Lewin et al. 1975, Garland, private communication) that,
at the distances investigated and under the inversion conditions
of experiment 7507, only a maximum of 5% of the emitted S0 2 could
be deposited.
The decay time was determined with nitrogen oxides (NO ) as
a reference, i.e. under the assumption that the sum of nitrogen
oxides in the plume is constant on the time-scale involved. In
the subsequent experiment (7602), the stability of NO x in the
plume was confirmed by comparison with sulphur hexafluoride.
Neither do literature data imply that our assumption could lead
to incorrect results: the atmospheric life-times of nitrogen
oxides cited in the literature vary between several hours and
several days (Derwent and Stewart 1973). However, because of the
paucity of data, the actual result can only be treated as provisional, and it must be confirmed by further experiments.
It is supposed that the removal was caused by a combination
of at least two effects: a high concentration of catalytic substances close to the stack, and weather conditions favouring a
large production of radicals.
Accordingly, the following - preliminary - picture of the
situation is proposed: close to the stack, where the concen-
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the particles, which then fall out of the plume, cannot be
excluded either. Moreover, the nonactive particles act as nucleation centers for the formation and growth of the aerosol
produced by the SO- oxidation and accelerate the conversion.
After the plume has travelled a few km, the activity of the
catalyst decreases and gas phase oxidation by free radicals
becomes important. Under conditions favouring the production of
radicals, this process can be quite effective, as it takes place
over long distances.
The particulate pollution emitted by the Stign*s power plant
contains a large amount of manganese (private communication),
which is very effective catalyst for SO, oxidation (e.g., Barrie
and Georgii 1976). It is also interesting to note that during
flight 7507 an increase was observed in the concentration of the
particles with distance, and this could have exerted a certain
influence on the removal rate. However, no satisfactory explanation has yet been found for this increase in particle concentration.
In our case, rather appreciable decay was observed even at
20 km, where the activity of a catalyst is strongly diminished
because of deactivation and dilution (Haury 1977). We suppose
that, as a result of the specially favourable weather conditions;
bright sunlight^inversion, photochemical processes "took over"
the oxidation at these distances. Bright sunlight triggered the
production of free radicals in the mixture of nitrogen oxides
and hydrocarbons - the latter originating from the refinery
located nearby (cf. chapter 3) - and started chain reactions
among plume components. Some of these reactions led to the
oxidation of SO- to sulphate aerosol, and new radicals were
produced and accumulated in the inversion layer.
Confirmation of the oxidation by the free radicals is given
by ozone recordings: during all traverses in the 7507 experiment
a consumption of ozone in the plume was observed (cf. chapter
6 - p. 84). According to Davies, Klauber and Smith (1974), during
the first 20-40 km of a plume ozone is consumed in the reaction
with nitrogen oxide and nitrogen dioxide is produced. Further
reactions between NO, and photoexcited hydrocarbons result in
the production of radicals capable of oxidizing SO-,.
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is slower than in the case of a catalyst but it is still
appreciable (see p. 20). According to computer simulation of the
atmosphere (Cox and Derwent 1976), which predicts the built-up
of OH-radicals with distance and the accompanying production of
ozone, this process can be of great significance for long-range
transport of sulphur pollution.
It was hoped that the relative importance of the two processes
mentioned - catalytic heterogeneous oxidation and photoinduced
free radical reaction - could be theoretically assessed for the
given conditions. For the purpose of calculations, the plume was
approximated by a model where chemical processes are coupled
with atmospheric dispersion (ch. 2.4). The chemical parameters
were taken from the literature and the meteorological parameters
were estimated from the actual situation. However, the calculations
could only account for a part of the observed removal: with the
assumptions made (cf. 2.3 and 7.2), the catalytic process was
theoretically responsible for l/15th and the OH-process for
l/50th of the actual rate. In comparison with the present result
these figures seem to be too low, but it should be remembered
that the calculations are approximate and are based upon rough
estimates of almost all variables (cf. eqs. 55 and 61). Thus:
1) The concentration of OH-radicals was obtained from a model
simulation of the photochemical processes in the atmosphere and
is maybe typical of the "average" atmosphere. However, in a
plume, which contains unknown amounts of nitrogen oxides and
hydrocarbons, this value can be quite different. Other important
radicals such as O-H can also be produced.
The concentration of manganese used in the calculations is
even more uncertain (cf. p. 95). To illustrate the influence of
the amount of catalyst on the removal, the fractional yield was
calculated as a function of the amount of manganese for rings
number 1, 20, 40, 60 and 100. This is shown in fig. 23. As could
be expected, conversion increases with the amount of catalyst
and the strongest effect is observed for the rings situated
close to the centre.
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Fig. 23. Fractional yield vs. initial amount of catalyst
in the plume.
2) The rate constants applied were found from laboratory experiments, and hence we must reckon that their values in the plume
may differ, even by several orders of magnitude.
3) The reaction equations for the processes considered (eqs. 43
and 58) involve relatively few variables. On the other hand, the
influence of relative humidity, light intensity, effective
surface and age of catalyst, as well as of other factors, on the
reaction rate cannot be excluded either. These complicated
relations are not yet well established, and therefore it was not
possible to take them into account during the calc lations.
4) Apart from the chemistry of the process, the calculated
rates are also affected by the dispersion parameters øv and a •
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pan
ter "a" in this equation describes the dependence of o y on
stack 9' tetry, and parameter "b" describes the dependence on
tteorological conditions. The influence of o (taken as a part
of the value used in the calculations - cf, p . 91 ) on t h e
fractional yield is shown in fig. 24.

0.4
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oy (port of used in calculations)

1.6

Fig, 24. Fractional yield F as a function of a...
r

Calculations were carried out for £ Q H = 5*10
(see p. 94).

to y

molecules/m

The dependence of fractional yield on a is first of all a
matter of confidence in the assumption that ø is equal to
inversion height and is constant with distance (see p. 9% ) . As
long as this assumption is valid, F falls exponentially with o .
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because of our limited knowledge of the conversion mechanisms
involved. Nevertheless, it seems that the description given by
the model is correct, as the calculated removal rates are of the
same order of magnitude as the laboratory results.

9. CONCLUSION
The present work was primarily concerned with the development of
measuring and analytical techniques according to the requirements
of studies to be made by means of an aircraft. In the few
airborne experiments that followed this development phase, the
instrumentation and techniques were tested and improved where
necessary.
The isotope dilution method (IDA) used for the analysis of
inactive sulphur samples was shown to be especially suitable
for samples collected in plumes because of its selectivity and
sensitivity. For the sampling and analyzing procedures applied,
the detection limit is 23 yg S00/m (less than 0.01 ppm) and
3
*
10 yg sulphate/m . The determination of SO, in the presence of
sulphate often constitutes a problem in the analysis of environmental samples. The air-gap SOj-electrode (section 5.3) method
is one of the few specific for sulphur dioxide. The limit of
detection is 5*10-5M, and for the actual conditions of sampling
(1 min, 70 £/min) and analysis (extraction volume - 5 ml) this
limit corresponds to an SO, concentration in air of 0.07 ppm
3
*
(230 yg SO-/m ) . Therefore the electrode cannot be used for our
purposes because the concentrations encountered during the
experiments are normally much lower. On the other hand, for the
larger samples the SO, selective electrode can be considered as
a supplement to other methods of analysis, especially in long-term measurements in polluted areas. However, it needs further
improvement because its performance is rather unstable.
KOH-impregnated filters are a simple and effective means of
sampling S0 2 from air at humidities higher than 30% (section
4.5). However, the results of the analysis of filter samples
obtained so far (tables 6-8) indicate that the collection pro-
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for the varying background. This can be easily done by tabelling
the sulphur from the source in question with its radioactive
35
35
isotope*
5. It was shown that a solution of
S in CS, can be
safety added to the oil on its way to a burner. According to the
calculations presented in section 5.1, the total amounts of
S
collected at 50 km under conditions corresponding to Pasquill
classes C-F (cf. chapter 3) are in the range 8*10~
Ci. Assuming
that 10% of the total sulphur is in the form of sulphate, and
taking into account the fact that the detection limit of the
analysis is 5-10~
Ci (p. (4), several traverses are required
to collect sufficient airborn material at this distance. Unfortunately, the technique could not be tried out in practice because
of public opposition.
All other experimental techniques have been tested during
flights. The sensitivity of the Total Sulphur Analyzer (section
4.3) at the operational flame height is 0.005 ppm (i IS ug S02/» )»
but it is our experience from airborne and ground experiments
that a more sensitive instrument, where performance is less
affected by operating conditions, would be more advantageous,
especially for fast measurements and in lightly polluted areas.
Studies of parameters important for SO, conversion should
include parallel measurements of NO and N0 2 (or N O ) . Instruments
detecting both gases simultaneously are now available, but this
was not the case at the start of our project. Humidity is considered to have an important influence on the S0 2 conversion
rate. Unfortunately, there are hardly any instruments suitable
for airborne measurements of humidity. On the other hand, during
the flights no important changes in humidity between the background and the plume were observed, and humidity may perhaps be
determined from routine meteorological measurements carried out
from balloons, etc.
From experiment 7602 it appeared that NO can be used as an
inner tracer for SO- removal. Measurements of NO and inactive
sulphur indicated a 50% loss of S0~ at distances between 4.3 and
21.5 km (cf. fig. 19), corresponding to a travel time of a plume
of about 25 min. The deposition of SO, is much too slow to
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to the coabination of two factors: the presence of appreciable
aeounts of catalyst (mainly Manganese) close to the stack and
weather conditions favouring the production of free radicals.
Neither can interaction between these two processes be excluded.
However, it aust be underlined that the results obtained are
only based on a few experiments and should therefore be treated
»* preliminary. Further experiments conducted under meteorological
conditions similar to those of 7507 are necessary to confirm and
explain the observed removal rate of SOj- Also, in order to
obtain more complete information on mechanisms of atmospheric
transformation of S0 2 * future experiments should include measurements of hydrocarbons and of the composition of particulates.
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APPENDIX I
RESUMÉ
Ved forbrænding af kul og olie emitteres store mængder svovldioxyd, der i atmosfæren bliver oxideret til sulfat og omdannet til
aerosol. Sulfataerosolen kan udgøre sundhedsfare for mennesker,
påvirke naturen of nedbryde bygningsmaterialer. Svovldioxyd bliver derigennem en af de vigtigste komponenter i luftforurening.
En beskrivelse af svovldioxyds emission fra en kraftværksskorsten kræver kundskab til de fysiske og kemiske processer,
hvorved svovldioxyd omdannes og fjernes fra røgfanen. En gennemgang af litteraturen om laboratorieforsøg udført under forhold,
der tillader sammenligning med forholdene i atmosfæren viser, at
svovldioxyd kan være fjernet fra atmosfæren ved reaktioner i
gasfase med sekundære produkter af lysinducerede processer, ved
reaktioner i vandfase eller ved katalyseret reaktion på overfladen af partikler. Komponenter, der har den største indflydelse
på hastigheden og mekanismen af omdannelsen af svovldioxyd i
atmosfæren synes at være: kvælstofoxider, kulbrinter, ozon, metalliske katalysatorer (især jern og mangan) samt fugtighed.
Betydningen af transport samt meteorologiske forhold for svovl'
dioxyds omdannelse Xan kun studeres ved forsøg udført direkte i
atmosfæren. Denne rapport beskriver forberedelser til - og udførelsen af - luftbårne eksperimenter, hvis formål var at bestemme fysiske og kemiske omdannelsesprocesser af svovldioxyd
i en røgfane fra et oliefyret kraftværk. Undersøgelser blev udført direkte fra en flyvemaskine i røgfanen fra Stigsnæsværket
og røgfanens udbredelse blev bestemt ved tilsætning af en inaktiv gas - svovlhexafluorid. Koncentrationen af kvælstofoxider,
svovldioxyd, gas, svovlhexafluorid og partikler samt fugtighed
og temperatur blev målt kontinuerligt, medens prøver af partikulære- og gasformige svovlforbindelser blev opsamlet på filtre.
Mængden af svovl opsamlet på filtre blev bestemt i laboratoriet
ved substochiometrisk isotop-fortyndingsanalyse, modificeret
til luftprøver. Samtidig blev mulighederne for anvendelse i luftforureningsundersøgelser af en SO,-specifik gas-gap elektrode

- 112 undersøgt.
Metoden til bestemmelse af mængden af radioaktivt market
svovlforbindelser opsamlet på filtre blev udviklet og afprøvet
for koncentrationer typiske for de givne forsøgsforhold.
Dynamisk kalibrering af de kontinuerligt registrerende instrumenter blev foretaget ved hjælp af et system baseret på
permeationsrør som gaskilder. Dette system blev også anvendt
til undersøgelse af effektiviteten af filtre til svovldioxydopsamling under forskellige forhold.
Indtil slutningen af 1976 udførtes fem vellykkede flyveforsøg.
I et enkelt tilfælde blev det vist, at 50% af det oprindelige
svovldioxyd blev fjernet fra røgfanen mellem 4.3 og 21.5 km fra
kilden - dette svarer til en halveringstid på ca. 30 min. og
dermed til en tilsyneladende omdannelse, der er meget hurtigere
end observeret i laboratoriet.
Til bestemmelsen af fjernelseshastighed anvendtes kvælstofoxider som inert sporstof fpr røgfanens udbredelse. Sammenligning mellem svovlhexafluorids og kvælstofoxiders profiler målt
ved forskellige afstande fra kilden og udført ved en anden flyvning, viste at mængden af kvælstofoxider i røgfanen ikke ændrede
sig under forsøget, hvorfor disse kan anvendes som intern standard til bestemmelse af svovldioxyds fjernelse.
Beregninger viste, at maksimalt 5% af SO, kan være blevet
fjernet ved deposition til jord- og vandoverflader. Den observerede fjernelse må derfor i høj grad skyldes kemisk omdannelse.
Det mest sandsynlige er en kombineret effekt af lysinducerede
homogene processer med frie radikaler og heterogen oxidation
katalyseret af mangan.
Modelberegninger gav resultater, der var af samme størrelsesorden som man observerer i laboratorieforsøg, og kunne derfor
kun forklare en lille del af den tilsyneladende hastighed for
omdannelsen i røgfanen. Dette skyldes formodentlig at forholdene i atmosfæren er væsentligt mere komplicerede end man kan simulere det i laboratoriet.
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APPENDIX II
LIST OF SYMBOLS AND ABBREVIATIONS
a
3
A.
F
A.
A
A
A
b
cpm
Ah
Ax
Ax.
c
F
h
h
H
i
IDA
k,k,,k_

amount of sulphur in the IDA agent
constant in eq. 50
Pasquill's weather classes
surface area of the ring i
activity added to the sample in IDA
activity after separation in IDA
activity of the supernatant liquid in IDA
constant in et,. 50
counts per minute
plume rise
absolute error
infinitisimal thickness of the ring i
collection efficiency of a filter
fractional yield
inversion height
physical stack height
effective stack height
subscript
substoichiometric isotope dilution analysis
reaction constants

K
1.
L.A.S.
m
m.
N
NOv

factor in eq. 45
linear concentration of component A
Low-volume air sampler
total amount of S0 2 sucked through the filter
amount of SO_ retained on filter i
number of rings
sum of NO and NO-

X

ppb
pphm
ppm
PIXE
Q
-r__
r

4

A

parts per billion (1:10 }
if not specified,
parts per hundred million (1:10 ) > volume per
parts per million (1:10 )
volume
proton-induced X-ray emission analysis
source strength
reaction rate of S0 2 removal
correlation coefficient in the regression analysis
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s
s
S
S
o
o.blank
, .
a ,o
t
t
u
u
v
V
V.
w

°
w
w
W
x
x
X(x,y,z)
y
y
z
z
[ 1
( )

relative humidity
stability parameter
variance about regression
specific radioactivity of sample before isolation
specific radioactivity of the isolated sample
standard deviation
standard deviation in determination of blank
standard deviation ia y and z direction
time
Student's distribution factor
wind speed
mean wind speed
deposition velocity
reaction "olume
volume of the ring i
added weight

1
separated weight
>
in isotope analysis
unknown weight
mass of the catalyst
direction of the plume propagation
distance
time mean concentration in point (x,y,z)
direction
ratio of integrated concentrations
direction vertical to plume direction
variable defined by eqs. 57 and 62
concentration
amount

