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Abstract—The mechanisms of SO, oxidation catalyzed by iron ions in the droplet phase of the convective
cloud in the lower atmosphere were examined. The relations of the catalytic SO, decrease to the concentration

of theironionsand to theintensity of fluxesto the droplet of the OH('g) and Hoé(g) radicalswere characterized.

The determining role of the replacement of the low-reactive HOj ) O,y ) radical by the reactive SOy,
radical in the sulfite medium during daytime was revealed. This process occurred due to the coupling of the

decay of the radicals and their regeneration in the liquid-phase reactions O;('aq) + FeOH(Z;) — Fe(zgq) +

_ _ 2+ 24 —.
OHa) + Onaq)» HSO5(aq) + Fe{ag) —= FeOH(eg) + SOy

INTRODUCTION

The nature of catalysis of sulfite! oxidation by tran-
sition meta ionswas elucidated [1-3], and thisalowed
one to study these processes in the atmosphere. The
interest in these processes is understandable because
the scale of the anthropogenic SO, gjection closely
approached natural emission [4]. Our previous studies

[1-3] have shown that the S(IV) %, gy
oxidation is a chain catalytic reaction with degenerate
chain branching. Its important Kinetic feature is the
coupling of both the chain and catalytic channels of

sulfite consumption with chain branchi ng.2 This cou-
pling means the presence of two positive feedbacks in
the system. Specificaly, this made it possible to inter-
pret the anomalously high catalytic activity of manga-
nese ions in sulfite oxidation in a new way [5]. This
work is devoted to the search for similar coupled pro-
cesses applied to the conditions of SO, oxidation in
cloud droplets (see [6]).

Box Model of a Convective Cloud

Several box and dynamic models of the atmosphere
are known, which include blocks of liquid-phase pro-

! Hereinafter sulfite is an equilibrium mixture of SOx(aq)s

HSO;(aq) , and Sog(_aq) , where indices (ag) denote the presence

of the component in the agueous phase, and subscript (g) denotes
the gas phase.

. — _ 2 -
2 Correspondingly, SOgy; + HSO3(ay)/SO50)» SOs(ag) +

2+ — 2+
Fe(aq) ,and HSOS(aq) + Fe(aq).

HSO3aq) Oa(aa o
5(aq) -

cesses [ 7-14] along with gas-phase reacti ons.3 Proper
attention has not been given so far to liquid-phase cata-
Iytic reactions in the dynamic models because of their
complicated character. They are analyzed in detail in
the isolated volume in the framework of simpler box
models of atmospheric chemical reactions. The box
model described in [12] is the most complete in this

respect.* We propose the reduced box model of gas-ig-
uid processes of SO, oxidation, which isacompromise
between the degree to which their details are elaborated
and the number of chemical reactions. Only the most
significant processes were considered in the chemical
block of the reduced model (see also [6]). It is reason-
able to minimize the number of reactions taking into
account other simplifications used in such models. For
example, the influence of UV radiation scattering on

31t is known that most of the SO, in the atmosphere is oxidized in
cloud droplets [15]. For example, in the recent Great Dun Fell

experiment, the measured rate of sof; ion formation in the

droplet phase of the orographic cloud (calculated per gas) was
=(1-2) ppbV/h [16]. The appearance of such a cloud isrelated to
the rise and cooling of wet air mass as the cloud moves above the
area of hills, mountains, etc. When the air mass containing SO,
moves round this cloud, no noticeable changes in the sulfur diox-
ide content were observed for a comparable time [6]. These stud-
ies, being a component of the broad program of the Great Dun
Fell studies of atmospheric processes, are performed in the
framework of the EUROTRAC (subproject Ground-Based Cloud
Experiment.

4The CAPRAM2.3 model: 160 gas phase processes involving
reactions of 12 classes of organic substances, 70 components
present in the droplet phase, 34 equilibriaincluding 31 acid-base
equilibria, 6 photochemical reactions, and 199 liquid-phase
chemical reactions.
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Table 1. Initial concentrations of the gas components in the reduced model

Component Content, ppbV Component Content, ppbV
SOxg) 3 Osg) 32
CH,O(g 0.1 H20) 2.4 x 107
NO) 107 COy) 145
NOy) 2.6x107 CHyg 1660
H,05(q) 1 HNOjy 0.16
OH ('g) 1.6x10* N2O) 300
HO,q) 2.4x1072 CH300H g 3

Table 2. Diffusion coefficientsin the gas, accommodation coefficients, and Henry constants for different atmospheric com-

ponents

i Dgn:<2/1805, o m(: Il”_‘fgin’]_l A, Higq., kaimol || 00RO Dgn>1<2/1so5, o mof IIH o, Heg , kJ/mol
COyy | 155 |00002 00311 201 |[Nog | 130 |o03 0.0019 -
SOy | 128 [0.035 1.24 270 |NOyg | 192 |00015| 0012 105
H;SOug| 130 007 | 21x10° - NOsg | 100 [0.004 0.6 -

Oxg 100 |1 0.0013 - NOsg | 110 [0.0037| 14 -

Osg 148 |0.05 0.0114 191 ||HNOyg| 130 |05 49 406
OH, | 153 |005 25 —439  |HNOsg| 1.32 [0054 | 21x108 723
HOyq | 104 |001 | 90x10° - HNO,g| 1.30 (0.1 1.0 x 10 -
HiOxg | 146 |011 | 1.02x10° 527

Note: Dy isthe diffusion coefficient, a; is the accommodation coefficient, KL isthe Henry constant for theith component, A H ;98 isthe

thermal effect of dissolution of the gas component (T = 298 K), and KiH m = KiH(zgg)expE)——

the surface and inside the convective cloud on the
dynamics of chemical reactionsisignored [9-14]. Tur-
bulization at the stage of cloud formation is considered
to be sufficient for smoothing the concentration gradi-
entsin the horizontal direction [11] due to which mass
exchange with the surrounding gas in this direction at
the cloud boundaries is neglected, etc. The reduced
model is based on all these simplifications. In addition
to this, as in other analogous calculations [12, 13], the
cloud droplets were accepted to have the same radius
r =1 um (10-° m). For this size of droplets, the appear-
ance of concentration gradients in them can be
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neglected [17, 18].°> The volume fraction of the droplet
moisturein the gaswas assumed to beequa to L = V|/V, =

10°¢, that is, corresponding to the natural value[19].

Numerical integration of the system of stiff ordinary
differential equations describing the behavior of the
reduced model was performed using the Chemical
Work Bench (KinTech) program package [20], which
accomplished the implicit multivalued Gear method
with the choice of the increment and order of the

5 They appear due to fast liquid-phase reactions, such as OH('aq) +
HSO3 o0/ SO5(ag (TabIE 3, reactions (4A) and (5A)).
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scheme.® The time changes in the gas/droplet phase
composition in the convective cloud was calcul ated for
the equinox noon at 60° north latitude and at a height of
1 km. The initia concentrations of the components,
their diffusion and accommodation coefficients, and
Henry constants are presented in Tables 1 and 2.

On the Rate Constants of Atmospheric SO, Oxidation

Success in the simulation of the dynamics of atmo-
spheric transformation largely determines the reliabil-
ity of the rate constants of gas-liquid processes used in
calculations. The rate constants of reactions (G1)—
(44G) (Tables 3, 4) of SO, consumption in the gas
along with the generation and consumption of the

OH, and HO,,, radicals and other reactive gas spe-
cies were taken from the JPL [21] and IUPAC [22]

kinetic databases.” The photodissociation coefficients
of individual gaseous components (Table 5, reactions
(45G)—(56G)) were cal culated using the Atmo program
package [23]. The liquid-phase reactions, accompany-
ing acid-base equilibria, and processes of hydrolysis
and complex formation of various components of the
atmosphere, which are considered in the reduced
model, are presented in Tables 6-8. As can be seen

6 For the ith component, the differential equations have the form
i i

d[Cyl . _%Ci] o Kt O
dt f.g g A ki—[Cqq Kin'TDD '
dcl] :
agl _ i
gt = WhagWe g

i
| K¢ Dicmgxlo3
K'Hk'TDNA |

O i i i
+Cgk~[Cq

where [Cig] and [Ciaq] are the concentrations of the ith compo-
nent in the gas (cm™) and in the liquid phase (mol/l), respectively;
w; 4 and w, , arethe overall rates of formation and consumption

of the ith component in the gas phase reactions (cm™ s!) and
W'f’ o ad WL‘ a &€ the rates of formation and consumption of

. . . . . 1 1\, i
the ith component in the liquid-phase reactions (mol 1™ s7); K,

is the Henry constant for the ith component (mol Ilatm™); K =

1.362 x 10722 (am cm® K1) is the Batsman constant; T is the
absolute temperature (K); and N, is Avogadro’s number. Accord-

ing to the published data [18], we assumed that the dynamics of
reversible mass exchange “gas - liquid” processes for the ith
component is described by the sum of the inverse values of the
-1

2
r il } , Where

e _— . T
diffusion and kinetic resistances: k; = {ng + 3—Ciai
Dy is the diffusion coefficient in the gas (m2/s), 0 is the dimen-
sionless accommodation coefficient (see Table 2), and T, is the
mean thermal velocity of molecules (m/s).

7 Hereinafter superscript X (X ) denotesaradical (radical ion).
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(Table 6), sulfite is oxidized in droplets either in reac-
tions (3A), (11A), (13A), and (14A), or dueto the reac-
tionsinvolving freeradicals. A substantial differencein
these routes is that the final product of sulfite oxidation
(sulfate ions) directly appear in reaction (3A). How-
ever, their formation in the reactions involving radicals
is preceded by the formation of peroxomonosulfate.

Analysis of the known box models of the atmosphere
shows that, when their chemical blocks are even exces-
sively complete, the reliability of the kinetic parameters
of theliquid-phase processes (see Tables 6-8) are doubt-
ful in some cases. Compared to the “complete” model
[12] for a series of rate constants of liquid-phase reac-
tions, we used other, more substantiated, values. For
example, in [12] the ratio of the rate constants of reac-
tions (24A) and (23A) ispresented as kyy s /Kozp =4 x 1072,
However, according to our data [24] and results pre-
sented in [25], this ratio is equal to 7. This difference
resultsin the ((1 + 7)/(1 + 4 x 1072))'”2 = threefold dif-
ference in the rate constants of chain propagation

(19A)«22A).8 Note that the anomalously high rate
constants of these reactions (=10% | mol-! s) that
gppeared recently [26] are unredigtic. We took into
account the influence of pH on the dynamics of one of the
key atmospheric reactions (6A) using the approximation
Koa = Ken [H (ay 1, Where kgs = 107 | mol! s [27, 28].
The deviation of k., from this dependence found at
pH =4 in [29] was ignored. In the “fast” step of SO,
consumption (see bel ow), the contribution of thereaction
considered to the consumption of sulfite is not too high
and can be neglected. This contribution becomes signifi-

cant at greater exposures (pH < 4) when the use of the
chosen approximation is completely justified. The rate
constant of the SOs,, + Fe(I1) reaction (34A), whichis
very important in the catalytic regime of sulfite oxida
tion, in[12] ischaracterized by 4.3 x 107 | mol~! s [30].
Our specid experiments [31] showed that, among the val-
ues presented in the literature, 3.2 x 10° I mol-! s isvalid
[32]. Although the list of corrections proposed for the
rate constants can be continued, we emphasize that the
advantage of the reduced model isthe use of more reli-
able kinetic characteristics and the smaller number of
reactions introduced into the model. This allowed usto
reveal the specificity of catalysis of sulfite oxidation by
theiron ions under cloud conditions.

RESULTS AND DISCUSSION
Gas-Phase SO, Oxidation

The results of calculation of the rate of this process
in the absence and presence of the droplet moisture

8 The experimentally measured chain length of noncatalytic sulfite
oxidation, which serves, for example, to determine the rate con-
stant of chain propagation (19A), is proportional to

Kioa/(2kyzp) 2.
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Table 3. Chemical and photochemical reactions in the gas phase

No. Reaction A, cm3/s -i-‘”‘ K || No. Reaction A, cm3/s ER-"" K
1G| CH,0 + OH (g —= Hy0(g + HCO(, 10x10M| 018G |HNOgg+ OHy — NOgy, +H,0( 10x1073 0
2G| CH30(y) + Oy —> CH,0() + HO, 39x 10| 900 || 19G [HNOyg + Mg —= HOy) +NOyg + Mg 22x1072 0
3G| 2CH30,5 —= 2CH;0(y + Oy 1.0x 1073 | —190 || 20G | HO, + HOyq) —> Hy0pq) + Oyq) 23x10%% | —600
4G | CH30;(g) + HOz) —~ CHyOOHg + Oy 38x1073| 800 || 21G | 2HO) g + Mg —= HyOzg) + Ozg) + M(g) 1.7 x10% | ~1000
5G| CH30yq) + NO(g) —> NOy + CH30(, 30x10712| —280 || 22G | HOy) +NO —> NOyg + OHg, 35x107"2 | 250
6G | 2CH30,(5) — CH,Oq) + CH3OH g + Oyq) 15x 107" | -190 || 23G | HO,g) + Ozigy —> 205 + OHyg 11x10™ | 500
7G| CH30H g + OH(g —= CH,0H g + H,0 6.7x 1072|600 (| 24G | HSOjq) + Oy —> SOgq) + HOZq 1.3x10%2 | 330
8G| CH,OH(g) + Ozq) —> CHzO) + HOyq) 91x107| 025G |N,Og+ Og'D —= 2NOg 6.7x 107 0
9G| CHy + OH —= CHz(g +H:0( 25x10712| 1775 || 26G | N2Os(g) + M(g —> NOzg + NOyg + M 18x10% 0

10G | CH300H q) + OH gy — H2O(g) + CH30, 4 2.7x107%2| —200 || 27G | NOg) + Oy —> NOjyg + Oyg) 20x10%2 | 1400

11G | CH300H g + OH 5y —> H,O() + OHy) + CH,0r | 1.1x 1072 | —200 || 28G | NOyg) + Ogg) —> NOj(q) + Oy 12x10™13 | 2450

12G | Hg) +Ogg) = Ozg+ OHy 14x 10701 470 || 29G | O + O —= 205 80x 107 | 2060

13G| H,0( + O D — OHy) + OH(y, 22x10%° 030G | Og)'D +Mg —= O + Mg 18x10° | 110

14G | Hy0pq) + Oy —> HOj,g + OHyg, 1.4x 1072|2000 || 31G | OH g + COr —> COyq+ Hyy) 2.4 %1013 0

15G | Hy0pq) + OH(g) —> Hy0(g) + HOyy 29x 10712 160 || 32G | OH(g + HOygy —> H O + Oy 48x10M | 250

16G | HCO(y) + Oyg) —> COg) + HO,q 35x 1072|140 || 33G | OH q) + Oz —> Oy + HOyq 16x107%2 | 940

17G |HNOy(g) + OH(g) —> Hy0(g) + NOy( 18x 10| 390 || 34G |20H, —= H,0¢ + O 42x1072 | 240

35G | SO3(g) + HyO(g) —> HS0yq 1.2x107% 0

Note:

A isthe preexponential factor of the rate constant of the gas phase reaction. Reaction rate constants were calculated using the formula k = Aexp(—E,/RT).

FYAHASOWLY FHL NI NOILVYAIXO 0S 40 SISATVLVD NOYI
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Table 4. Reaction rate constants of recombination in the gas phase
Low pressures High pressures (limit)

No. Reaction ko, T = Ko, 300 (T/300)™"* Koo, T = Keo, 300 (T/300)~™**

Ko, 300 n Keo, 300 m
36G| CHy(q) + Oyg + Mg —> CH305) + Mg | 45x10° 30 1.8x 10712 17
37G|Hg) * Ozg) + Mg —> HOyq + Mg 57x10°% 16 75x 101 0
38G | NOy) + HO ) + M(g) —> HNOyg + M) 1.8x 10 32 4.7 x 10712 14
39G | NOy(g) + OH(g) + M(g) —= HNOzq+ Mg 25x 10 4.4 16x 10 17
40G| NOjg) + NOyg + M —= N,Ogg) + M) 22x10% 39 15x 10722 0.7
41G (")(g) + Oy + Mg) — Ozg + M(g) 6.0x 1073 2.3 - —
42G| OH(g) +NO(g) + Mg —> HNOyg + M(g) 7.0x 1073 26 36 x 107! 0.1
43G| OH(g) + OH(gy + Mg —> HyOpg) + M(g) 6.2x 1071 10 26x 10 0
44G| SOy + OH(g) + M —> HSOy +M 30x 10 33 15x 10" 0
Note: (1) Dimensionalities of constants * cm®/s, ** cm®/s.

(2) Rate constant of the trimolecular reaction in the transition region of pressures was calculated using the formula

0 koqIM] 08(1+Hog(koIMIk. DI
O+ (ko 1[MT7k,, 1)1

k(M) =

Table 5. Photodissociation processes in the gas phase

, where [M] is the concentration of molecules, and T is temperature.

No. Process J, st No. Process J st

45G | Ogq —= Oyy'D + Oy 1.7x10° || 51G | CHyO( —= HCO, + Hyy 20x 107
46G | NOyg —= NO() + Q) 9.3x107° || 52G | HyOyg — OH g + OH(y, 5.6 x 10°°
47G | Ogg —= Qg+ Oy 34x10* || 53G | HNOyg —= OH(g +NOQ, 17x1073
48G | CHy0(g —= Hyg + CO 38x107° || 54G | NOz — NOyg + Oy 0.16

49G | NOgzq — NOg + Oy 1.9% 102 || 55G | CHyOO0H g —= OH(g + CH30, 4.05x 10°°
50G | HNOgg —> NOyq + OHg, 27x107 || 56G | HNOyq —= HOj, +NOy 24x10°

Note: J is the photodissociation coefficient, s~

show that the reduced model dataare in agreement with
the known data for other models. The figure shows that
the initial content of sulfur dioxide only changes by
~4% in 10* s, which exceeds the characteristic lifetime
of the cloud (=1 h [19]). Such alow rate of sulfur diox-
ide conversion is explained by the low concentration of
OH, radicals, which is the main “cleaner” of the

atmosphere [33]. According to our calculations, in the

daytime the concentration of these speciesis[OH g, | =
4 x 10° cm3. Therefore, the rate of the SO, decrease (w)
inthereaction withthe OH , radicals (44G) isw= W, =
Kyl OH(g) 1[SOy] = 3 x 10° cn® s (~0.04 ppbV/h).
The[OH 4] valuein this estimate is only ~30% lower
than that presented in the more *“ complete” model [13].

KINETICS AND CATALYSIS Vol. 44 No. 4 2003
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The concentration of the Ho;(g) radical and other

active species are in satisfactory agreement with the
calculations in [13] and other works. For example, in

our case, [HO, 1 ~ 5 x 108 and in the cited calcula-
tions, [HOy4 1 ~ 5.8 x 108 cm™. Almost the same
[HO, ] valueis presented in [12]. A good agreement
is observed when the rates of generation of the OH
radicals are compared. Thisrateis~6 x 10 in our calcula
tions, ~107 according to [12], and ~ 7 x 10° cm™ s
according to [13]. The agreement is achieved when the
rates of conversion of the OH(, and HO,, radicals
into each other are compared. For example, according
to [13], the sum (Wy,g + Wysg) = 1.9 x 106 cm™ s7!, and
inour calculationitis=1.5 x 10 cm s!. Such asmall
difference with the complete models demonstrates that

the reduced model can be used to describe gas-phase
reactions. Note that the reduced model ignored the

reactions of OH 4, with alcohols, aldehydes, ketones,
and other numerous organic components of the atmo-
sphere [34]. The agreement of the [OH,] values

obtained in the reduced model and in the complete
modelsis determined by the fact that, in both cases, the

main sink of OH g, isitsinteraction with CO and CH,
((9G) and (31G)).

Reactions in the Two-Phase System

In the presence of droplet moisture, the self-purifi-
cation of the atmosphere from SO, ,, is sharply intensi-
fied (see figure), and two steps of its consumption are
observed. The first, faster step (A[SO,] = 1 ppbV)
ceases for <2 x 10° s. The rate of the SO, decrease for
this time interval compared to the gas phase transfor-
mations increases =102 times! As calculations show,
this decrease in SO,,, occurs mainly due to the
HSOj3(sg) + HyOs,q + H* reaction (3A) in the droplet
phase. The contribution of the reactions involving
ozone and radicals to sulfite consumption in the first
step does not exceed 25%. The jump in the decreasein
the SO, content in the gas during this period decreases

the pH of the droplets from 5.6 to =pH 4 (A[H'] =
2Py o, /RTL = 8 x 1075 mol/l (see reaction (3A)),

where Py, o, isthepartial pressure of H,0,, (atm) and
R is the gas constant (I atm mol-! K-!). This pH
decrease resultsin a decrease in the s;olubility9 of SO,,

_ S0,
[S(IV)]t>2x103 = [Hsos(aq)] = Ky3e[H, 0] Ky (Pso2 -
Ph,0,/A[H,1 = 38 x107 mol/l. (At the initial
moment, [HSO3 o = (K,3[Hy01 Ky, * Pgy, )12 = 8

9n this and further estimates, the time interval 2 x 10°—4 x 103 sis
considered.
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[SOZ(g)] X 10710, CII]73

8t gas
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0 2 4 6 8 10

Time x1073, s

Changesin the sulfur dioxide content in the gasfor different
scenarios caculated within the framework of the reduced

model (see text). [Fe], x 1077, mol/l: (2) 1, (3) 2, and (4) 4;
(1) gas + droplets.

107 mol/l.) Some, although lower, contribution to a
decreasein the pH (and the decrease in the solubility of
SO,) during the same time period is made by the disso-
lution of “acidic” componentsin the droplets: H,SOyg),

Now let us consider the influence of theliquid-phase
processes on the concentrations of OH g and HOy .

The concentration of the hydroxyl radicalsin the pres-
ence of droplet moisture changes insignificantly:

A[OH (g 1=[OHg1-[OH(g1 = 1.2 x 10° cm™ (£30%
of [OH 1), where [OH 4 ], is the concentration of
OH’ radicalsin the gas phase in the presence of drop-
lets. A similar decreasein [OH g, ] calculated in[13] in
the absence of SO, in the gas was related to the liquid-
phase reaction OH 4, + CH,(OH),,,. Taking into

account this process ([CH,O,] = 0.1 ppbV) within the
framework of the reduced model resulted in the addi-

tional decrease in [OH g, ], (A[OH g ], = 1 x 10° cm).

The ratio [HO,g 1/[HOyq 1, = 24, which was calcu-

lated in [13] iscloseto our value (~30). Such adecrease
in their concentration is attributed to the dissolution of

HOj) (Kyi 2 =9x 10° mol I atm! [13])1° and subse-
quent liquid-phase reactions HOS o) + HO3()/Oaay

(1A), (2A) and SOy sy + HO s /Oy (17A), (18A).
When ignoring these chemical transformations, a
decrease in [HO,,, 1, would be only 20% [19]. Reac-

HO, .
0 Thevalue Ky, > =2 x 10° mol I"'atm™! was used in the calcula-
tionsin[13].
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Table 6. Chemical and photochemical reactions in the droplet moisture
No. Reaction | m';;’fi <1 || No. Reaction | m';;’_*i 1
1A | HO} (o + HO3(ny —= H200a) + Ooay) 83x10° [|19A | SOgx *+ HSO3(ap —* SOy + SOu(aey + Hiy 2.0 x 102
2A | HOj (o) * Op( *“H20y ) * Opany + OHig 9.7x107 ||20A | SOg(y +HSOj ) —= HSOj(ag) *+ sz 34x10°
A HSO;(BQ) + HZOZ(aq) + H(+BQ) - S0421(_8(1) +HO+ ZHZaq) 6.9x 107 || 21A SO;(.aq) + SOg(_aq) - SOZ;aq) + Soi(_aq) 55x10°
4A | SO% ) + OH(sy —= OHi) + SO3(m) 46x10° ||22A | SO; +SO%y) — SO + SOsg 2.1%10°
BA | HSOj(a) + OH(zg) —= H,0+ SO0y 27x10° || 23A | SOg(y + SOgy —= ;050 * Oz(ay 13x 107
6A" | HSO () + HSOj(ag) + Hiay —= 2504 * 3H(g) 10x107 || 24A | SOgiy) + SOy —= 2504(e) + O 8.7 10"
TA [ NOg ey + HyO —= 2H(y) + 2NOj 50x10° ||25A | FeOH(x) + HOjpoy —= Féimy + Og(agy + H20 1.3x 10°
8A | NOj3(x) + HSOj3(ag) —= NOg(eg) *+ SOgeg) * Hiag) 13x10° || 26A | FeOH(z) + Opreq — Fe(d)* OHgy + Ooeg) 15 10°
9A | NOg() *+ SO —= NOga *+ SOg) 30x10° || 27A | Fe(OH)y() * Oz(aq) — Fe(a) * 20H(a) * Oy | 15%10°
10A | O+ Ox(ay 1= 20,0y + OHigg 15x 107 ||28A | Fefgy +H,0, — OHizy *+ OHgy + Fe(y 76
1A 180, + OB(aq)LZO' HSOZ(EQ) * Og(ag) * Hzaq) 24x10% || 29A Fe(z;) * SZO;(_aq) e Fe?a:l) + Soj(_aq) * SO;(-aq) 12
12A | SOy ) *+ Op(ay = SOs(agy 25%10° ||30A | Fe(yy + HSOy(y —> Fe(ay + SOy *+ OHiag 30x 10"
13A | SOj) * O3ay — SOj(ay * Oiay 15x10° ||81A | Fey + Opey) 2L H205eq) + Felay 10107
14A | HSOg(a) * Os(eq) = HSOu(ay + Osa) 37x10° ||32A | Fefy) + HOjw —= Fely) + HOga 12x10°
15A | SO, () + HSO3(g) —> HSOja) + SO3(ay 32x10° ||33A | Fefy) +SOum) —= Féiay + SOkimy 3.0 % 108
16A | SO, + SO3ay —* SOj(ay *+ SOsag) 32x10° || 34A | Fe(y) +SOga —= Fe(x) * SOs(an) 32x10°
17A | SOga) + HO%(aqp —>= HSOfg (e *+ Ozagy 17x10° || 35A** | FeOHSOsH* — Fery + H,0 + SOg 0.2
18A | SO5(eg) + Oy —= SO3(ag) * O(ay 17x10°

*The rate constant has dimensionality 12 mol= s
**The rate constant has dimensionality s

8y

el AOMVINGTA



IRON CATALYSIS OF SO, OXIDATION IN THE ATMOSPHERE

Table 7. Photodissociation reactionsin the liquid phase

483

No. Reaction J,sT1 ||No. Reaction J, st
_ HO . - 5 2+ 2+ . 3
36A NOZ(aq)i» No(aq) + OH(aq) + OH(aq) 2.6 x 10 ||39A FeOH(aq) > Fe(aq) + OH(aq) 45 x 10~
" + 2+ . - 3
38A | NOG o) T2 NO, . + OH; oy + OHy | 56 X 10 ||41A | FeSO, ) —= Fefny + SOy 6.4x 1073
3(aq) 2(aq) (aq) (20) 4(aq) (a0) 4(aq)

Note: Jisthe photodissociation coefficient.

tions (1A), (2A), (17A), and (18A) leading to the for-

mation of H,0,,,, and HSOs,,, are the reason for the
“sow” step of the SO, ,, decrease (see figure).

The cessation of the fast step corresponds to the
amost complete consumption of H,O,,, (1 ppbV).
However, reaction (3A) continuesto play therole of the
main reaction of sulfite oxidation (W;, /W, = 3) in the
slow step of the SO,,, decrease. The formation of
H,0,,, due to the recombination of HOj 4 /Oyxg
instead of its absorption by droplets is the source of
H,0,,, inthisperiod. Thevalueof the differencein the
rates of formation of hydrogen peroxide in the gas and
droplets during the recombination of the HOQ(Q) radi-
cals for the slow step can be shown. In the gas w,g =
1 x 10° cm= s, and in the liquid (calculated per gas)
as aresult of reactions (1A) and (2A), W, + W, =8 X
10° cm™ s'. The pH of the droplet phase slowly
decreases in parallel with a decrease in SO, via the
“dlow” mechanism. The pH value of the droplet phase
(close to limiting and corresponding to ~80% conver-
sion of SO, in the gas) is~3.9.

Computer ssimulations of the fluxes to the droplet of

the OH" and HO, radicals for the slow step of SO,
consumption give W_ . = 1.3 x 10°and W, _. =3.7 x

2

10° cm s™!. The cross recombination of the SOg
radicals with HOj ;) /Oy(ay N theliquid phaseis thus

responsible for the <30% decrease in [HO,, 1,. The
rate of the slow step of the SO,,, decrease (see figure)
is determined by the rate of accumulation of H,O,,,

and HSOg,, in the droplet moisture. The averaged
rate of sulfite consumption expressed via the fluxes to
the droplet of the OHy and HO,y radicas is
W = Kipg[HyOypql[HSOga) ] + 2Kea[HSO5(5q 1 %
[HSOE(aq)]: (WHo; - WOH'/2 + 2\NOH' = V\/Ho;/2 +

KINETICS AND CATALYSIS Vol. 44 No. 4 2003

1.5ws, = 3.3 x 106 cm3 st (= 0.47 ppbV/h). The differ-
ence (in parentheses) between the fluxes to the droplet

of the HO,,, and OH, radicalsis the contribution to
the consumption of the SOQ('aq) radicals from recombi-
nation reactions (17A) and (18A) (W__./W_,. = 3).

The numerical coefficients reflect the stoichiometry of
HSO5(,, Oxidation in the reactions with H,0,,, and

with HSOg,,, . This estimate is close to the result

obtained by computer simulations (W = 0.5 ppbV/h).
Thus, liquid-phase reactions involving free radicals
play the key role in the self-purification of the atmo-
sphere from SO, in the presence of the droplet mois-
ture. These reactions remove up to ~70% sulfur dioxide
from the gas.

Influence of Iron lons

Iron is the most abundant metal in the atmosphere.
Its content in the cloud droplets variesfrom 5 x 103 in
a sea atmosphere to 10~* mol/l in an urbanized atmo-
sphere (0.001-5 pug/m?) [35]. Iron existsin the droplets
as a microcolloid along with its dissolved forms.
According to the datain [36], only ~30% iron found in
rain droplets exists in ionic form. This conclusion fol-
lows from the measurement of its total content and the
content in the filtrate of the rain moisture. The catalytic
effect of the iron microcolloid on sulfite oxidation was

not studied.* It is only known that the addition of soot
particles containing inclusions of similar iron com-
pounds to a sulfite solution results in the consumption
of S(1V) most likely due to the transition of some por-
tion of the microcolloid to the soluble form [37]. The
redox dissolution of iron(I11) hydroxide occurs in a

11 our simulations of the pH dependence of the apparent rate con-
stant of sulfite oxidation catalyzed by the iron ions in the
approximation of zero activity of this microcolloid gave values
that agree with the experiment. This gives indirect evidence for
the low catalytic activity of the Fe(OH)3 () microcolloid toward
sulfite oxidation.
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Table 8. Dissociation equilibriain the droplet moisture
Direct Inverse
No. Equilibrium K; A -0 E | (-1 E‘ .
"mol "V | R 2 ol Y | R
1E | COpa) + HaO = H,CO3) 7.7x 107 4.3%1072 9250 5.6 x 10* 8500
2E | HyCOy) = Hi(ap + HCOj 43x 107 2.15 x 10* = 5 x 101° -
3E |H,0— H{y, + OH ) 18x10%%  234x10° 6800 1.3x 101 -
4E | HyS0(a) = HSOjy(aqy + Hizg 1.0 x 102 5.0 x 10%2 - 5x 101 -
5E | HCOj3(a) = H(ay + CO% 469 x 1071 2.35 1820 5 x 1010 -
6E | HNO, (o) = H{z * NOp() 53x 10 2.65 % 107 1760 5x 100 -
7E | HNOg ) = H{xy + NO3ay) 22 1.1x 102 ~1800 5 x 100 -
8E | HNO, (o) = H{zp + NOy(ag) 1.0x10° 5.0x 10° -~ 5x 100 -
9E | HOS sy = Oaap + H(mp 1.6x10°° 8.0 x 10° - 5x 1010 -
10E | HSO3(ay ~— Hiay + SO3cay 622x10%|  3.11x103 ~1960 5x 1010 -
11E | HSOj sy “— Hiay + SO0y 1.02x102|  1.02x10° —2700 1x 101 -
12E | HSOgay ~— Hiay + SOay 4.0% 100 20 - 5x 101 -
13E | SOy + HoOpy=—— HSO3 + 31x10%|  6.27x10° —1940 2% 10° -
Hiag)
14E | FeOH{y, + HSO3) ~— 600 5.0 x 101 ~ 8.3x 107 -
FeOHSO;H .y
15E | FeOH () + SO3y ~— 2.0 % 107 5.0 x 10 - 25x 103 -
FeOHSO; 4,
16E | Fe(OH) 7y +H,0— 7.0x 1075 5.6 x 10° - 8.0 x 10° -
Fe(OH)j(a) + Hiag)
17E | Fely, + SO0 — FESOya 158 7.9 % 102 - 5.0 x 1010 -
18E | Fe(x, + HSOj(ay — FeHSO3 72 5.0 x 10% - 6.9 x 108 -
19E | Fe(y) + S5y —— FeSOs 7.3x10° 5.0 x 1010 - 6.85 x 103 -
20E | Fely, + SOja) —— FeSO4my 180 32107 - 1.8% 10° -
21E | Fely, + HyO~—— FeOH(y + Hwy 0.002 8.6 x 10° - 4.3 % 108 -

Note: K; is the equilibrium constant at 298 K; A, and E, are the preexponential factor and activation energy of the direct reaction,

respectively; and )5\298 and Ea are the preexponential factor and activation energy of the inverse reaction, respectively.

KINETICS AND CATALYSIS Vol. 44 No. 4 2003
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solution containing sulfite. However, its rate is so low
that only a small number of the iron ions goes to the
solution in the form of Fe(ll). However, the catalytic
effect of iron ionsin the cloud moisture depends on the
fraction of dissolved iron and on the distribution of
these ions between the Fe(l11) and Fe(ll) forms. The
specificity of atmospheric catalytic sulfite oxidation
involving ironionsisevidently associated with the acti-
vating effect of UV radiation (and absorption of this
radiation) on the droplets of the radical fluxes. For the

low concentrations of iron ions'? ([Feloeg <
WHo;/(Fe)/J39A»40A)’ this activation occurs mainly

because the radical fluxes (mainly HO,,) enter the
droplet. Here W, ., . is the flux of HO, radicalsin

the presence of iron ions in the droplets. Using the
above W,. asan approximation, we find [Fe] ooy =

10~ mol/I. This means that the substantial activation of
catalysisof sulfite oxidation by theironionsinduced by

the UV radiation absorption (FEOH{, /Fe(OH)3 ()
should only be expected at arather high [Fe]y,,. Inthis
case, the partial precipitation of poorly solubl eld
Fe(OH);(,q), that is, avariable catalyst/substrate ratio in
the droplet phase, should also be taken into account.

Therefore, below we consider sulfite oxidation cata-
lyzed by the iron ions in the atmosphere for [Fe]y,q <

[F€] o(ag) -
The accelerating effect of ironions on sulfite oxida-

tion in the atmosphere is revealed by anaysis of the
slow step of SO, ,, consumption (see figure). The value
of the effect AW100%/W = (Wg, — W)100%/W at
[Felouq = 1077 mol/l does not exceed ~15% (here Wi,
isthetime-averaged rate of SO, ,, removal from the gas
due to the reactions in the droplet phase containing the
iron ions). However, this increase in the sulfite oxida-
tion rate should not be ascribed to the catalytic channel
of sulfite oxidation because the mechanism of sulfite
consumption radically changes in the presence of the
iron ions.

A plot of the sulfite oxidation rate vs. concentration
of the iron ions is nonlinear. The dependence of W on
[Feloq 1S closeto asquare root function in the interval
1077 < [Fe]gq <4 % 107 mol/l. Thisfact disagrees with
the results of the scrupulous kinetic study of this reac-

12 As we see below, most iron ions exists in the Fe(111) form under
the conditions considered. Due to this, [Fe(I11)] ag) = [Fel o(ag)-

13 For example, at pH 5 the maximum concentration of the triva-
lent iron ions does not exceed ~ SP,:E(OH)3 KieeKap[H* 1/Ksg <

2 x 1077 mol/l. Here SPFe(OH)3( ) is the solubility product of
ag)

poorly soluble Fe(OH)s gy SPre(on), = 3-8 % 107°* mol**
[38].
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tion under laboratory conditions (3 < pH < 7.5, 107 <
[Fe(IID],, < 1075, 100 < [SAV)] < 2 x107° mol/l) [39]
suggesting that these processes in a “tube”’ and in the
atmosphere occur viadifferent mechanisms. According
to datafrom [39], the rate of the dark reaction is pro-
portional to the concentration of iron ions, wg, =

k;’;'p [Feloug[SIV)]. Using the experimental value of

pH4 _
the apparent rate constant at pH ~ 4 (kg = 1.7 x

10° 1 mol~! s!), the expected rate constant of sulfur
dioxide removal from the gas a [SO,,] = 2 ppbV

would be as low as 4 x 103 ppbV/h instead of
0.47 ppbV/h (see above). 1 Its still lower value follows
from the results presented in [40] and [41] (K =

103 I mol-! s). According to laboratory test data, at
such low [Fe]y,q), the iron ions would be catalytically
inactive toward sulfite oxidation. What isthe reason for
their effect in the atmosphere?

As mentioned above, in the absence of iron ions, the
HO,, radicalsdecay rapidly inthe droplet phaseviathe
reactions HOy(.;y + HOj(a)/Oaay» HO%(aq)/Oaegy +
SOs(oy (1A), (2A), (17A), and (18A) followed by a
~30-fold decrease in [HOé(g)]. In the presence of the

iron ions ([Fely,q, = 10~" mol/l), the content of HO, in
the gas and in the droplets decreases more (~6 times).
This decreaseisthe result of the fast liquid-phase reac-
tions Oy + FeOH{y /Fe (OH) 34 (26A) and (27A),
Correspondingly, when [HO,,,, ] decreases, the rate of

the reactions HOa) /Oy + SOs(ap —= HSOsag
should decrease. However, the calculations show an
increase in the rate of these reactions with an aimost

unchanged flux to the droplet of the OH " radicals. This
increase is related to a dramatic (approximately ten-
fold) increase in the concentration of the so;gaq) radi-

calsin the presence of ironions. In the presence of iron
ionsin the droplet phase, an additional channel of gen-
eration of these species appears. The formation of these
speciesis due to the sequence of the liquid-phase reac-
tions:

Fer - HSO3,..., O. -
SO— (aq) SO . 3(aq)’ 2 SO "
H 5(ad) g 4(a0) - 5(aqg) -
By summing these reactions,

2 . 2
FeOH () + HO%(ay —> Felzy + Hz0 + Oy,

2+ - 2+ -
F€aq) + HSOs5(ag) —> FEOH ) + SO4(a)

14 The s, value presented was obtained using the calculated values
[Fe(IID)] ,q) = 8 x 107 and SIV) 34 = [HSOj3 g 154 % 1077 molfl.
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—u — —u + 2—
SO4(aq) + HSO3(ag) — SO3aq) + H(ag) + SOi(ar»

SO3(aq) + Oz(aq) —> SOs(ag)

HO2(a) + HSO3(ag) + HSOis

2 + -
—> SOly(aq) + H(aq) + H20() + SOsag).

we find that the decay of the HO,,, radicals “reduc-
ing” the Fe(lll) ions in reactions (26A) and (27A)
resultsin the appearance of the“ oxidative” SOs,, rad-
icalsin the droplet phase. In the presence of Fe(l1), the
replacement of the HO,,, radicalsby the SOs,, rad-
icals (so-called “catalytic conversion”) when the OH’

radical flux to the droplet is virtually unchanged results
in an almost tenfold increase in the concentration of the

SOs(y, radicals and an increase in the rate of the
HO3(a)/Oa(ay + SOs(a) F€BCtions. The consumption
of HSOs,) (30A) inthis process (see above) leadsto a
situation where the [so;gaq)] increase is not accompa:

nied by anincreasein [HSOj 4, ]. Thus, the appearance
of coupling (with respect to iron(l1)) of the reactions

Ogeg +FeOHZ [Fe(OH)3y (26A), (27A) and
Hso;gaq) + Fe(I1) (30A) under atmospheric conditions

is evident. The influence of the coupling of these reac-
tionsweakenswith anincreaseinthe SO,,, conversion.
This occurs because with a decrease in SO, and, cor-

respondingly, HSO;,,, the sulfate radicals react to a
greater extent with Fe(ll) (33A) instead of HSOg 4,
(15A). Reaction (33A), being the decay of thereactive spe-
cies, decreases the rate of replacement of HOé(aq) Fe

SOs(a; and the rate of SO, removal from the gas.

This effect manifests itself in the flatter profile of the
kinetic curve of SO, consumption at great exposures

(seefigure, curve for [Fe]y,q = 4 % 107 mol/l).
At lower SO, conversions in the slow step of its
consumption, theincreasein the SOE('aq) flux dueto the

“catalytic conversion” HOj o= SOs(x, (calculated
per gas) is the following: AW .. = Wygs + Wyyy =

5(aq)

1.3 x 106 cm3 s1.2® Thisisclose to W but sev-

OH " (Fe)

15 The rate of the redox cycle of the iron ions is determined by the
rates of reactions (26A) and (27A), because the distribution of
the charged forms of iron is shifted to Fe(l11) under the condi-
tions considered, ¢ = [Fe(I1l))/[Fe(I)] = 4.
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eral (about four) times higher than the sum of the rate
of OH 4, generation due to the photodissociation of
the hydroxo complexes of the iron ions
FeOH{x /Fe(OH) ey ([Felyag = 107 mol/l) and the
liquid-phase reaction O,y + Oy - HEre W, (F) [
the flux of the OH" radicals to the droplet in the pres-
ence of theiron ions. Since at [Fe]y,q, = 10”7 mol/l the

contributions of the rates of the SOy, + SOsx and
SOq(y + Fe(l1) reactions are rather small (in total, <4
x 10° cm s7'), SOg 4, is consumed mainly in recom-
bination with the HOy(., /O,y radicals. Evidently,
their overall rate iswy;, + Wigp = W + AWSO_..

5

S

OH " (Fe)
The parallel channel of the HO, decrease is its reac-
tionswith Fe(lIl) (26A) and (27A): AW, . = W,

w

OH " (Fe)

HO,(Fe)

- AWSO,. . This part of the HO, radical flux

5

is equal to the increment of the rate of SOs,, genera-
Fe

—

tion due to the “catalytic conversion” HOj 4,
SOg(ay» thet is, AW, . = AW__,

SO ag) SOs(aq)

(W )/216. Using the cal cul ated values

\W

HO,(Fe) ' OH'(Fe)

and W

OH'(Fe)’ = 1.3 x

we obtain AW _,

5(aq)

10% cm= s71, which agrees with the above increment of
the rate of SOs4, generation.

HO, (Fe)

The consumption of the sulfite in the droplets and,
correspondingly, theremoval of SO, from thegasin the
presence of the iron ions occur via two channels. The
first channel aso occursin the absence of metal ions. It

is related to the formation of HSOg, (SOs(xy +

HO (o) /Oa(a) ) in the droplets followed by the reaction
with sulfite (6A). Its rate (taking into account the sto-
ichiometry of (6A)) isevidently ~2wj,. The additional
channel of sulfite consumption (~AWSO,. ) results
5(ag)
from the replacement of HO3 .,y = SOg(ay in the
droplets. In this process the sulfite is consumed by the
reaction of SOy, With HSO3 ., (15A); that is, only
one HSO;,, Species disappears in the unit cycle of

this process. SINce Wy, + Wigy = Wgy + AW _ | then
5(aq)

Wiza + Wiga = (Wope e + Wi ) /2 Thus, the sum

1n our estimates, d[SOgy, /dt = d[HOp ) /Opiyy Vidt =
d[HSOg ; /dlt = 0.

KINETICS AND CATALYSIS Vol. 44 No. 4 2003
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of these channels of sulfite consumption is Wg, =
AWso; + 2(Wi7a + Wiga) — AWSO;) = (W +
3WOH'(Fe)
([Felomq = 107 mol/l) gives W, = 3.5 x 10° cm st
(=0.5 ppbV/h). Compared with the sulfur dioxide
decrease in the absence of iron ions, the increment of
the reaction rate is =5%. The strict computer calcula

tion of this value gives (Wg, — W)100/W = 15%. Up to
~40% consumed SO, (instead of 15%, as follows
from the simple comparison of Wg, and W) fall on the

HO,(Fe)
)/2. The calculation of W, using this equation

“catalytic conversion” HOjp ——= SOs(ay) -

The expression for Wg, does not contain [Fe]y,q in
explicit form. The influence of iron manifests itself in
the fact that the radical fluxes (mainly the HO, radical
flux) depend on [Fe],,,. The calculations show that the

increase in [Fely restlts in an increase in W, .

and, hence, an increase in the rate of generation of the
sulfate radicals, whose amount in reaction (24A) con-

tinuously increases. Anincreasein W__. _ isdueto
HO, (Fe)

an increasein the rates of reactions (26A) and (27A) in
the droplet phase along with a decrease in the concen-
tration of superoxide radicals. The latter results in the
enhancement of reactions (23A) and (24A) compared
with competing reactions (17A) and (18A). The contri-
bution of reaction (34A) increases simultaneously. The
competition of (23A), (24A), and (34A) is the reason
for the nonlinearity of the plot of Wg, vs. [Felyyq).
According to our calculation, the contribution of (23A)
and (24A) to the consumption of SO, at [Fely,q, =
4 x 107 mol/l is=1.6 x 10° cm~3 s (=0.2 ppbV/h or the
~30% rate of the SO,,, decrease).

Taking into account formaldehyde oxidation in the
daytime, which is coupled with sulfite oxidation,
resultsin the retardation of SO,,, removal from the gas
phase.l” Thisfact is explained by adecreasein the effi-
ciency of the “cataytic conversion” HOj.y — o=
SOs(s, induced by the involvement of the sulfate radi-
cals in the reaction SOy, + CH,(OH),,,- Its occur-
rence initiates the chain of consecutive transformations

— Oy . — «
804(3:') + CHZ(OH)Z(aq) 4)> HOZ(aq) /02(5[1) ) rQUrn'

ing” the HOZ 4 /Os s radicals, which disappeared in
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(17A) and (18A). Thus, hydrogen peroxide formation
in the droplet phase (1A) and (2A) and its participation
in sulfite consumption (3A) are resumed. Correspond-
ingly, sulfite consumption (15A) decreases in parall€el

with the retardation of the replacement of Ho;(aq) by

SOs4 - Finally, this decreases the rate of SO,
removal. A similar effect should be expected in the
presence of other organic compounds (see [34]). Let us
denote the dark catalytic reaction as DCR for sulfite oxi-
dation in the absence of externa initiating effects, that is,
for the reaction under laboratory conditions. The com-
puter calculation of the Fe(111)/Fe(I1) valuefor the concen-
tration conditions of the dow step of sulfite oxidation in
the cloud droplets (pH = 4.0, [Fe]y,,, = 10”7 mol/l and
[S(V)] = 5 x 107 mol/l) provided (,, =
[Fe(IID)]/[Fe(ID)] = 30 (the Kinetika90 program pack-
age). Data from [41] indicate that this calculation is
correct. The authors of the cited work experimentally
found that { = 6 for pH 4, [Fe]y,q = 107, and [SAV)] =
2 x 107 mol/Il. Our calculation gives { = 7 for the same
conditions.

The limiting unit of the redox cyclefor theironions
in the atmospheric droplets is the reaction of Oy,

with FeOH{xy /Fe(OH)3 ., - Its characteristic time is

5

iting unit for the DCR is the decomposition of the

, . 18
Fe(l11) sulfite complex (35A), that is, T35 = (KssaX) ™'
Comparing these times, we find AW _. X

103/kss 4 X [Fe(ITD],, LN, < 800; that is, under atmo-
spheric conditions, the catalytic cycle of sulfite oxida
tion occurs ~800 times more rapidly! However, this
effect is not accompanied by a 800-fold increase in the
rate of catalytic sulfite oxidation, which is associated
with different stoichiometries of the DCR and atmo-
spheric processes. One catalytic cycle in the DCR oxi-

dizes 18 HSO3,, species [2] because severa acts of
the reactions 2SO0z —> 2S0(a) + O (24A) and
SOZ('aq) + HSOj,,, (15A) occur during the character-

istic time of Fe(lll) regeneration (SOs; + Fe(ll)
(34A)), and the number of reacted sulfite species is
determined as 2(2 + k44 /Ky3,) = 18. Under conditions
of atmospheric moisture, one catalytic cycle is accom-
panied by the oxidation of only one sulfite species:
reaction (24A) is insignificant against the background

17 The effect of decreasing the rate of sulfur dioxide removal from the gas due to the reaction between methylene glycol and hydroxyl rad-

icals seems moretrivial.
18

\ = K14£[HSO3 o]
+ _ K K HY HSO, KioeK HSO, KoK HSO,
1+ 0] + K el HSOg )] + 1iE+ 1gelH 11 3(aq)] + R10e 19e[HSO3 o] 4 R10e 15E[+ 3(aq)]
K [H] Kae K [H]
KINETICS AND CATALYSIS Vol. 4 No.4 2003
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of reactions (17A) and (18A). Thus, the rate of atmo-
spheric sulfite oxidation for the conditions considered
is higher than the DCR rate by 44 times and not by 800
times. This striking difference decreases with an
increasein the concentration of theironions: therate of

cloud sulfite oxidation is proportional to [ Fe]o(, (see

above) and the rate of DCR is proportional to [Fe]oq)-

It isof interest to present the facts of the qualitative
agreement of our calculations of the iron ion distribu-
tion with the results of natural measurements. Unfortu-
nately, these data cannot be directly compared because
of their intrinsic permanent changes in the concentra-
tion conditions, temperature, insolation conditions, and
others. For example, in the morning near Zurich (Octo-
ber 18, 1989; 6:00 am.—10:00 am., L = (1 — 0.5) x 1077,
pH= 5, [Fey,y = (2-20) x 10> mol/l, and [Y(IV)] =
(1-3) x 10* mol/l), anincreasein the Fe(l1) fractionin the
droplets, so-called radiation fog, from 0.5 at 6:00 am. to
0.9 at 10:00 am., was detected [42]. In this period of

the insolation increase, the concentrations of OH g,

and HO,,, and their fluxes to the droplet increase and
reactions (26A) and (27A) are accelerated. In parallel
with this process, an increasein theinsolation intensity
resultsin the acceleration of Fe(l1) formation during the
Fe OH(x, /[Fe(OH), dissociation. On the other
hand, under conditions of orographic cloud [16] at
[Felouq = (2-3) x 107" mol/l, the concentration of the
Fe(11) ions turned out to be lower than the sensitivity of

the analytical method. These measurements were car-
ried out at avery low illumination and correspondingly

low [OH;)] and [HO 1.

In the calculations of the “complete” model of
“remote atmosphere” [12], the fraction of the Fe(ll)

ionsis close to unity ([Felyg =5 % 107 mol/l, [SOy)l, =
1 ppbV, [Cl 1 = 10* moal/l). The rate of the sulfur
dioxide decrease due to the liquid-phase reactions was

~2 % 10° cm= s1. According to our calculations, ignor-
ing the reactions of the chlorideions ([SO, )] = 3 ppbV,

[Felouq =4 % 107" mol/l), sulfur dioxide decreases with
arate of ~5 x 10° cm= s™!. This discrepancy is nonran-
dom. It isinduced by the suppression of the*“ catalytic con-

version” HOjs = SOs(s by thechlorideions. Their
interaction with the sulfate radicals SOy + Cliagy —
SO’y + Clia resultsin several reversible reactions:
Cliag + Cliy == Clya). Clig + H0p <=
ClOH () + H{apy; CIOH ) == Cl ) + OH{y,, and
ClOH(x) + Cliagy == Cly(a + OHy [12]. Taking

into account these reactions makesit possibleto present
the cycle of transformations describing the catalytic

conversion of HO,,; t0 OH 4,

YERMAKOV et al.

FeOH ) + HOj(a) —> Fefa) + H2O() + Ogpar»
Fe{a) + HSO5(aq) —~ FEOH (ay + SOu(a
Soé_l(laq) + CI(_aq) - SOi(_aq) +Cl (laq)’

Cl{ap + H,0() — CIOH 5 + Hay»
ClOH sy —> Cliag) + OH o).

. - 2—
HOz(ag) + HSO5(ay ™ SOla)

. .
+ H(ag) + OH(ag) + Oy

The calculation shows that the rate of catalytic conver-
son HOjy o= OHiy @ [Clig] =10 mol/l
(~1.9 x 10% cm™ s°!) is so high that the dropl et becomes
the emitter of OH,, into the gas phase. This problem

for different [Fe]y,q), [SO4 )], and others will be exam-
ined elsewhere.
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