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The liquid-phase oxidation of 

 

SO

 

2(g)

 

 catalyzed by
transition-metal ions is still among the poorly under-
stood heterogeneous chemical processes occurring in
the lower atmosphere [1–3]. Not long ago, gaining a
deeper insight into this process was impeded by the
inadequate understanding of the mechanisms of rele-
vant catalytic reactions [4]. It was only in recent years
that catalysis by iron ions

 

1

 

 was demonstrated to be a
chain process with degenerate chain branching [5].
This provided an explanation for the fact that this pro-
cess is steady-state. An interpretation was also sug-
gested for the earlier unexplained fact that the oxidation

process is dramatically accelerated by 

 

S

 

2

 

 [6], an

ion inert towards sulfite, and by , a catalytically
inactive ion (the Fe–Mn ion couple shows so-called
synergism [7–10]). These kinetic features of liquid-
phase 

 

SO

 

2(g)

 

 oxidation, as well as a number of other
ones, are explained in terms of changes in the ratio of
the concentration of the active iron form Fe(III) to the
concentration of the inactive iron form Fe(II), the quan-
tity determining the rate of the catalytic reaction [5].

 

1

 

Iron is the most abundant transition metal. The iron abundance in
the Earth’s crust is 

 

5.6 

 

×

 

 10

 

4

 

 ppm [12]. It is due to this fact, along
with the low value of the Fe(III)/Fe(II) redox potential

(  = 0.77 V), that iron is involved in a wide variety of
chemical processes in the hydrosphere [14–16] and in atmo-
spheric water drops [3]. The natural and anthropogenic sources of
atmospheric iron are coal weathering and combustion [17]. The
subsequent dry precipitation of iron as a component of aerosols
and rain is considered to be a significant source of oceanic iron
[18]. The iron ions present in seawater determine the state of the
biota and phytoplankton and thus influence the productivity of
the ocean [19, 20].
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Furthermore, unexpected effects were revealed by sim-
ulating iron-ion-catalyzed 

 

SO

 

2(g)

 

 oxidation in atmo-
spheric water drops [11]. It was found that the turnover
frequency of iron ions is ~800 times higher in micron-
sized water drops than in vitro under the same concen-
tration conditions. The purpose of this study is to ana-
lyze the catalytic oxidation of sulfite in cloud drops of
various sizes. Our analysis will be based on the reduced
model (RM), which was developed earlier and was used
in our previous paper on this subject [21].

 

Fe(III)/Fe(II) Ion Distribution in Water Drops

 

In the analysis of the drop-size (

 

r

 

0

 

) effect on the rate
of iron-ion-catalyzed sulfite oxidation, we considered
the reactions presented in our previous article [21,
Tables 2–4] and the reactions listed in Tables 1–3. The
total iron content [Fe(II)] + [Fe(III)] = 

 

[Fe]

 

0

 

 was taken
to be 

 

10

 

–7

 

 mol/l, unless otherwise stated. The other con-
ditions were the same as in the calculations concerning
the formation of the oxidizing properties of cloud drops
in the absence of iron ions [21].

 

2

 

 Figure 1 shows an
example of the drop-size dependence of iron ion distri-
bution between the Fe(II) and Fe(III) states as

 

2

 

The nonuniformity of the distribution of the species family

 

/

 

 in the drop, caused by the reactions 

 

 +

/

 

 (1A, 2A), 

 

/  + 

 

 (17A,

18A), and  + Fe(III) (26A, 27A) (see Table 2), was

ignored. No analytical solution has been found in the literature
for the problem of averaging the concentrations of reactive com-
ponents diffusing into the drop bulk and participating simulta-
neously in first- and second-order reactions.
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Abstract

 

—The oxidation of SO

 

2

 

 catalyzed by iron ions in cloud drops of various sizes is analyzed in terms of
the reduced model of atmospheric processes. It is demonstrated for the first time that iron ions exert a catalytic
effect only in the smallest (<5 

 

µ

 

m) and the largest (>100 

 

µ

 

m) drops. This behavior of iron ions is due to the
variation of the concentration ratio between the active form Fe(III) and the inactive form Fe(II) in the drops.
SO

 

2

 

 oxidation in drops of intermediate sizes is slower, because most of the iron in these drops is in the Fe(II)
state.
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ζ

 

 = 

 

([Fe(III)]/[Fe(II)])

 

 (

 

t

 

ex

 

 = 5 

 

×

 

 10

 

3

 

 s). Curve 

 

1

 

 reflects
the overall effect of the 

 

S

 

/

 

V

 

 factor and of the nonunifor-
mity of the  and 

 

é

 

3(aq)

 

 in the drop, while curve 

 

2

 

illustrates only the effect of 

 

S

 

/

 

V

 

. The fact that the curves
do not coincide suggests that the nonuniformity of the
distribution of the above species, particularly ,
has a strong effect on the Fe(III)-to-Fe(II) concentra-
tion ratio. The time factor in the distribution of iron
between its valence states is illustrated by the time vari-
ation of 

 

ζ

 

t

 

 = ([Fe(III)]/[Fe(II)])

 

t

 

 calculated for micron-
sized drops (Fig. 2). Figure 2 shows the corresponding
plots of 

 

[S(IV)]

 

t

 

 and 

 

ç

 

t

 

 for these drops. In spite of the
considerable extent of gas self-cleaning of 

 

SO

 

2(g)

 

([S(IV)]

 

t

 

 = 0

 

/[S(IV)  

 

≈

 

 3)

 

 and the marked increase

in the acidity of the drops (

 

∆

 

ç 

 

≈

 

 –0.5

 

), the changes in

 

[S(IV)]

 

t

 

 and 

 

ç

 

t

 

 do not cause any redistribution of iron
between its valence states, even though they affect 

 

ζ

 

. At
long exposure times, the oxidized form Fe(III) remains
the dominant iron species in micron-sized drops. As for
the drop size effect, drop growth causes a redistribution

OHaq

.

OHaq

.

]
t 104   s=  

of iron between its valence states. The drop size effect
shows a kind of zonal variation (see the hatched regions
in Fig. 1). The oxidized form of iron ions dominates
only in the smallest (

 

≤

 

5

 

 

 

µ

 

m) and largest (

 

≥

 

100

 

 

 

µ

 

m)
drops. The drops of intermediate sizes are dominated
by the reduced form of iron. Our calculations have
demonstrated that the distribution of iron ions between
the Fe(II) and Fe(III) states depends on 

 

[Fe]

 

0

 

. As 

 

[Fe]

 

0

 

is raised in submicron-sized drops, 

 

ζ

 

 changes in favor
of Fe(III). For example, 

 

 

 

≈

 

 9

 

 for 

 

[Fe]

 

0

 

 = 4 

 

×

 

10

 

−

 

7

 

 mol/l. This deduction is not in conflict with the
results of our previous study [22], where a value of

 

 

≈

 

 1 was reported for similar conditions

([
 

SO
 

2(g) 
] = 1 ppb, 

 
[Fe]

 
0 
 = 5  ×

 
 10

 

–7

 
 mol/l, 

 
L

 
 = 3  ×

 
 10

 

–7

 
;

calculations using the CAPRAM 2.3 model). Note that,
as distinct from RM, CAPRAM 2.3 takes into consid-
eration the liquid-phase oxidation of 

 

HCOO-
H

 

aq

 

/HCO , CH

 

2

 

(OH)

 

2(aq)

 

, and a number of other

organic compounds and the fast reactions 

 

/  +
Cu

 

2+

 

/Cu

 

+

 

 and Fe(III) + 

 

Cu

 

+

 

. As demonstrated in our
earlier work [21], up to ~50% of the  species
entrained from the gas are consumed in reactions
involving 

 

HCOOH

 

aq

 

/HCO

 

 and 

 

CH

 

2

 

(OH)

 

2(aq)

 

.
However, it was demonstrated in an independent study
[23] that radical acceptors, such as benzene, weaken the
oxidizing capacity of sulfite solutions towards the
Fe(III)/Fe(II) ion couple. At 

 

[Fe]

 

0

 

 = 10

 

–5

 

 mol/l,
[S(IV)] 

 

≈

 

 2 

 

×

 

 10

 

–3

 

 mol/l, and pH 

 

≈

 

 3

 

, the ratio of the oxi-
dized and reduced iron forms decreases by a factor of
about 2 both in the presence and in the absence of ben-

ζr0 1 µm=

ζr0 1 µm=

Oaq
–

OHaq

.
O2aq

–.

OHg

.

Oaq
–

 

Table 1.  

 

Chemical reactions involving iron ions in water drops

Entry Reaction

 

k

 

i

 

A

 

, l mol

 

–1

 

 s

 

–1

 

25A FeO  + H    + O

 

2(aq)

 

 + H

 

2

 

O 1.3 

 

×

 

 10

 

5

 

26A FeO  +    + O  + O

 

2(aq)

 

1.5 

 

×

 

 10

 

8

 

27A Fe(O  +    +2O  + O

 

2(aq)

 

1.5 

 

×

 

 10

 

8

 

28A  + H

 

2

 

O

 

2(aq)

 

  O  +O  + 76

29A  + S

 

2

 

   + S  + S 12

30A  + HS    + S  + O 3.0 

 

×

 

 10

 

4

 

31A  +   H

 

2

 

O

 

2(aq) 

 

+ 1.0 

 

×

 

 10

 

7

 

32A  + H    + H 1.2 

 

×

 

 10

 

6

 

33A  + S    + S 3.0 

 

×

 

 10

 

8

 

34A  + S    + S 3.2 

 

×

 

 10

 

6

 

35A* FeOHSO

 

3

 

   + H

 

2

 

O + S 0.2

 

* The rate constant has dimensions of s

 

–1

 

.

Haq
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.
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– Feaq
3+ O4 aq( )

–.
Haq

–

Feaq
2+ O2 aq( )

–. 2H+
Feaq

3+

Feaq
2+ O2 aq( )

.
Feaq

3+ O2 aq( )
–

Feaq
2+ O4 aq( )

–.
Feaq

3+ O4 aq( )
2–

Feaq
2+ O5 aq( )

–.
Feaq

3+ O5 aq( )
2–

Haq
+ Feaq

2+ O3 aq( )
–.

Table 2.  Photodissociation processes in the liquid phase

Entry Process JiA, s–1

39A FeO    +O 4.5 × 10–3

40A Fe(O    + O  + O 5.8 × 10–3

41A FeS    + S 1 × 10–4

Note: JiA is the photodissociation coefficient.
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zene (~10–3 mol/l). The drops with r0 = 10 µm are dom-
inated by Fe2+ in the daytime even at a much higher iron
concentration of [Fe]0 = 5 × 10–6 mol/l (L = 3 × 10–7,

 ≈ 0.2) [24]. In the study cited (in which the

M2C2 model was used), as in the study by Herrmann
et al. [22], the liquid-phase oxidation of
HCOOHaq/HCO  and CH2(OH)2(aq) and processes
involving copper ions were taken into consideration
along with reactions involving iron ions.

ζr0 10  µ m=

Oaq
–

 

Figure 3 plots the calculated average  and

 concentrations (i.e., 

 

[ ]

 

Fe

 

 and 

 

[ ]

 

Fe

 ([ ] Fe  + [ ] Fe ) ) as a function of the drop
size. For comparison, we demonstrate the effect of drop

growth on 

 

[ ]

 

 and 

 

[ ]

 

 in the absence of iron
ions (dotted curves). Clearly, iron ions cause nonmono-

tonicity in 

 

[ ]

 

Fe

 

 = 

 

f

 

(

 

r

 

0

 

)

 

. Note that, as the drop

OHaq

.
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.
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Table 3.  

 

Hydrolysis and complex formation equilibria in water drops

Entry Equilibrium

 

K

 

i

 

E

 

, l/mol

Forward reaction Reverse reaction

, , 

14E FeO  + HS  

 

 

 

FeOHSO

 

3

 

600 5.0 

 

×

 

 10

 

10

 

8.3 

 

×

 

 10

 

7

 

15E FeO  + S  

 

 

 

FeOHSO

 

3(aq)

 

2.0 

 

×

 

 10

 

7

 

5.0 

 

×

 

 10

 

10

 

2.5 

 

×

 

 10

 

3

 

16E* FeO  + H

 

2

 

O 

 

 

 

Fe(O  + 7.0 

 

× 

 

10

 

–5

 

5.6 

 

×

 

 10

 

5

 

8.0 

 

×

 

 10

 

9

 

17E  + S  

 

 

 

FeSO

 

4(aq)

 

158 7.9 

 

×

 

 10

 

12

 

5.0 

 

×

 

 10

 

10

 

18E  + HS  

 

 

 

FeHS 72 5.0 

 

×

 

 10

 

10

 

6.9 

 

×

 

 10

 

8

 

19E  + S  

 

 

 

FeS 7.3 

 

×

 

 10

 

6

 

5.0 

 

×

 

 10

 

10

 

6850

20E  + S  

 

 

 

FeS 180 3.2 

 

×

 

 10

 

7

 

1.8 

 

×

 

 10

 

5

 

21E*  + H

 

2

 

O 

 

 

 

FeO  + 2 

 

×

 

 10

 

–3

 

8.6 

 

×

 

 10

 

5

 

4.3 

 

×

 

 10

 

8

 

Note:

 

K

 

i

 

E

 

 is the equilibrium constant, 

 

n

 

 is the order of the reaction,  is the preexponential factor at 298 K for the forward reaction,

 is the activation energy of the forward reaction, and  is the exponential factor at 298 K for the reverse reaction.

* The equilibrium constant is dimensionless.
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Fig. 1. Drop size effect on the ratio of the valence forms of iron
ions in a tropospheric cloud calculated having regard to (1)
both the S/V factor and the nonuniform  and O3(aq) dis-

tributions in the drop and (2) the S/V factor alone. Conditions:
daytime, L = 10–6, [Fe]0 = 10–7 mol/l, and tex = 5 × 103 s.
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Fig. 2. Time dependence of (1) pH in the drop, (2) SO2 con-
centration (including the species dissolved in the drop), and
(3) ζ. r0 = 1 µm.
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grows, [ ]Fe increases in spite of the decreasing
influx of these species into the drop. It is evident from

Fig. 3 that [ ]Fe  [ ] for small drops. How-
ever, as r0 increases, the solid and dotted curves diverge

more and more widely, with [ ]/[ ]Fe > 1. This
divergence between the curves is due to the fact that the

decline of [ ]Fe begins at a smaller drop size and is

more rapid than the decline of [ ]. According to
our calculations, the primary cause of the decrease in
the  concentration in the absence and presence of

iron ions is the nonuniformity of the  distribution
in the drop bulk. The apparent strengthening of this fac-
tor in the presence of iron ions is due to the bulk gener-

ation of hydroxyl radicals via the reaction  +
é3(aq) (10A) being suppressed by the fast reactions (26A)

and (27A), in which  radicals are consumed. This
results in a dramatic decrease in the concentration
of     hydroperoxyl radicals in small drops:

[ ]Fe/[ ] � 1 (Fig. 3). The negative effect

of reactions (26A) and (27A) on the  concentra-

tion is also evident from the fact that [ ]Fe and

[ ] converge as the drop grows. As this takes
place, most of the iron ions undergo reduction (Fig. 1)
and the negative effect of reactions (26A) and (27A) on

the  concentration weakens. The suppression of
reactions (26A) and (27A) resumes the reaction

OHaq

.

OHaq

.
OHaq

.

OHaq

.
OHaq

.

OHaq

.

OHaq

.

OHaq

.

OHaq

.

O2 aq( )
–.

O2 aq( )
–.

HO2 aq( )
.

HO2 aq( )
.

HO2 aq( )
.

HO2 aq( )
.

HO2 aq( )
.

HO2 aq( )
.

 + é3(aq)   (10A). In combination with
the increasing rates of photoreactions (39A)–(41A),
this ensures the above-noted buildup of  at r0 ≥
100 µm (Fig. 3). The occurrence of reactions (10A) and
(39A)–(41A) in large drops is consistent with the fact

that [ ]Fe falls more rapidly than the same con-
centration in the absence of iron ions. This effect is due
to reactions (26A) and (27A) coming into play.

As follows from Fig. 1, the growth of the drops
causes two inversions in the iron ion distribution
between the valence states. This is caused by changes
in the oxidation and reductions rates in the
Fe(II)/Fe(III) system. In the drops with r0 ≤ 100 µm, the
reduction of Fe(III) is almost solely due to the reactions
involving /  (reactions (26A) and (27A)),
while the regeneration of these ions is intimately asso-
ciated with the conjugate process of SO2(g) oxidation, as
is demonstrated by our calculations. Indeed, the direct oxi-
dation  + Fe(II) cannot play a significant role at low

 and iron ion concentrations ([Fe]0 = 10–7 mol/l).
The regeneration of Fe(III) by hydrogen peroxide
(reaction (28A)) is also ruled out. All of the ç2é2(g) is
exhausted at much earlier stages, at least in the case of
small drops. The contribution from ç2é2(aq) synthe-
sized in drops via reactions (1A), (2A), (31A), and
(32A) is also insignificant. The real cause is the much
more rapid ç2é2(aq) consumption in the reaction
involving  (3A). Therefore, hydrogen perox-
ide makes a much smaller contribution to Fe(II) oxida-
tion than the reactions of the  radical (reac-
tions (33A) and (34A)), whose total rate is, however, no
higher than ~10% of the calculated Fe(II) oxidation
rate. The main oxidizer of Fe(II) ions is ,
which is an intermediate in the liquid-phase oxidation of
sulfur dioxide. The interrelation of these processes under
field conditions was reported in, e.g., [25]. Indirect evi-
dence of this interrelation can be found in [26, 27]. A
similar result was reported for iron-ion-catalyzed
sulfite oxidation under laboratory conditions [28].
While the synthesis of  in drops is due to the
cross reactions (17A) and (18A), the formation of this
species in vitro is due to reactions (19A)–(22A) or reac-
tion (34A) [23]. These considerations provide informa-
tion concerning not only the Fe(III)/Fe(II) concentra-
tion ratio in cloud drops but also the drop-size depen-
dence of this ratio. In the smallest drops, the dynamics
of the cyclic process Fe(III)  Fe(II) is slowed down
by reactions (26A) and (27A). The characteristic time
of these reactions in micron-sized drops is estimated at

 ≈ 10 s, where  = τ26Äτ27Ä/(τ26Ä + τ27Ä). There-
fore, for tex = 5 × 103 s (Fig. 1), the number of Fe(III)–
Fe(II) turnovers is close to 500. However, the deceler-

O2 aq( )
–. H

+

OHaq

.

OHaq

.

HO2 aq( )
.

HO2 aq( )
.

O2 aq( )
–.

OHaq

.

OHaq

.

HSO3 aq( )
–

SO4–5 aq( )
–.

HSO5 aq( )
–

HSO5 aq( )
–

τ26A* τ26A*

10–8

10–10

10–12

Concentration of radicals, mol/l

10–1 100 101 102 103

Drop radius, µm

HO2(aq)
.2'

2
HO2(aq)Fe

.

OH(aq)Fe
.

1
1' OHaq

.

Fig. 3. Drop-size effect on the average concentrations (see
main text) of (1, 1') hydroxyl and (2, 2') hydroperoxyl radi-
cals in tropospheric clouds in the (1, 2) presence and (1', 2')
absence of iron ions. Conditions: daytime, L = 10–6, [Fe]0 =

10–7 mol/l, and tex = 5 × 103 s.
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ating effect of reactions (26A) and (27A) on the cyclic
process Fe(III)  Fe(II) is disrupted in larger drops
(Fig. 1) because of a decrease in the influx of  rad-
icals from the gas phase. As a consequence, the rate of

the reaction chain  +   
(reactions (5A) and (12A)) falls, resulting in a slow-
down of the reactions leading to  buildup
(reactions (17A) and (18A)). This slowdown deceler-
ates reaction (30A), thus weakening the oxidizing abil-
ity of the drops towards both SO2(g) and Fe(II) (conju-
gate reactions). It is this effect that causes ζ to decrease
from ~3 to ~0.3 (Fig. 1). Simultaneously, the 
concentration increases by a factor of about 3 (Fig. 3)

in spite of the decreasing . According to our cal-
culations, this increase is due to the suppression of

 consumption in reactions (26A) and (27A)
because of the decrease in [Fe(III)]. By expressing ζ in
terms of the concentrations of the oxidizers and reduc-
ers of the Fe(III) and Fe(II) ions, we obtain the follow-
ing formula for the change in ζ upon drop growth from
0.1 to 10 µm:

From these calculations and the data presented in
Fig. 1, it follows that /  ≈ 10; hence,

( / ) ≈ 3. Thus,
the growth of drops within the limits considered might
be expected to reduce the  generation rate by
a factor of about 3. However, it follows from indepen-
dent data [29] that, in the absence of an  source,

([ ]surf/[  ≈ 7 in the drop bulk;
that is, the generation rate and, accordingly, the concen-
tration of  is predicted to decrease by a factor

of ~7 rather than ~3. The higher  concentra-
tion deduced from our calculations indicates that there
are sources of these species other than  entrain-
ment from the gas phase. These sources cannot be pro-

vided by the reaction chain  + é3(aq) 

     (whether
or not iron ions are present). In the presence of iron
ions, this chain is terminated by the  + Fe(III)

reactions (26A) and (27A): w10Ä/(w26Ä + w27Ä  ≤

OHg

.

OHaq

.
HSO3 aq( )

– O2 HSO5 aq( )
–

HSO5 aq( )
–

HO2 aq( )
.

ΨHO2

O2 aq( )
–.

ζr0 0.1 µm=

ζr0 10 µm=
----------------------

O2

–.
[ ]r0 0.1 µm= HSO5 aq( )

–[ ]r0 0.1 µm=

O2

–.
[ ]r0 10 µm= HSO5 aq( )

–[ ]r0 10 µm=

-------------------------------------------------------------------------------≈

≈ 3
HSO5 aq( )

–[ ]r0 0.1 µm=

HSO5 aq( )
–[ ]r0 10 µm=

---------------------------------------------.

ζr0 0.1 µm= ζr0 10 µm=

HSO5 aq( )
–[ ]r0 0.1 µm= HSO5 aq( )

–[ ]r0 10 µm=

HSO5 aq( )
–

OHaq

.

OHaq

.
OHaq

.
[ ]Fe)r0 10 µm=

HSO5 aq( )
–

HSO5 aq( )
–

OHg

.

O2 aq( )
–.

(10A)
H

+

OHaq

. HSO3, O2

(5A), (12A)

–

SO5 aq( )
–. HO2/O2

(17A), (18A)

–

HSO5 aq( )
–

O2 aq( )
–.

)r0 10 µm=

0.14. The photochemical generation of  (reaction
(37A)) is also of low significance for this drop size (see
above). Our calculations have demonstrated that reac-
tions (17A) and (18A) remain the main source of

 at r0 = 10 µm. However, as the drop grows,

the  formation mechanism changes radically. In

a large drop,  is generated by an iron-ion-catalyzed

reaction chain converting  into  [11]
along with being entrained from the gas phase. This
reaction chain is possible in the atmosphere only due to
the conjugation of reactions (26A) and (27A) with the

chain branching reaction  +  (30A). The
key role in this conjugation is played by the chain
branching reaction (30A). Compensating for the loss of
Fe(III) ions in reactions (26A) and (27A), the chain
branching causes a buildup of  species at the
same time. Participating in the fast reactions (15A) and
(16A) and then in reactions (12A), (17A), and (18A),
these species regenerate the peroxomonosulfate con-
sumed in reaction (30A). This conjugation of chemical
and photochemical processes depreciates, in part, the
results of the model studies of the redox properties of
iron ions in cloud water samples under laboratory con-
ditions. For example, Fe(II) formation was observed in
the photolysis of filtered aqueous solutions of aerosol
particles in the presence of the oxalate ion [30]. How-
ever, from these data, it is difficult to derive any conclu-
sion as to the role of the photochemical reduction of
iron(III) oxalate complexes in the atmosphere, because
this process takes place against the background of the
intensive bombardment of the drops with  and

.

According to our earlier data [11], the conjugation
of reactions (26A) and (27A) with reaction (30A) in the
atmosphere can be represented as the following chain
of liquid-phase reactions:

 +    + H2O + O2(aq),

 +    + , 

 +    +  + ,

 + O2(aq)  ,

or   . It is these processes that make

up the extra source of , compensating for the
loss of this species in the drops “impenetrable” for

. For the smallest drops such that qéç < 1 (the
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parameter q is defined in our previous paper [21]), the
 radicals formed by the catalytic mechanism

add to the radicals resulting from the entrainment of
 from the gas phase. This almost doubles the

 generation rate relative to the generation rate in
the absence of iron ions. The increase in the generation
rate of this species causes an increase in the rate of the
cross reactions (17A) and (18A). Up to ~60% of the

 resulting from these reactions is spent for
Fe(II) oxidation. In the drops with r0 = 10 µm, the

increase in the  generation rate calculated with
neglect of reaction (10A) is as large as ~600% owing to
the nonuniform distribution of hydroxyl radicals in the
drop bulk. However, the absolute  formation
rate is obviously lower in these drops than in micron-
sized drops. As a consequence, the ratio of the valence
states of iron is changed in favor of Fe(II). Therefore, in
drops larger than the reaction length for the  radi-
cal, the only oxidizer and reducer of the Fe(III)/Fe(II)
system are reactions involving  entrained from
the gas phase. The reduction of trivalent iron is due to
the fast reactions (26A) and (27A). The oxidation of
Fe(II) involving  radicals is due to the partial con-

version of these radicals into  and then
. The inference that the ratio of the valence

states of the iron ions is determined only by reactions of
the  radical follows from the fact that ζ remains
constant as r0 is varied between 10 and 60 µm (Fig. 1).
This constancy of ζ against the background of the rap-
idly declining  concentration (Fig. 3) is possi-
ble only if both the oxidation and the reduction of iron
ions is due to reactions involving the same species, in
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HO2 aq( )
.

particular, the hydroperoxyl radical (reactions (26A)
and (27A)). It is clear from Fig. 1 that the oxidizing
capacity of the drops towards Fe(II) is restored only at
a drop size of r0 ≥ 60 µm. This is due to the above-men-
tioned reaction (10A) and the photochemical processes
(37A) and (39A)–(41A). This follows from the data
presented in Fig. 3, which indicate that, although the

 influx from the gas phase decreases, the 
concentration increases. In the absence of Fe ions, the

 concentration only decreases with increasing
drop size (Fig. 3, dashed curve 1).

Catalysis of Atmospheric Sulfite Oxidation by Iron Ions

A detailed analysis of catalytic SO2(g) oxidation in
the atmosphere for 1-µm drops was reported in an ear-
lier publication [11]. Below, we will present an analysis
of the drop size effect on the dynamics and mechanism

of this process. The calculated [S(IV)  = f(r0) curves
(Fig. 4), where [S(IV)]t = [SO2(g)]t + [sulfite]tNAL/103,
are similar to their counterparts for the noncatalytic
process. As in the absence of iron ions, gas self-clean-
ing of sulfur dioxide proceeds in steps: the first, rapid,
step of sulfite oxidation is followed by a slow step. In
accordance with earlier data [11], the role of iron ions
is more pronounced in the slow step. The effect of iron
is most clearly illustrated by Fig. 5. Here, the measure of

the involvement of iron ions is β = ([S(IV)  –

[S(IV) ) × 100%/[S(IV) . The plot

of this quantity as a function of the drop size is similar
to the mirror image of the ζ = f(r0) curve (see the
dashed curve in Fig. 5). A comparison between these
curves leads to the unexpected inference that the iron
ions present in cloud drops do not always accelerate the
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size dependence of ζ (see main text).



KINETICS AND CATALYSIS      Vol. 47      No. 6      2006

SIZE EFFECTS IN THE CATALYSIS OF ATMOSPHERIC OXIDATION OF SO2 831

liquid-phase oxidation of SO2(g). The catalytic effect of
these ions depends strongly on the drop size. The cata-
lytic oxidation of SO2(g) is faster than the corresponding
noncatalytic process only in drops in which the domi-
nant iron form is Fe(III). In the drops dominated by
Fe(II), catalytic SO2(g) oxidation is slower than the non-
catalytic process. This deduction is in conflict with
experimental data for iron-ion-catalyzed sulfite oxida-
tion in vitro [23]. No matter what the initial state of the
iron ions introduced into the sulfite solution, a steady
state oxidation regime is established after some time,
specifically, the induction period. In this regime, the
process rate exceeds the rate of the noncatalytic process
and some steady-state distribution of iron between its
valence states is observed [23]. The cause of the differ-
ence between the catalytic effects of iron ions in the
atmosphere and in vitro is obvious. In vitro (in the
absence of iron ions), sulfite is stable over an indefi-
nitely long time [31]. In the atmosphere, even if no
metal ions are present in the cloud drops, the slow step
of SO2(g) oxidation takes place owing to the formation
of H2O2(aq) (reactions (1A) and (2A)) and 
(reactions (17A) and (18A)) followed by reactions (3A)
and (6A). The effects of the catalytically active, triva-
lent, iron ions in small and large drops are different. In
small drops, the increase in the sulfur dioxide conver-
sion due to iron ions does not exceed ~6%. Obviously,
this moderate effect of the iron ions does not imply that
the catalytic activity of these ions is low [11]. Sulfite
oxidation (reaction (6A)) in iron-containing drops, as
opposed to the noncatalytic process, involves only
~40% of the  synthesized; that is, no more
than 2 × 106 Fe(III)  Fe(II) turnovers per second
take place in 1 cm3 of the gas. Most of the 
sustains the steady-state regime of the conjugation of
reactions (26A), (27A), and (30A). The accelerating
effect of the iron ions is due to reactions (15A) and
(16A) [25]. According to our calculations, the contribu-
tion from these reactions is as large as 40% of the con-
tribution from reaction (3A), which involves hydrogen
peroxide arriving from the gas phase. The participation
of iron ions in sulfite consumption is also indicated by
the data presented in Fig. 6. Here, δS(IV), Fe is plotted
against the drop size. This plot illustrates the effect of
the screening of the  and O3(aq) fluxes from the gas
phase on SO2(g) oxidation. For comparison, Fig. 6 pre-
sents data characterizing the drop-size effect on the
same parameter in the absence of iron ions (δS(IV)). In
the presence of Fe ions, the adverse effect of the non-
uniformity of the  and O3(aq) distributions in the
drop bulk is substantially stronger because of the sup-
pression of reactions (1A), (2A), and (10A). This is the
reason why the catalytic activity of iron ions in small
drops might appear to be low [11]. Reverting to the
variability of the catalytic activity of iron ions (Fig. 4),
we can see that the accelerating effect of these ions in
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–

HSO5 aq( )
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.
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.

SO2(g) oxidation somewhat strengthens as the drop size
increases. In the large drops, SO2(g) is primarily con-
sumed by reacting with hydrogen peroxide coming
from the gas phase. Hydrogen peroxide oxidizes up to
50% of the sulfite present in the drops. At the same
time, as the oxygen oxidation of SO2(g) initiated by the

reaction    declines because of drop
growth, reaction (10A) and the photochemical decom-
position of Fe(III) hydroxo complexes (reactions (39A)
and (40A)) come into play. These hydroxo complexes

in the drops serve as photoreceptors. The  radicals
resulting from their photodissociation are converted
into sulfite radicals (reactions (5A) and (6A)) and then
into  radicals (reaction (12A)). The latter partic-
ipate in the short-chain oxidation of SO2(g) according to

the scheme  +  (reactions (23A) and
(24A)). SO2(g) is consumed in the liquid-phase reaction

 +  (15A). Chain termination in this

short-chain process is due to the reactions  +

  S2  + é2,  + , and

 +  (reactions (23A), (33A), and (34A)).
According to our calculations, the chain length in
sulfite oxidation is approximately five units.

Comparison with Field Data

A number of field studies of the distribution of iron
between its valence states in atmospheric water drops
have been reported in the literature. For example,
[Fe(II)]/[Fe]Σ ≈ 0.2 for drops of so-called radiation fog

in the nighttime.3 After sunrise, the fraction of Fe(II)
ions grows to reach 90% of the total iron content. Fur-
thermore, this fraction depends on the nature of the

3 Here, [Fe]Σ is the total iron content of the moisture sample,
including insoluble iron forms.
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Fig. 6. Plots of (1) δS(IV), Fe and (2) δS(IV) versus drop radius.

Conditions: daytime, L = 10–6, and [Fe]0 = 10−7 mol/l (see
main text).
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aerosol particles. In the aerosol sampled over the sea,
[Fe(II)]/[Fe]Σ ≈ 0.5. The same ratio for continental
China is as small as a few percent [25]. These data are
consistent with the results of field experiments carried
out at nearly the same time in the United States. For
coastal (Delaware Bay) and continental (Bakersfield,
CA) regions, it was found that [Fe(II)]/[Fe]Σ = 0.02–
0.55 [26, 27]. For an orographic cloud [33] whose
drops contain (2–3) × 10–7 mol/l of iron, the Fe(II) con-
centration in some samples was below the sensitivity
limit of the analytical method. However, these measure-
ments were taken in the nighttime, when the illuminance
and, accordingly, [ ] were vanishingly low.

Here, it is pertinent to remark that making a compar-
ison between field [Fe(II)]/[Fe]Σ data presented here or
known from other sources and the results of numerical
simulation in the RM framework is obviously the
roughest approximation. This is due to the fact that
uncontrollable air influx into the cloud from the envi-
ronment and variable concentration conditions, temper-
ature, insolation conditions, etc. are inherent in field
experiments. The experiments discussed here provided
no information concerning the fractional makeup of the
water drops collected. Nevertheless, based on the infer-
ences made in this study, it is possible to self-consis-
tently interpret a variety of observed manifestations of
the redox properties of Fe(III)/Fe(II) in atmospheric
water drops. We compared our simulated data with the
results of a representative series of experiments in
which the distribution of iron ions between their
valence states was investigated in fog and cirrus cloud
drops [26, 27].4 In a series of runs at similar illumi-
nances, as the peroxide concentration rose from 1.5 ×
10–6 to 78.6 × 10–6 mol/l, there was no equally great rise
in ζ, which increased only from ~0.3 to ~0.7. The cor-
relation between the peroxide concentration and ζ is
weak because only a small part of the peroxides is con-
sumed in iron(II) oxidation. For the most part they are
apparently spent for sulfite oxidation. Therefore, the
formation of the oxidizing properties of the drops

4 Since most of our calculations refer to pH ≈ 4, it is appropriate to
choose measurements made at similar acidities from the totality
of data presented in [26, 27]. This requirement is met by samples
collected on the Palos Verdes Peninsula (nos. 22–27) and near the
Mt. Wilson peak (nos. 28–32). In these experiments, the air tem-
perature, illuminance, and the liquid-water content of the atmo-
spheric air (L) were measured along with determining the chemi-
cal composition of samples. Samples 24 and 25 should be
excluded from this sample series for the reason that the air did not
contain any sulfur dioxide ([S(IV)] ≈ 0) while these samples were
pumped through the collector. All samples to be analyzed were
collected in the daytime. The water-drop content of the air varied
in the (4–9) × 10–8 range, and the acidity of samples ranged
between pH 3.6 and 4.2. The iron content of the drops measured
by the plasma ionization method, including insoluble iron forms,
was (1.5–9.2) × 10–6 mol/l. The concentration of peroxides,
including organic peroxides, was (1.5–78) × 10–6 mol/l, and the
sulfite content of the drops varied between 1.9 × 10–6 and 17.8 ×
10–6 mol/l. This very high sulfite concentration is due to the pres-
ence of ammonia in the atmosphere ((6.3–7) × 10–4 mol/l in sam-
ples 28, 29, and 32).

HO2 g( )
.

toward the Fe(III)/Fe(II) ion couple under the experi-
mental conditions examined can be due to other pro-
cesses. This is indicated by the strong correlation
between the concentrations of sulfite and reduced iron
ions in the drops (the correlation coefficient is ~0.82).
This correlation has been explained in terms of the
source of Fe and S being the same [26, 27]; however,
the analysis carried out in this study suggests another
interpretation. Firstly, the existence of this correlation
is evidence that the samples consisted largely of drops
with r0 > lOH. The increase of the sulfur dioxide concen-
tration in the gas from 0.1 × 10–9 to 3 × 10–9 mol/m3

(0.1–3 ppb) makes the consequences of the nonuniform
 distribution in the drop bulk more pronounced.

This causes an increase in the reducing capacity of the
drop towards the Fe(III)/Fe(II) ion couple, inevitably
leading to a buildup of Fe(II). At the same time, the
increase in the SO2(g) concentration favors the redox
dissolution of the insoluble forms of iron, thereby rais-
ing the total iron content of the drop. Indeed, it is
reported that the sulfur content and the total iron con-
tent are correlated (the correlation coefficient is ~0.87).
The correctness of the above view of the formation of
the redox properties of the drops is confirmed by the
correlation between the Fe(II) and formaldehyde con-
centrations observed in the experiments discussed (the
correlation coefficient is ~0.95). This correlation is due
to the weakening of the conjugation of reactions (26A)
and (27A) with reaction (30A), which is caused by the
loss of sulfate radicals in their reaction with .
Our calculations for the effect of formaldehyde (1 ppb)
on the ratio of oxidized and reduced iron ions in
micron-sized drops (see above) led to ζ/  ≈ 3. A
similar situation is observed in the experiments indicat-

ing a correlation between Fe(II) and CH3  (the
correlation coefficient is ~0.81). It is also possible to
explain the seemingly surprising results of another
series of field experiments carried out by the same
authors (Bakersfield, CA), who observed that, at low
acidity (pH 6) due to local ammonia emissions from
agriculture, there is a significant increase in ζ
([Fe(II)]/[Fe]0 = 0.02–0.09). This growth of pH obvi-
ously causes an increase in the sulfur dioxide solubility
and, accordingly, in [S(IV)], because [S(IV)] ≈
[ ] under atmospheric conditions. Since

[ ] ~ 10ç, the reaction length for the 
radical decreases with increasing pH: léç ~ 10–pH/2.
Therefore, the near-surface reactions involving this rad-
ical become more significant, enhancing the reducing
capacity of the drop towards the Fe(III)/Fe(II) couple.
These changes might be expected to cause a buildup of
Fe(II). However, one should to take into account the
dramatic slowdown of the autocatalytic reaction (6A)
and, as a consequence, a marked decrease in the con-
sumption rate of  synthesized in the drop. The
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rate of reaction (30A) increases under these conditions,
causing an increase in the extent of conjugation of this
reaction with reactions (26A) and (27A). This greatly
enhances the oxidizing capacity of the drop toward iron
ions. This effect overbalances the negative effect of the
nonuniform  distribution in the drop, resulting
finally in the observed buildup of Fe(III).
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